
RESEARCH ARTICLE Open Access

Red-shift of spectral sensitivity due to
screening pigment migration in the eyes of
a moth, Adoxophyes orana
Aya Satoh1, Finlay J. Stewart1, Hisaharu Koshitaka1, Hiroshi D. Akashi1, Primož Pirih1, Yasushi Sato2

and Kentaro Arikawa1*

Abstract

Background: We have found that the spectral sensitivity of the compound eye in the summer fruit tortrix moth
(Adoxophyes orana) differs in laboratory strains originating from different regions of Japan. We have investigated the
mechanisms underlying this anomalous spectral sensitivity.

Methods: We applied electrophysiology, light and electron microscopy, opsin gene cloning, mathematical modeling,
and behavioral analysis.

Results: The ERG-determined spectral sensitivity of dark-adapted individuals of all strains peaks around 520 nm. When light-
adapted, the spectral sensitivity of the Nagano strain narrows and its peak shifts to 580 nm, while that in other strains
remains unchanged. All tested strains appear to be identical in terms of the basic structure of the eye, the pigment
migration in response to light- and dark-adaptation, and the molecular structure of long-wavelength absorbing visual
pigments. However, the color of the perirhabdomal pigment clearly differs; it is orange in the Nagano strain and purple in
the others. The action spectrum of phototaxis appears to be shifted towards longer wavelengths in the Nagano individuals.

Conclusions: The spectral sensitivities of light-adapted eyes can be modeled under the assumption that this screening
pigment plays a crucial role in determining the spectral sensitivity. The action spectrum of phototaxis indicates that the
change in the eye spectral sensitivity is behaviorally relevant.
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Background
The spectral sensitivity of photoreceptors is determined
by several factors [1]. The primary factor is the absorp-
tion spectrum of the cell’s visual pigment, which absorbs
light energy and activates the phototransduction cascade.
Second, various screening pigments in the eye tissue
modify the spectral profile of the incoming light before
it is absorbed by the visual pigments. These filtering
effects of screening pigments can significantly affect the
photoreceptor spectral sensitivity [2–4]. Third, the
optical structure of the eye, including that of the photo-
receptive organelles, often acts as a spectral filter that
affects the spectral sensitivity of photoreceptors [5].

Similar to the human retina, which separately expresses
three color opsins in three types of cone photoreceptor
cells, insect compound eyes are typically furnished with
three classes of spectral photoreceptors, each expressing
the opsin of a short- (S or UV), middle- (M or blue) or
long-wavelength (L or green) absorbing visual pigment.
These spectral receptors provide the physiological basis of
insect trichromacy [6–8]. However, the number of visual
pigment opsins and, consequently, the number of photo-
receptor types varies considerably among species. Multi-
plication of opsins is rather common [9–11], and is most
likely associated with the species’ color vision ability. For
example, a Papilio butterfly that expresses three L opsins
(L1–3) in addition to one S and one M opsin has tetra-
chromatic color vision based on the UV, blue, green and
red sensitive photoreceptors; the green and red receptors
express L2 and L3, respectively [12, 13].
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Color vision is widespread in diurnal insects such as
bees and butterflies, but also plays a crucial role in some
nocturnal species [14, 15]. In the course of studying the
mechanism and evolution of color vision at low light
levels, we encountered an unexpected phenomenon in
the summer fruit tortrix moth, Adoxophyes orana. A.
orana is a widespread pest species that feeds on a variety
of plants, with a particular preference for apples. Man-
agement of this species without using chemical insecti-
cides would be beneficial for protecting apple crops
worldwide. We have therefore initiated a study on their
vision to explore possible means of reducing crop dam-
age using light. Here we report that spectral sensitivity
in this species varies between strains originating from
different regions of Japan. We further detail the spectral
sensitivity variation and elucidate the underlying mecha-
nisms by applying a number of techniques including
electrophysiology, anatomy, molecular biology, model
simulation and behavioral analysis. We conclude that
the A. orana eye is a peculiar variant of compound eye
[16], where pigment migration upon light adaptation
modifies not only the eye’s absolute sensitivity, but also
its spectral characteristics.

Methods
Animals
We used the summer fruit tortrix moth, Adoxophyes
orana, from four laboratory strains derived from about
100 wild-caught individuals (larvae, pupae) from Na-
gano, Niigata, Akita, and Aomori prefectures in eastern
Japan. These strains have been kept at Kanaya Division
of Tea Research, NARO Japan for more than 170 gener-
ations (~20 years). Ten to 20 newly emerged females
were mated with the males from the original population,
and were allowed to lay eggs. Hatched larvae were
reared on an artificial diet of Insecta LFS (NOSAN
Corp., Japan) at 21 °C under a light regime of 14 h
light:10 h dark (14L10D). Adults of subsequent genera-
tions were outcrossed to keep the genetic variability of
the strain. For the present experiments, newly emerged
virgin adults were kept in plastic containers with water-
soaked filter paper in groups of ~10 individuals under a
12L12D light regime and never fed.

Histology
We processed the eyes of male adults of Niigata and
Nagano strains for light and electron microscopic hist-
ology. The light-adapted eyes were fixed under regular
room light. The dark-adapted eyes were dissected under
dim red light (white LED covered with a red polycarbon-
ate filter, Supergel #25, Rosco), and immersed in the
fixative in the dark for at least 30 min, and then further
processed under regular light as follows.

