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Fig. 3. Adjacent photoreceptor localization of duplicate blue opsin mRNAs drives retinal mosaic expansion. (A) Schematic diagram of a longitudinal section of
the compound eye and optic lobe proximal to the retina. L, lamina; M, medulla. (B) Longitudinal view of a E. atala ommatidium (see Eye Histology and S/
Appendix, Fig. S4); ¢, cornea; cc, crystalline cone; n, photoreceptor cell nucleus; r, rhabdom; R1-R9, photoreceptor cells. (C) Transverse section of a dorsal om-
matidium showing anatomical R1-R8 photoreceptor cells whose photosensitive membranes form the fused rhabdom. (D) R1-R2 cells in males and females express
short visual pigments (UVRh, BRh1, and BRh2) forming six ommatidial classes namely UVRh-UVRh, UVRh-BRh1, UVRh-BRh2, BRh1-BRh1, BRh1-BRh2, and BRh2-
BRh2 as shown in double stained ommatidia (N-S). (E and F) Fluorescent in situ hybridization of male and female dorsal eyes with a LW opsin cRNA probe shows
that R3-R8 cells express LWRh in all ommatidia. (G) Higher magnification of £ with one ommatidium circled. (H-J) Double fluorescent mRNA hybridization of
transversal dorsal eye sections (H and J, female; /, male) with cRNA opsin probes for (H) UVRh (green) and LWRh (red), (/) BRh1 (cyan) and LWRh (red), and (J) BRh2
(blue) and LWRh (red). The boxed areas are shown under higher magnification in K-M, with dashed circles around individual ommatidia showing differences in
R1-R2 expression patterns (i.e., no expression, expression in R1 or R2, expression in R1 and R2) of UVRh (K), BRh1 (L), and BRh2 (M) opsin mRNAs. (N-S) Transversal
dorsal female (N, P, and R) and male (O, Q, and S) eye sections with double probe labeling for UVRh-BRh1 (N and O), UVRh-BRh2 (P and Q), and BRh1-BRh2 (R and
$S) indicate that short opsin mRNAs are not coexpressed in photoreceptors R1 and R2, thus revealing an exclusive one-cell one-mRNA expression pattern in single
ommatidia. The dashed ovals correspond to individual classes of ommatidia (as shown in D). The BRh2-BRh2 ommatidial type was not observed in males. Lon-
gitudinal views of the eye show that ommatidia expressing BRh2 are more abundant in the upper dorsal eye in males compared to females (S/ Appendix, Fig. S5).

trajectory, we observed that Y177F alone conferred a 81-nm  combining G175S and A116S (Fig. 4 G and H). A third evolutionary
bathochromic shift (Apax = 516 nm), which could then be compen-  trajectory explored the contribution of two lycaenid-specific cysteine
sated for by an 8nm hypsochromic shift (An.x = 508 nm) by substitutions (I106C and F207C) in helix 5 (SI Appendix, Fig. S6).
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These changes caused a strong green-wave spectral shift that was not
compensated for by additional candidate tuning residues in a quin-
tuple mutant, EatBRh1/A116S/1120F/Y177F/1206C/F207C (SI Ap-
pendix, Fig. S6 and Dataset S2D). G175S tested alone or in various
double mutant combinations caused bathochromic shifts (SI Appen-
dix, Fig. S6), but we did not obtain the sextuple chimeric construct
bearing G175S and cannot therefore exclude the possibility that it
may play a hypsochromic role in this particular case. Our results from
variants EatBRh1 bearing 1106C and F207C, however, suggest that
the cysteine residues on helix 5 are not likely to contribute to blue
spectral shifts in EatBRh2.

Coordinated Spectral Sensitivity Shifts and Coincidental Wing
Coloration Trait Evolution. The spectral sensitivities of visual
photoreceptors may be mere by-products of evolution or may
represent adaptions to specific color signals (73, 74). For a butterfly
to interpret colors, it must 1) possess at least two spectral types of
receptors sensitive to the reflectance spectrum of incident visible
light illuminating colored objects, and 2) be able to compare indi-
vidual receptor responses neuronally to create an output chromatic
signal (75, 76). To begin investigating the evolutionary conse-
quences of molecular changes in butterfly opsins in the broader
context of behaviors requiring color vision, such as finding ovipo-
sition sites and intraspecific recognition (49, 77-80), we derived a
four-opsin color vision model (Fig. 5) and evaluated the overlap
between receptor spectral sensitivities against the spectral compo-
sition of the reflected light produced by host plant foliage and all
major colored patches on conspecific wings (Fig. 5 and SI Appendix,
Figs. S7-S9 and Dataset S3 A-M).