For electron microscopy (EM), isolated eyes were pre-
fixed in 1% paraformaldehyde and 4% glutaraldehyde in
0.1 M sodium cacodylate buffer (CB, pH 7.4) at 4 °C
overnight. The samples were then washed in CB, post-
fixed in 2% OsO4 in CB for 2 h at room temperature,
followed by en-bloc staining in 2% UrAc in 50% EtOH
for 2 h at room temperature. The postfixed eyes were
dehydrated in a graded series of acetone, infiltrated with
propylene oxide, and embedded in Quetol 812. Ultrathin
sections, cut with a diamond knife, were stained with ur-
anyl acetate and lead citrate, and observed in a transmis-
sion electron microscope (H7650, Hitachi, Tokyo,
Japan). For light microscopy (LM), isolated eyes were
fixed in 2% paraformaldehyde and 2.5% glutaraldehyde
in CB for 30 min on ice. After washing with CB, the
samples were dehydrated and embedded in Quetol 812.
The tissues were cut into 10 μm sections and observed
with a light microscope (BX51, Olympus, Tokyo, Japan).

Molecular cloning of visual pigment opsin
The heads were isolated from nine male individuals of
three strains (1 Aomori, 4 Niigata and 4 Nagano individ-
uals), and total RNA was separately extracted from each
head using TRIzol reagents (Invitrogen) and purified using
RNeasy mini kit (Qiagen). Complementary DNA (cDNA)
was synthesized using a high-capacity reverse transcrip-
tion kit (Applied Biosystems). We designed degenerate
primers to amplify partial L opsin sequences by PCR. The
forward and reverse primer sequences were as follows:
forward (5′- ttgaagcttcarttyccnccnatgaaycc-3′) and reverse
(5′- cgaattcggrttrtanacigcrttngcytt −3′). The PCR prod-
ucts, which contain all seven trans-membrane regions,
were then cloned in T-Vector pMD20 (TaKaRa), and 3–5
clones from each individual were analysed to determine
the nucleotide sequences of A. orana L opsin genes.
We compared the sequences of A. orana opsins

among the different strains. To predict the sites of
amino acid substitutions and their contributions to
possible change in the absorption spectra, we aligned
these sequences to the amino acid sequences of the
squid visual pigment [17].

Electrophysiology
The spectral sensitivity of the compound eye was deter-
mined by recording electroretinograms (ERG). A moth
was fixed with beeswax onto a plastic stage. Chlorided
silver wire inserted in the abdomen served as the refer-
ence electrode. The tip of a glass micropipette filled with
physiological saline was inserted into the compound eye.
After leaving the mounted sample for several minutes in
the dark Faraday cage, the eye was stimulated with a
series of monochromatic flashes of 100 ms duration
separated by 10 s intervals. The light was provided by a
500 W xenon arc lamp through a series of narrow-band
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interference filters ranging from 300 to 700 nm (half
band-width = 10–14 nm, Asahi Spectra, Japan). We
swept through the wavelengths from short to long and
then repeated the sequence in reverse. Such pairs of
bidirectional recordings were made several times with
different light intensities. We then measured the
response-stimulus intensity (V-log I) function over a 4
log unit intensity range at the wavelength that gave the
maximum response, and converted the spectral
responses into spectral sensitivities using the V-log I
function. The ERG responses were recorded through a
MEZ-7200 preamplifier (Nihon Kohden, Tokyo, Japan)
connected to a computer via a MP-150 AD converter
(BIOPAC, USA).
To directly compare spectral sensitivities in dark-

and light-adapted states, we took moths during the
dark period (3 h into the scotophase), inserted the
electrode under dim red light, and kept the animal in
the dark Faraday cage for 1 h. We then recorded
ERGs using monochromatic lights at 15 s intervals.
After completing our recordings in the dark, we ap-
plied strong white illumination for 5 min to light-
adapt the eyes, and then took further measurements
from that individual.

Imaging microspectrophotometry (IMSP)
Imaging spectrophotometry was performed similarly to
that described previously [18]. Briefly, we used unstained
10 μm-thick sections of eyes prepared for LM histology.
Light from a xenon lamp source was filtered through
interference filters (360 to 700 nm, 20 nm intervals) and
fed through a quartz light guide (1 mm, NA 0.50,
Thorlabs). The light was focused on the sample by a
custom condenser with a LUCPlanFl 20 × air objective
lens (NA 0.45, Olympus, Japan). The light transmitted
was collected with a LUCPlanFl 60× air objective lens
(NA 0.85, Olympus) and imaged on a monochromatic
camera (FL3-U3-13S2M-CS, FLIR, Canada). We took
16-bit image stacks of the tissue, imported them to Fiji/
ImageJ and converted into floating point precision trans-
mittance stacks T(x,y,λ). An empty part of the micro-
scope slide was used to obtain the bright reference
values. The stacks were aligned using the StackReg
plugin. In each sample, we selected three regions in the
image where pigments of the secondary pigment cells
were densely packed (distal), and other three regions in
the middle part of the photoreceptor layer where
pigments in the photoreceptor cells were present but
pigments of secondary pigment cells were scarce (prox-
imal). The absorbance of each region, A(λ), was calcu-
lated from the average pixels transmittance value as
A(λ) = −log10 {T(λ)}x,y. For exemplary regions of the
distal and proximal pigments, see Fig. 2d.

Pigment adaptation model
The simplest case of ERG-determined spectral sensitivity
with three visual pigments (S, M and L) can be modeled
as a weighted sum of template absorption spectra:

S0 λð Þ ¼
X

n¼S;M;L
f nRn λð Þ ð1Þ

where Rn(λ) are the templates defined by their peak pa-
rameters λmax,n [19] and fn are their relative contribu-
tions. This model assumes a single intensity-response
function, ignoring metarhodopsin absorption and wave-
guide effects [20]. Screening pigments function as simple
optical filters absorbing some light before it reaches the
visual pigment, especially in the light-adapted state. We
estimated the transmittance of the pigments Ti as:

Ti λð Þ ¼ exp −kiAi λð Þð Þ ð2Þ
where ki and Ai(λ) are respectively the effective density
and the pigment absorbance spectrum. Then the light-
adapted spectral sensitivity S(λ) is:

S λð Þ ¼ cS0 λð ÞTD λð ÞTP λð Þ ð3Þ
where c accounts for general attenuation, and TD and TP

are the transmittances of the distal and proximal pig-
ments. Combining eqs. (2) and (3) then yields

S λð Þ ¼ cS0 λð Þ exp −kDAD λð Þð Þ exp −kPAP λð Þð Þ ð4Þ
The pigment absorption spectra, Ai(λ), were heuristic-

ally modeled by fitting a sum of two Gaussian functions
to the normalized absorbance spectra:

Ai ¼ p1 exp − x−μ1ð Þ2=2σ21
� �þ p2 exp − x−μ2ð Þ2=2σ22

� �

ð5Þ
For parameters, see Table 1. This and all subsequent

model fitting were performed using the non-linear least-
squares algorithm nlsLM from the “minpack.lm” package
for R.

Behavioral experiments
We compared the action spectra of phototaxis among dif-
ferent strains, to determine whether the unusual eye sensi-
tivity pattern of the light-adapted Nagano strain (see
Results) affects its behavior. We used partially light-adapted
moths of the Nagano and Niigata strains, because fully

Table 1 Parameters for screening pigments

Strain Pigment A1 μ1 (nm) σ1 (nm) A2 μ2 (nm) σ2 (nm)

Niigata distal 0.59 156.3 422.9 0.35 525.0 61.5

proximal 0.51 403.9 108.7 0.40 629.4 92.5

Nagano distal 0.59 483.0 113.6 −0.19 604.0 66.4

proximal 0.39 445.1 132.7 0.10 514.9 46.7

Parameters: Ai ¼ p1 exp − x−μ1ð Þ2=2σ21
n o

þ p2 exp − x−μ2ð Þ2=2σ22
n o
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light-adapted moths were not active at all in our experi-
mental setup. We kept the moths on a 14L10D light regime
with ca. 1 lx illumination throughout the scotophase. All
moths were tested during the last 2 h of the scotophase, be-
cause male A. orana are thought to be most active around
this time for mating [21]. The state of the eyes of the par-
tially light-adapted moths was confirmed by LM histology.
The experimental arena (W x H x D = 23 x 16 x 16 cm)

was made from black cardboard with a window measuring
2 × 2 cm on one wall of the cage. The window was covered
with a sheet of tracing paper acting as a light diffuser. Inside
the cage, we made a 1.5 cm wide border around the win-
dow with sticky flypaper tape (Lifelex, Japan). Monochro-
matic stimuli were provided by a 100 W xenon arc lamp
through a series of narrow-band interference filters, with
peak transmittance at 540, 560, 600, and 680 nm (Asahi
Spectra). The light intensity was attenuated with ND filters.
The photon flux of each monochromatic light was mea-
sured at the window’s inner surface using a radiometer
(Model 470D, Sanso, Japan). Temperature and humidity
were kept at approximately 22 °C and > 50%, respectively.
We released 8–14 males in the arena and initially kept the
arena dark for 1 min. Then the window was illuminated by
a monochromatic light from outside for 20 min, after which
we counted the number of individuals trapped on the sticky
area around the window. Between one and six trials were
performed for each lighting condition.
The response-stimulus intensity data were fitted to a

sigmoidal function, R/Rmax = In/(In + Kn), where I is the
stimulus intensity, R is the proportion of males captured
on the trap, K is the stimulus intensity required for 50%
capture and n is the slope of the sigmoid. We plotted
the reciprocal of K versus wavelength to obtain the ac-
tion spectrum of phototactic behavior.