In E. atala males, dorsal forewings are bright iridescent blue in
summer, whereas scales appear more generally green/teal in
winter generations (81). Female dorsal wings, on the other hand,
display a darker royal blue color along the edge of their upper
forewings. Both sexes also have conserved wing and body patterns,
including regularly spaced rows of blue spots visible on closed and
open hindwings, and a bright red abdomen enhanced by a large
red spot on the midcaudal hindwing area that falls precisely along
the abdomen when the wings are closed (Fig. 24).

We used epi-microspectrophotometry to measure the reflec-
tance spectra associated with leaf surfaces of the butterfly’s
primary host cycad, Zamia integrifolia, and noted a peak of re-
flectance at 550 nm and a red edge inflection point around
700 nm with high reflectance in the far-red region (SI Appendix,
Fig. S74 and Dataset S34). We analyzed leaf reflectance against
spectral sensitivity functions in three- and four-opsin vision sys-
tems. Our analyses show that the overlap in spectral sensitivity
between BRh2/LWRh (R495/R564) is expected to improve di-
chromatic discrimination in the Eumaeus eye (SI Appendix, Fig.
S8A) at long wavelengths by 25 nm and up to 90 nm compared to
intermediate visual systems bearing R495/R530, R475/R530,
R440/R530, or R440/R564 receptors (SI Appendix, Fig. S8 C—F).

Next, we examined colored patches from males and females
including blue scales on the abdomen and thorax, and black,
blue, and red scales on forewings and hindwings (Fig. 5 and SI
Appendix, Fig. S7 B and C and Dataset S3). Measurements from
male and female ventral hindwings showed that black scales re-
flect only about 1.5% incident light in both sexes (Fig. 54 and B
and Dataset S3 B and C) compared to light reflected by adjacent
colored scales in the blue/green band at 450 to 520 nm (Fig. 5 4
and B and Dataset S3 D and E), indicating a 64-fold increase in
the relative brightness of wing colored patches (Fig. 5 A and B).
Blue scales on the dorsal forewings have distinct reflectance
maxima at 490 nm in females (F) and 510 nm in males (M)
(Fig. 5 A and B and Dataset S3 F and G) with female scales
reflecting 1.3 to 1.9 times more light overall in the 400- to
500-nm wavelength range. Blue scales on the ventral hindwings
have a maximal reflectance peak at 510 nm (F) and 530 nm (M)
(Fig. 5 A and B) and under our experimental conditions, reflect
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similar light levels across 450- to 650-nm wavelengths between
sexes. Light reflected from blue scales on the thorax is 1.9 times
greater than in blue regions on dorsal forewings in females and
2.9 times higher in males (SI Appendix, Fig. STB and Dataset
S3 H and I); however, thorax reflectance spectra overlap tightly
in both sexes, which suggests that males and females are di-
morphic only on the dorsal wings. Finally, red scales on male and
female hindwings reflect maximally in the far red (750 nm)
(Fig. 5 and Dataset S3 J and K), similar to red abdominal scales
(8I Appendix, Fig. STC and Dataset S3 L and M). These results
show the extent of overlap between E. atala photoreceptor
spectral sensitivities and wing color traits.

Discussion

Long-Wavelength Red Opsins Contribute to Far-Red Spectral Sensitivity.
Opsins are the first elements in visual transduction, and they pri-
marily mediate variation in light detection, image formation, and
visual spectral sensitivity (3, 5, 27, 46, 82). Recent research has also
uncovered multiple cases where they have been coopted for novel
functions (83-86). As insect visual opsin proteins belong to a dy-
namically evolving multigene family (Fig. 1), they represent not only
a robust system to link molecular genetic variation to phenotypic
changes in color vision (5), but more generally offer insights into
the consequences of molecular variation contributing to adaptive
phenotypes across distant animal groups (87-89).