Results
Anatomy
Electron microscopy of the photoreceptor layer indi-
cated that a single ommatidium of A. orana bears eight
photoreceptor cells, R1–8. Under the cornea and crystal-
line cone, photoreceptors R1–7 form a single rhabdom
whose diameter is about 1 μm (Fig. 1a, d). The rhabdom
broadens and becomes star-shaped as it proceeds prox-
imally (Fig. 1b, e). At the bottom of the rhabdom, the
heavily pigmented R8 photoreceptor appears in the
center of the ommatidium, which is surrounded by
numerous tracheoles (Fig. 1c, f ).
The structure of ommatidia changes due to dark- and

light-adaptation, with prominent movement of screening
pigment granules. Figure 1g shows a diagram of one
ommatidium, the left half being dark-adapted and right
half light-adapted. When dark-adapted, the pigment
granules in the secondary pigment cells migrate distally,
surrounding the crystalline cone. The pigment granules

in the primary pigment cells as well as the photoreceptor
cells also move distally, making the middle of the photo-
receptor layer almost transparent. The pigment granules
move proximally upon light adaptation. The crystalline
cone region becomes free of pigment, while the photo-
receptor layer becomes pigmented. The pigment gran-
ules of the photoreceptors also migrate radially towards
the rhabdom, resting within 1 μm of the rhabdom
border (Fig. 1d, e). The pigment in this region would
absorb the boundary wave of light propagating along the
rhabdom. Probably because of the extensive pigment mi-
gration, the sizes of the photoreceptor cell bodies and
primary pigment cells change in the distal portion of the
retina (Fig. 1a–g).
The pigment migration is even more evident using

light microscopy (Fig. 2a-d). The photoreceptor layer is
transparent in dark-adapted eyes (Fig. 2a, c), while it is
pigmented in light adapted eyes (Fig. 2b, d). Another
striking feature is the color appearance of the pigments.
The pigment is either dark purple (distal pigment) or
dark brown (proximal pigment) in the Niigata strain
(Fig. 2a, b), but orange in the Nagano strain (Fig. 2c, d).
The pigment color of the Akita and Aomori individuals
appears similar to that of the Niigata individuals (data
not shown). We measured the absorbance spectra of the
pigments by IMSP. Distal pigments correspond mainly
to the pigment granules in the secondary pigment cells,
and proximal pigments are those in the photoreceptor
cells (Fig. 2e). The orange pigment of the Nagano strain
mostly absorbs wavelengths below 600 nm, while the
dark brown pigment in photoreceptor cells of Niigata
strain absorbs light more evenly throughout the UV-
visible spectrum.

Visual pigments of A. orana
We determined partial nucleotide sequences (816 bp)
of a long wavelength-type visual pigment opsin (L
opsin), covering all seven transmembrane regions.
Figure 3 shows the sequence data from nine individ-
uals of A. orana. These individuals were taken from
the Aomori (n = 1), Niigata (4) and Nagano strains
(4). Figure 3 shows 22 sites of nucleotide variations
that we found among the individuals. Twenty one of
them were heterozygous, and 19 correspond to non-
synonymous amino acid substitutions. Although more
than half of these variations are located in the trans-
membrane domains, there was no non-synonymous
mutation that differed systematically between the
Niigata and Nagano strains. It is thus likely that the
absorption spectra of different strains’ L opsin are
identical. We chose to analyze the L opsin as it plays
the dominant role in determining the spectral sensi-
tivity to wavelengths above 500 nm; the structure of
the blue and UV opsins remains to be studied.
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Spectral sensitivity of the compound eye of A. orana
An electroretinogram (ERG) represents a collection of
photoreceptor responses from a large region of the eye
around the inserted electrode. Figure 4a shows ERG-
determined spectral sensitivities of individuals from four
strains originating from Nagano, Niigata, Akita and Aomori
prefectures. We measured the sensitivities of individuals
during their photophase when the eyes were light-adapted
(Fig. 2b, d). The spectral sensitivity of the Nagano individ-
uals is narrow and peaks at 580 nm, while other strains’
sensitivities are broader, with their peaks at around 520 nm.
The eye sensitivity changes upon dark- and light-

adaptations. Figure 4b and c each shows a set of spectra
based on the spectral sweeps before (supposedly dark-
adapted) and after (supposedly light-adapted) intense
white illumination lasting 5 min. In both Niigata (Fig. 4b)

and Nagano (Fig. 4c) strains, light-adaptation lowers the
overall sensitivity about one log unit. (Dotted lines are
replots of the light-adapted spectra on the expanded axis
on the right). Light-adaptation narrows the spectral sensi-
tivity and shifts its peak in the Nagano individual (Fig. 4c).

Contribution of screening pigments
To investigate the mechanism underlying the red-shifted
spectral sensitivity in the light-adapted Nagano individuals,
we applied our pigment adaptation model (see Methods).
We used the within-individual dark- and light-adapted
spectral sensitivity data shown in Fig. 4b and c for the
model fitting. We first fitted the dark-adapted S(λ) for the
Niigata individuals (Fig. 4b, filled circles) with λmax,n, fn and
ki as free parameters (Table 2). The resultant λmax for S, M
and L visual pigments (and their weightings fn) were

Fig. 1 Ommatidial structure of male Adoxophyes orana. Transverse sections of the rhabdom (Rh) region in dark-adapted (a–c) and light-adapted
(d–f) eyes. The depths at which these sections were cut are indicated in the diagram (g) by three black arrowheads on the left. a Distal rhabdom
(Rh) of a dark-adapted ommatidium. Seven photoreceptors (R1–7) are evident. Cell bodies of photoreceptors and secondary pigment cells (Spc)
are free of pigment granules. b Proximal rhabdom. c Basal rhabdom. Pigmented cell is the eighth and basal photoreceptor, R8. The ommatidia
are surrounded by numerous tracheoles (Tr). d Distal rhabdom of a light-adapted ommatidium. Pigment granules (white arrowheads) exist in the
region close to the rhabdom. e Proximal rhabdom. f Basal rhabdom. g Diagram of an ommatidium in dark- (left) and light- (right) adapted states.
C, cornea; Cc, crystalline cone; Ppc, primary pigment cell. Scale bars = 2 μm
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344 nm (0.16), 481 nm (0.48) and 533 nm (1.25), respect-
ively, which are shown individually and summed in Fig. 5a.
The difference between the visual pigment summation
(black line) and the complete model (blue line) corresponds
to the pigment contribution, which appears to be minor:
the contributions of the distal and proximal pigments, kD
and kP, were 0 and 1.2, respectively. Because the λmax values
of the three visual pigments appear biologically plausible

[22], we used these λmax and fn values in subsequent calcu-
lations, based on the assumption that the visual pigment
molecules (Fig. 3) and their expression pattern are identical
between the Niigata and Nagano strains.
We then estimated kD and kP as free parameters for

the other conditions. The normalization factor c was
included to account for the separate normalization of
the two strains, but was kept constant across the two

Fig. 2 Light micrographs of longitudinal sections of the eye. a Dark-adapted male from the Niigata strain. b Light-adapted, Niigata. c Dark-adapted, Nagano.
d Light-adapted, Nagano. e Absorption spectra of distal pigmented (DP) and proximal pigmented (PP) regions, which are exemplarily indicated by squares
in d. Circles indicate IMSP data and the lines indicate heuristically modeled fits (Table 1). Average of the measurements from 3 points in each strain.
Scale bars = 50 μm

Fig. 3 Variations of nucleotide sequences detected in A. orana L opsins from nine individuals of three populations with data accession numbers.
Partial L opsin nucleotide sequences of one Aomori, four Niigata, and four Nagano individuals were determined. Nucleotide variations and the
resulting amino acid substitutions were shown with the site numbers. Dashes (−) indicate the nucleotides identical to the Aomori individual. Site
numbers and trans-membrane domains were deduced based on alignment to the squid visual pigment. One-letter abbreviations for the nucleotides
were following: Y for C and T, M for A and C, W for A and T, R for A and G, S for C and G
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adaptation states of each strain. The best-fit curves
are shown in Fig. 5. The model fitting well explained
both the light-adapted Niigata spectrum (Fig. 5a, red)
and the dark-adapted Nagano spectrum (Fig. 5b,
blue). The model deviates somewhat from the light-
adapted Nagano spectrum (Fig. 5b, open circles), but
the fit appears more reasonable when compared with
the averaged spectral sensitivity (half-filled squares,
same spectrum shown in Fig. 4a), suggesting that the

Fig. 4 ERG-determined compound eye spectral sensitivities of male Adoxophyes orana. a Averaged light-adapted spectral sensitivities of individ-
uals from Nagano (n = 8), Niigata (10), Akita (4) and Aomori (7) strains. b Dark- and light-adapted spectra recorded from the same Niigata individ-
uals (n = 2), to measure the change in absolute sensitivity in the light-adapted state. The dotted spectrum shows the light-adapted spectrum
expanded vertically (scale on the right). c Same as b, for the Nagano strain (n = 1)

Table 2 Calculated normalization and pigment contribution
factors

Strain State c kD kP

Niigata DA 1.0 0.0 1.2

LA 1.0 0.3 4.2

Nagano DA 2.0 3.1 0.0

LA 2.0 0.0 9.8

Abbreviations: c general attenuation factor, kD effective density of distal
pigment, kP effective density of proximal pigment
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poor fit is (at least partially) due to noisy data from a
single individual. It is clear that the contribution of
the proximal screening pigment is much stronger in
the light-adapted states, while that of the distal
screening pigment is minor (Table 2).
The fitting results indicate that the spectral sensitiv-

ity shift in light-adapted Nagano individuals is mainly
due to the screening effect of the photoreceptor
pigment that migrates towards the rhabdom upon
light adaptation.

Behavioral experiments
Figure 6a shows the results of the phototaxis experi-
ments. We tested partially light-adapted (see Methods)
individuals from the Niigata and Nagano strains at four
wavelengths of light, varying intensity over 3 log units.
Vertical axes represent the percentage of moths captured
on the sticky surface around the illuminated window,
which we use as a measure of attraction efficacy. Eye
sections of the partially light-adapted individuals (Fig. 6b)
show that the photoreceptor pigment has indeed

Fig. 5 Modelled spectra of dark- (blue line) and light- (red line) adapted eyes with the recorded spectral sensitivities shown in Fig. 4b and c
(circles). Model fits were performed over the wavelength range for which pigment spectra were available. For coefficients, see Table 1. a Niigata
strain. Dotted spectra show visual pigment templates (grey, S; blue, M; green, L) with their relative peak values according to fi. The solid black line
denotes the sum of these three spectra, i.e. the sensitivity in the absence of screening pigment. b Nagano strain. For illustration (because the
light-adapted spectrum is based on a single individual and may therefore be noisy), half-filled squares show the averaged spectral sensitivity
shown in Fig. 4a with open triangles, scaled to the appropriate amplitude

Fig. 6 a Phototactic response to four monochromatic lights for Niigata and Nagano strains. Percentage of captured individuals is plotted against
the light intensity. Eight to 14 individuals were used in each trial. Mean ± standard error. b A longitudinal section of a partially light-adapted eye
of a Niigata individual. c Action spectra of the Niigata (filled circles) and Nagano (open circles) individuals
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migrated towards the rhabdom. We calculated the sensi-
tivity to each stimulus (based on the light intensity re-
quired to elicit a 50% response), and Fig. 6c shows the
resulting action spectra. Moths of the Niigata strain ex-
hibit highest sensitivity at 540 nm among the wave-
lengths we tested, whereas those of Nagano strain are
maximally sensitive at 560 nm.