Here, we identify molecular patterns of evolution and func-
tional mutations underlying concomitant spectral changes to
longer wavelengths in G4 opsin gene lineages driving lycaenid
butterfly visual phenotypes, and the partial convergence in blue
opsin tuning residues between the G, and G4 opsin families. By
optimizing a cell culture assay that allows the efficient purifica-
tion and characterization of insect rhodopsin complexes in vitro,
we identified a type of red-shifted LW opsin that absorbs sig-
nificantly longer wavelengths. This is due to a remarkable 35- to
40-nm bathochromic shift in An,.x compared to ancestral green
insect LW rhodopsins (15, 90) and produces photoreceptors
sensitive to 560 to 700 nm of red light (Fig. 2). The ability to
obtain recombinant insect opsin proteins provides an opportu-
nity to uncover important functional insights underlying the in-
dependent evolution of vertebrate and invertebrate LW opsins
involved in red sensing and enables exploration of the diversity of
genetic mechanisms underlying functional variation of insect LW
opsins, which are thus far largely unknown except in P. xuthus
(91). Our functional approach together with in-depth in vivo
MSP and optophysiological data (Fig. 2 and SI Appendix, Figs. S1
and S2) isolated the contribution of the pure LW rhodopsin from
red-filtering effects that often affect light absorbance properties
in insect eye photoreceptors, demonstrating that the LW opsin
proteins alone can dramatically increase the photoreceptor re-
sponse at longer wavelengths (Fig. 2 and SI Appendix, Fig. S8).
Consequently, compared to butterflies and other insect species
whose photoreceptors express typical LW rhodopsins (Apax 520
to 530 nm) (8, 26), our findings demonstrate that lycaenid species
expressing red-absorbing rhodopsins have a significantly extended
spectral sensitivity toward the far red (700 to 750 nm) directly
controlled by molecular variation underlying the absorbance
properties of their long-wavelength opsin. In Papilio butterflies,
which express combinations of five rhodopsin proteins (UV, B, and
PxRh1-3), green sensitivity is achieved via tuning residues in helix 3
of two LW opsins (22, 91, 92). Lycaenid LW opsins instead possess
a highly conserved helix 3 lacking those spectral substitutions,
supporting the hypothesis that distinct spectral tuning mechanisms
have evolved independently to achieve red sensitivity in lycaenids.

Visual adaptations toward red sensitivity in vertebrate cones
have been shown to facilitate long-wavelength light perception in
primates (42), birds (93, 94), and in multiple fish groups, notably
in threespine sticklebacks following repeated evolution of a red-
shifted L opsin (95), via L opsin duplication and spectral tuning
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Fig. 4. Four residues contribute to spectral tuning shifts between duplicate blue opsins. (A) Neighbor-Joining tree of selected lepidopteran blue opsin amino acid se-
quences. The squid opsin (Todarodes pacificus, accession no. CAA49906) is used as outgroup. Bootstrap node support is as follows: 50 to 74%, white circle; 75 to 94%, gray
circle; >95%, black circle. Dots above the partial multiple sequence alignment show the 21 amino acid residues residing within 5 A of any carbon atom in the retinal polyene
chain. Blue dots identify the six positions where amino acid residues differ between E. atala EatBRh1 and EatBRh2; blue rectangles highlight variants at these positions in
lycaenids. Residue numbering is based on residue position in the squid opsin. Residues are colored according to their physicochemical properties in Jalview v2. Gray arrows
indicate B-strands forming the binding pocket. (B) Blue rhodopsin absorbance spectra (dots) fitted to the visual template (cyan and blue line functions), respectively (n = 4
protein eluate aliquots, errors bars represent +SEM). (C) Predicted structure for EatBRh1 based on homology modeling with the squid rhodopsin with variant sites A116S,
1120F, G175S, Y177F, 1206C, and Y207C. (D) Model of the EatBRh1 rhodopsin bearing A116, 1120, and Y177. (E) Spectral tuning trajectory when substituting residues A116S,
1120F, and Y177F show a 40-nm partial blue shift in rhodopsin absorbance A in the triple mutant (S/ Appendlix, Supplementary Methods and Fig. S6). This tuning shift may
be mediated by several possible mechanisms, including additive effects caused by novel hydrogen bond formation at the coevolving adjacent sites A116 and 1120 (F) and
with nearby conserved residues G115 and G121. (G) Spectral tuning trajectory substituting G175S, which partially compensates the green tuning shift of double mutant
Y177F/IA116S (SI Appendix, Fig. S6) and tunes the absorbance spectrum near 500 nm. The data underlying the alternative trajectories in E and G are presented in
SI Appendix, Fig. S6 and highlight additive and epistatic interactions at four variant residues (F and H) in the acquisition of the green-shifted EatBRh2 opsin function.

in far-red bioluminescent deep-sea dragonfish (96, 97) or in L
opsin sensitivity shifts in cichlids that inhabit red-light-dominated
waters (98). In insects, discriminating green leaves is difficult for
herbivorous insects without host-specific chemosensory cues
because the foliar spectral characteristics of chlorophyll reflec-

differences and leaf water content in the red range (>600 nm)
compared to insects lacking red receptors (53, 100).