Discussion
Perirhabdomal pigment as a dynamic spectral filter
Adoxophyes orana appears at first glance to have a typ-
ical superposition-type eye with a large unpigmented
zone and pronounced pigment migration upon dark and
light adaptation (Fig. 1). The unpigmented region of
superposition eyes is called a clear zone, and has no
photoreceptive function in itself. However, the EM hist-
ology of the unpigmented zone of A. orana reveals that
there each ommatidium has an elongated thin rhabdom
whose diameter is about 1 μm. The distal tip of the thin
rhabdom abuts directly onto the proximal end of the
crystalline cone, which is a characteristic feature of
apposition-type compound eyes. Such an optical ar-
rangement seems fairly common among moths [23–27],
and may be advantageous for “an animal that must cope
with the change in light intensity that occurs during the
twilight period, as Adoxophyes does” [25].
Incident light excites the ommatidial photoreceptors

by activating visual pigments in the rhabdom, which acts
as an optical waveguide. A fraction of light propagating
along the optical waveguide actually travels outside of it
as the boundary wave. The waveguide optical model pre-
dicts that the pigment surrounding a thin rhabdom
functions as an optical filter by absorbing the boundary
wave [20]. The present modeling supports the notion
that the photoreceptor screening pigment indeed attenu-
ates the eyes’ sensitivity, although we have not attempted
to model the details of the waveguide effect. In the Nii-
gata strain individuals, the overall eye sensitivity drops
about one log unit when light-adapted, while keeping
the spectral sensitivity unchanged. In the Nagano strain,
on the other hand, light adaptation shifts the spectral
sensitivity towards longer wavelengths in addition to
decreasing overall sensitivity (Fig. 4). Because our mo-
lecular biology study has suggested that the absorption
spectra of visual pigments are identical among strains
(Fig. 3), the difference in adaptation effects may be
attributable to differences in the absorption spectra of
photoreceptor screening pigments (Fig. 2).
Perirhabdomal pigments have been shown to play a

lateral filtering role [5] in some animals, including man-
tis shrimps [2] and butterflies [28]. In these diurnal
species however, the pigments do not migrate much
upon light and dark-adaptation, so the pigment effect is
rather constant. The pigment migration observed here

(Fig. 2) usually takes place between day and night under
the control of biological clocks [29, 30]. The Nagano in-
dividuals therefore experience daily changes in eye spec-
tral sensitivity, which may affect their visual behavior
especially around dusk. Circadian changes in the eyes’
spectral sensitivity have also been reported in a few
twilight-active fireflies [31] and flies [32], which presum-
ably experience large changes in light intensity while
they are active around dusk.

Phototactic response
The action spectra of the phototactic response roughly
mirror the eye’s spectral sensitivity (Fig. 6). In the Niigata
strain, sensitivity is highest at 540 nm, and decreases as
the wavelength becomes longer. We could not determine
the peak of the spectrum in the present study, but it most
likely exists somewhere around 520 nm [33]. The action
spectrum of the Nagano strain peaks at 560 nm. This
probably corresponds to the long wavelength shift of the
eye spectral sensitivity in this strain. However, the action
spectrum is less shifted than one might expect based on
the eye sensitivity results (c.f. Figs. 4b and 6c), likely
because the individuals we used were not fully light-
adapted. Partial light adaptation means that fewer
pigment granules migrate to where they can efficiently ab-
sorb the boundary wave, thus reducing the degree of spec-
tral shift. Because A. orana is most likely a crepuscular
species, partial light adaptation is probably a rather com-
mon situation in the wild.

Evolution of the orange pigment
Photostable screening pigments in the eye fundamentally
function as pupils, which attenuate light influx upon
light adaptation [34, 35]. In some cases, colorful peri-
rhabdomal pigments should be regarded as serving a
modified function: creating a greater variety of spectrally
dissimilar photoreceptors in order to improve color dis-
crimination ability [2, 36]. The migrating pigment in A.
orana clearly functions as a pupil, as seen in the Niigata
strain, without changing spectral sensitivity (Fig. 4b). In
the Nagano strain however, we see a combined effect of
pupil and spectral filter (Fig. 4c), whose biological sig-
nificance is not yet known. We at least know that the
Nagano case is rather exceptional. It could be that pig-
ments are evolutionarily labile and therefore important
for environmental adaptation.
The Nagano strain we analyzed here originates from

eggs laid by 10–20 females that were captured as lar-
vae in the field in July 1998. Unfortunately, there are
no reliable records on the eye pigment and spectral
sensitivity of the first generation individuals. We also
observed another established laboratory strain from
Nagano prefecture, but from a different region. We
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found that their eye pigments and spectral sensitiv-
ities were all similar to those of the Niigata individ-
uals (data not shown). Therefore, it is possible that
the observed orange pigment is due to the so-called
founder effect, where the variation in pigment colors
existed in a minority of individuals in the original
wild population. The orange genotype may somehow
have been dominant early in the strain lineage and
thus become fixed. Alternatively the variation may
have been absent from the original population and
arisen once the strain was in captivity. Comprehensive
analysis of genomic DNA or eye mRNA could provide
some clues to identify the mutation(s) responsible for
the pigment color change. A more extensive survey of
field-captured individuals would provide information
about the possible biological function of the orange
pigment, the visual ecology of A. orana, and poten-
tially also about effective techniques for region-
specific integrative pest management using light [37].