Three Photoreceptors Derived from Ommatidial Expression Pattern
and Green Spectral Tuning of a Blue Opsin Duplicate. Opsin evolu-

tance (500 to 580 nm) are highly similar among the vast majority
of plants (99). Hence, many insects that have a green receptor
can only compare dichromatic signals from green and blue (and/or
UV) receptors, resulting in yellow color preference (26). In con-
trast, papilionid and pierid butterflies with red-sensitive photore-
ceptors have behaviorally been shown to use green-red color
vision for green leaf color discrimination (53). The unique com-
bination of spectral shifts in green and red receptor sensitivity
(Fig. 2 and SI Appendix, Fig. S8) raises the intriguing possibility that
ovipositing Eumaeus females, and other lycaenids with red recep-
tors, may as well extract more information from reflectance slope
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tion has undergone recurrent events of gene duplication and loss
across animals, including insects (Fig. 1). Gene duplication fol-
lowed by functional divergence among duplicate copies is known to
increase transcriptional and functional diversity across lineages
(101, 102), and in some instances favor the evolution of lineage-
specific phenotypic traits (103, 104). Whereas structural, functional,
or gene network constraints can lead to evolutionary trade-offs for
biochemically stable alternatives among duplicated genes (105,
106), alternative mechanisms may arise to alleviate constraints of
retaining redundant gene copies in existing eukaryotic gene net-
works (105). These include the repeated allelic fixation of segmental
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duplications (107), cooperation between encoded products of du-
plication (88), or specialization of ancestral functions (48, 108, 109).

Several bug and beetle lineages that have lost blue rhodopsins
independently, for instance, recruited duplicate UV or LW
gene(s) to restore blue sensitivity (12, 110). Among butterflies,
the Heliconius, Pieris, and Papilio lineages have respectively
recruited additional UV, blue, or LW opsins, which confer acute
spectral sensitivity in the range of violet to green visible light (10,
92, 111, 112). Our functional results in E. atala demonstrate that
two short wavelength blue-like opsin loci encode a typical blue
opsin (Amax 435 to 440 nm) and a significantly green-shifted blue
opsin (Amax 495 to 500 nm) (Fig. 4). This increases overlapping
sensitivity between two classes of blue receptors, suggesting finer
wavelength discrimination and potentially improved perception
of subtle color differences in shades of blue (SI Appendix, Fig.
$10), in a manner similar to that found in species of Pieris in the
Pieridae (111, 113) and species of Lycaena and Polyommatus in
the Lycaenidae (61-63).

One interesting insight in the evolution of blue spectral tuning
in E. atala comes from chimeric BRh1 variants bearing muta-
tions A116S, G175S, and Y177F. Together, these mutations
confer a 73-nm bathochromic shift (Ap,.x = 508 nm) most closely
recapitulating the spectral properties of EatBRh2 (Ayax = 500 nm)
compared to other tested variants (Fig. 4G and SI Appendix, Fig.
S6). Intermediate adaptive phenotypes were also revealed, sug-
gesting that the acquisition of green sensitivity may occur via
gradual evolutionary steps and epistatic interactions between sites.
For instance, EatBRh1 variant A116S causes a +5-nm shift alone,
but together with 1120F, it shifts maximal absorbance by an ad-
ditional +10 nm to A = 450 nm. As these two residue substi-
tutions are conserved across all characterized lycaenid BRh1 loci
(Fig. 44), these results indicate that adjacent sites in helix 3 may
contribute to intermediate blue absorbance spectra accounting for
variable visual ecologies across lycaenids (62).