Conclusions
The screening pigment in the compound eyes of Nagano
strain individuals of A. orana is orange while that of other
strains is purple. We conclude that the anomalous eye
spectral sensitivity of the light-adapted Nagano individuals
is due to the migration of the orange screening pigment.
Although the evolutionary background of the orange pig-
ment in the Nagano strain still remains unclear, the re-
ported phenomenon implicates the necessity of region-
specific strategies of integrative pest management.

Acknowledgements
We thank Drs. Doekele Stavenga and Gregor Belušič for valuable
suggestions.

Funding
This work was supported by the research grants to K.A. from the National
Agriculture and Food Research Organization (NARO) under the Cross-
ministerial Strategic Innovation Promotion Program (SIP) “Technologies for
creating next generation agriculture, forestry, and fisheries”, and from the
Japanese Society for Promotion of Sciences (JSPS), the Kakenhi for Scientific
Research A (26251036).

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article.

Authors’ contributions
AS, YS and KA designed the work. AS, FJS and KA wrote the paper.
Experiments were done by AS (behavior, light microscopy), FJS (modeling),
HK (ERG recording), HA (opsin gene cloning), PP (imaging spectroscopy), YS
(strain maintenance), KA (electron microscopy). All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Laboratory of Neuroethology, SOKENDAI (The Graduate University for
Advanced Studies), Shonan Village, Hayama 240-0193, Japan. 2Division of Tea
Research, Institute of Fruit Tree and Tea Science, National Agriculture and
Food Research Organization (NARO), Kanaya 428-0039, Japan.

Received: 25 May 2017 Accepted: 23 August 2017

References
1. Stavenga DG, Arikawa K. Photoreceptor spectral sensitivities of the small

white butterfly Pieris rapae crucivora interpreted with optical modeling. J
Comp Physiol A. 2011;197:373–85.

2. Marshall NJ, Land MF, King CA, Cronin TW. The compound eyes of mantis
shrimps (Crustacea, Hoplocarida, Stomatopoda). 2. Colour pigments in the
eyes of stomatopod crustaceans: polychromatic vision by serial and lateral
filtering. Phil Trans R Soc Lond B. 1991;334:57–84.

3. Stavenga DG, Wilts BD. Oil droplets of bird eyes: microlenses acting as
spectral filters. Philos Trans R Soc Lond Ser B Biol Sci. 2014;369:20130041.

4. Arikawa K, Stavenga DG. Insect photopigments: photoreceptor spectral
sensitivities and visual adaptations. In: Hunt DM, Hankins MW, Collin SP,
Justin MN, editors. Evolution of visual and non-visual pigments. New York,
Heidelberg, Dordrecht, London: Springer; 2014. p. 137–62.

5. Snyder AW, Menzel R, Laughlin SB. Structure and function of the fused
rhabdom. J Comp Physiol A. 1973;87:99–135.

6. Menzel R, Backhaus W. Color vision in honey bees: phenomena and
physiological mechanisms. In: Stavenga DG, Hardie RC, editors. Facets of
vision. Berlin, Heidelberg, New York, London, Paris, Tokyo: Springer-Verlag;
1989. p. 281–97.

7. Wakakuwa M, Kurasawa M, Giurfa M, Arikawa K. Spectral heterogeneity of
honeybee ommatidia. Naturwissenschaften. 2005;92:464–7.

8. Telles FJ, Lind O, Henze MJ, Rodriguez-Girones MA, Goyret J, Kelber A. Out
of the blue: the spectral sensitivity of hummingbird hawkmoths. J Comp
Physiol A. 2014;200(537):537–46.

9. McCulloch KJ, Osorio D, Briscoe AD. Sexual dimorphism in the compound
eye of Heliconius Erato: a nymphalid butterfly with at least five spectral
classes of photoreceptor. J Exp Biol. 2016;219:2377–87.

10. Ogawa Y, Awata H, Wakakuwa M, Kinoshita M, Stavenga DG, Arikawa K.
Coexpression of three middle wavelength-absorbing visual pigments in
sexually dimorphic photoreceptors of the butterfly Colias erate. J Comp
Physiol A. 2012;198:857–67.

11. Feuda R, Marletaz F, Bentley MA, Holland PW. Conservation, duplication, and
divergence of five opsin genes in insect evolution. Genome Biol Evol.
2016;8:579–87.

12. Koshitaka H, Kinoshita M, Vorobyev M, Arikawa K. Tetrachromacy in a
butterfly that has eight varieties of spectral receptors. Proc R Soc B.
2008;275:947–54.