A third residue, Y177F, is a key spectral tuning mutation in E.
atala, as the triple BRh1 variant (A116S/1120F/Y177F) displays a
30-nm bathochromic shift (A,.x = 475 nm) compared to the wild-
type rhodopsin. These findings illustrate the multiple ways that
gradual spectral tuning may have evolved, at least in this insect
species, and point out the importance of spectral residues lying
on the ionone ring portion of the chromophore binding pocket
(31, 42). In agreement with these findings, two of the reverse
tuning substitutions at the same sites are responsible for hyp-
sochromic spectral shifts both in a blue-shifted blue rhodopsin of
a Limenitis butterfly (F177Y, —5 nm) (82) and in a violet-shifted
blue rhodopsin of a Pieris butterfly (S116A, —13 nm; F177Y —4
nm) (17). Spectral tuning modulation in blue rhodopsin dupli-
cate genes has therefore involved parallel evolutionary trajec-
tories through convergent biochemical changes along multiple
insect lineages. Reverse mutations are not necessarily functionally
equivalent in their absolute magnitudes (A\nax), underscoring the
role of epistatic interactions at neighboring sites, resulting in dis-
tinct Amay shifts across distinct lineages. A homologous tyrosine
residue in the ionone ring portion of the chromophore-binding
pocket (Y262) in the human blue cone opsin (SWS2 Apax =
414 nm) is responsible for a 10-nm bathochromic spectral tuning
when mutated to tryptophan (Trp) (114). However, Y177 is
unique to E. atala; other BRh1 loci at this position often have the
F177 seen in EatBRh2 (Fig. 44). Not all BRh2 loci have S175 but
instead possess G175 in both blue opsin loci, potentially suggesting
an additional tuning role for adjacent residues in positions R176K
and I178V. These two residues do not differ much in hydropho-
bicity but may still provide the essential molecular interactions
with the ionine ring portion of the chromophore necessary to
modulate distinct BRh2 spectral sensitivity maxima. Human an-
cestors achieved blue sensitivity gradually and almost exclusively
via epistasis among seven amino acid residues (46). Therefore,
testing the nonadditive interactions at coevolving BRh2 adjacent
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sites 175 to 178 in lycaenids will further help to recapitulate in-
termediate phenotypes across derived green-shifted insect blue
rhodopsins.

Additionally, molecular and phylogenetic studies of SWS2
opsin evolution in vertebrates, which are functionally analogous
to insect blue opsins, with the ancestral vertebrate SWS2 pig-
ment absorbing at ~440 nm (115), have shown that opsins shifted
to longer wavelengths recurrently involve substituting polar res-
idues with a hydroxyl side chain (e.g., Ser, Thr, Tyr). For ex-
ample, A94S causes a 14-nm change between zebrafish (Ay.x 416
nm) and goldfish (Ap.x 443 nm) blue pigments (116), and A269T
is one of several important replacements in the tuning of avian
SWS2 pigments (115), a site also involved in spectral tuning of
bovine Rh1 (117). It is worth stressing that the EatBRh2 short-
wavelength blue opsin duplicate achieves a remarkable green
absorbance shift not found in SWS2 opsins but encoded by other
opsin lineages, Rh2 in fish (93) or birds (118), and M in primates
(42, 44), where polar residue changes are also observed to cause
additive tuning effects in long-wavelength shifted pigments (115).
Our mutagenesis findings not only illustrate the partial sharing of
genetic mechanisms of spectral tuning between independent blue
opsin duplications across butterfly lineages, but reveal a partial
conservation of structural and biochemical tuning constraints be-
tween invertebrate G, blue opsin lineages and those observed in
the evolution of SWS2 vision genes in vertebrates (5, 106).

Extended Blue and Red Spectral Sensitivity Enhance Visual Signal
Perception. Variation in peripheral photoreceptor cell sensitivity
is a visual tuning strategy that can maximize the extraction of
complex color information in natural environments and inci-
dentally affect subsequent higher-order processing controlling be-
havior (119), as shown in marine habitat species (120), and some
insects (113, 121, 122). In the lycaenid species examined in this
study, spectral sensitivity evolved sharply in response to coordi-
nated peripheral tuning relying on complementary changes in two
opsin proteins (BRh2 with Ay 495 to 515 nm and LW with A
564 to 574 nm), and the acquisition of three additional photore-
ceptor classes (BRh2-UVRh, BRh2-BRh2, and BRh2-BRh1). The
combined retinal densitometry and in situ hybridization evidence
are consistent with the presence of two blue rhodopsins in separate
photoreceptors in the same region in the eye and in sufficient
abundance for color vision. In total, the six-ommatidial stochastic
rhodopsin mosaic offers remarkable spectral properties, which
would have been unlikely to achieve with the limited sensitivity of a
single blue opsin or the sensitivity maxima of an ancestral green
opsin. Given the high color richness and behavioral diversity of
lycaenids, we may expect that photoreceptor and color vision
evolution has played an important role in adaptation. Whereas
shifts in opsin absorbance spectra may evolve recurrently or over
longer evolutionary times, photoreceptor expression pattern dif-
ferences such as observed in LW photoreceptors between males of
E. atala and Lycaena rubidus, albeit sharing similar opsin spectral
sensitivities (63), may reflect more rapidly evolving, lineage-specific
ecological differences (95, 96).