13. Chen P-J, Awata H, Matsushita A, Yang E-C, Arikawa K. Extreme spectral
richness in the eye of the common bluebottle butterfly, Graphium sarpedon.
Front Ecol Evol. 2016;4:1–12.

14. Kelber A, Balkenius A, Warrant EJ. Scotopic colour vision in nocturnal
hawkmoths. Nature. 2002;419:922–5.

15. Satoh A, Kinoshita M, Arikawa K. Innate preference and learning of colour in
the male cotton bollworm Helicoverpa armigera. J Exp Biol. 2016;219:3857–60.

16. Nilsson D-E. Optics and evolution of the compound eye. In: Stavenga DG,
Hardie RC, editors. Facets of vision. Berlin, Heidelberg, New York, London,
Paris, Tokyo: Springer-Verlag; 1989. p. 30–73.

17. Murakami M, Kouyama T. Crystal structure of squid rhodopsin. Nature. 2008;
453:363–7.

18. Arikawa K, Pirih P, Stavenga DG. Rhabdom constriction enhances filtering by
the red screening pigment in the eye of the eastern pale clouded yellow
butterfly, Colias erate (Pieridae). J Exp Biol. 2009;212:2057–64.

19. Stavenga DG, Smits RP, Hoenders BJ. Simple exponential functions describing
the absorbance bands of visual pigment spectra. Vis Res. 1993;33:1011–7.

20. Nilsson D-E, Land MF, Howard J. Optics of the butterfly eye. J Comp Physiol
A. 1988;162:341–66.

Satoh et al. Zoological Letters  (2017) 3:14 Page 10 of 11



21. Honma K. Studies on two forms of the smaller tea tortrix, Adoxophyes orana
Fischer von Röslerstamm. Morioka Hort Res Sta Bull Ser C. 1972;7:1–33.

22. Briscoe AD, Chittka L. The evolution of color vision in insects. Annu Rev
Entomol. 2001;46:471–510.

23. Fischer S, Meyer-Rochow VB, Müller CH. Compound eye miniaturization in
Lepidoptera: a comparative morphological analysis. Acta Zool. 2014;95:438–64.

24. Fischer S, Müller CH, Meyer-Rochow VB. Neither apposition nor
superposition: the compound eyes of the chestnut Leafminer Cameraria
ohridella. Zoomorphology. 2012;131:37–55.

25. Hämmerle B, Kolb G. Structure of the dorsal eye region of the moth,
Adoxophyes reticulana Hb.(Lepidoptera: Tortricidae). Int J Insect Morphol
Embryol. 1987;16:121–9.

26. Horridge G, Giddings C. The retina of Ephestia (Lepidoptera). Proc R Soc B. 1971:87–95.
27. Belusic G, Katja S, Andrey M. Extreme polarization sensitivity in the retina of

the corn borer moth Ostrinia. J Exp Biol. 2017;220(Pt 11):2047–56.
28. Arikawa K, Scholten DGW, Kinoshita M, Stavenga DG. Tuning of

photoreceptor spectral sensitivities by red and yellow pigments in the
butterfly Papilio xuthus. Zool Sci. 1999;16:17–24.

29. Höglund G, Struwe G. Pigment migration and spectral sensitivity in the
compound eye of moths. Z Vergl Physiol. 1970;67:229–37.

30. Bernhard C, Ottoson D. Studies on the relation between the pigment
migration and the sensitivity changes during dark adaptation in diurnal and
nocturnal Lepidoptera. J Gen Physiol. 1960;44:205–15.

31. Lall AB, Strother G, Cronin TW, Seliger HH. Modification of spectral
sensitivities by screening pigments in the compound eyes of twilight-active
fireflies (Coleoptera: Lampyridae). J Comp Physiol A. 1988;162:23–33.

32. Hardie RC. Electrophysiological analysis of fly retina. I: comparative
properties of R1-6 and R7 and 8. J Comp Physiol A. 1979;129:19–33.

33. Wakakuwa M, Stewart F, Matsumoto Y, Matsunaga S, Arikawa K.
Physiological basis of phototaxis to near infrared light in Nephotettix
cincticeps. J Comp Physiol A. 2014;200:527–36.

34. Stavenga DG. Insect retinal pigments: spectral characteristics and
physiological functions. Prog Ret Eye Res. 1995;15:231–59.

35. Stavenga DG, Numan JAJ, Tinbergen J, Kuiper JW. Insect pupil mechanisms
II. Pigment migration in retinula cells of butterflies. J Comp Physiol A.
1977;113:73–93.

36. Arikawa K, Stavenga DG. Random array of colour filters in the eyes of
butterflies. J Exp Biol. 1997;200:2501–6.

37. Shimoda M, Honda K-I. Insect reactions to light and its applications to pest
management. Appl Entomol Zool. 2013;48:413–21.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Satoh et al. Zoological Letters  (2017) 3:14 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Histology
	Molecular cloning of visual pigment opsin
	Electrophysiology
	Imaging microspectrophotometry (IMSP)
	Pigment adaptation model
	Behavioral experiments

	Results
	Anatomy
	Visual pigments of A. orana
	Spectral sensitivity of the compound eye of A. orana
	Contribution of screening pigments
	Behavioral experiments

	Discussion
	Perirhabdomal pigment as a dynamic spectral filter
	Phototactic response
	Evolution of the orange pigment

	Conclusions
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