Adaptations in visual sensitivity in E. atala are likely relevant
in conveying spectral signals underlying distinct color-guided
behaviors. The derived green-shifted BRh2 photoreceptors, de-
spite a lower density across the eye compared to BRh1 photo-
receptors, could further be beneficial in decreasing the minimal
wavelength difference (AM) that the butterfly can in theory dis-
criminate (46, 76, 123). Similarly to duplicate UV opsins that
allow Heliconius butterflies to more finely discriminate UV sig-
nals (63), E. atala could effectively tune blue wavelength dis-
crimination and chromatic resolution in the blue-green spectrum
(56, 61-63), since these additional BRh2 photoreceptors pre-
dictably increase the number of possible opponency channels
available for color processing (123-125).
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Fig. 5. Reflectance spectra of wing and body coloration correlate with
photoreceptor spectral sensitivity. Discriminability analysis of female (A) or
male (B) wing colors overlaid with visual spectral sensitivities. Graphs of
mean reflectance spectra of wing scale patches + SEs of the mean (n=3to 5
individuals, with duplicate measurements). Gray lines indicate normalized
photoreceptor spectral sensitivity functions. Reflectance spectra are nor-
malized against total brightness. Numbers next to each reflectance curve
correspond to numbers on each wing photograph (DFW, dorsal forewing;
VHW, ventral hindwing). Magnified views of representative wing scales
measured by epi-MSP are shown on the Right. The field of view for each
scale photograph is 210 pm in diameter. The reflectance curves correspond
with the absorbing wavelengths of at least two rhodopsins, which may allow
the butterfly to efficiently perceive colors associated with foliage and con-
specific wing patterns (S/ Appendix, Figs. S7 and S9). Analyses from black
areas of ventral hindwings reveal that brightness in cyan regions increases
64-fold compared to black scales in both sexes, which improves contrast with
adjacent colored scales.

As daylight is reflected in the butterfly scales, the peak posi-
tions of the reflected light spectrum may differ, and color dis-
crimination will be maximized at the steepest points of overlap
(420 to 480 nm) between BRh1/BRh2 receptor sensitivity functions
compared to lineages that did not undergo blue opsin diversifica-
tion (Fig. 5 and SI Appendix, Figs. S9 and S10). Taking into account
color-opponent postreceptor neuronal perception (75), and in
keeping with our analyses of spectral sensitivities, this raises the
intriguing possibility that wing color differences may function as
recognition signals, with adjacent black scales in E. atala wings
further enhancing the perceived brightness of contiguous blue color
signals, similar to the superblack plumage coloration found in birds
of paradise (126), peacock spiders (127), and recent examples in
papilionid and nymphalid butterflies (128, 129).

Members of the genus Eumaeus are additionally characterized
by red abdomens as well as a bright red spot at the bottom of the
hindwings, and this is thought to advertise the toxins that the
butterflies sequester as larvae from their Zamia cycad host plants
(130). Although the use of red aposematic coloration has been
coopted as an additional intraspecific recognition signal, e.g., in
Heliconius butterflies (79, 131), the red scale reflectance spectra
are similar between the sexes in E. atala and shared among all
Eumaeus species. We show that Eumaeus can perceive these long
wavelengths, but the orange-red coloration may have evolved
primarily as an aposematic signal toward predators (132). The
bright red abdominal/hindwing reflectance in the far-red spectrum
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would very likely stimulate the L cones of many bird species with
red sensitivity from about 550 nm to 700 nm (39, 73), and they
would readily associate toxicity with a color close to pure red.

Trichromatic systems are capable of recording most spectral
information from natural scenes (121); yet a color vision system
with higher dimensionality generally benefits color vision in bright
light compared to a system based upon fewer receptor types (133).
Although we could not record responses of different individual
receptors, it is reasonable to assume that tetrachromaticity in E.
atala is an adaptation for the discrimination of specific colors, such
as body coloration or oviposition sites. Whether this is a specific
adaptation for signaling via body coloration remains to be deter-
mined. Color vision theory further suggests that a system reaches
its full potential when the width of the visual range is increased
(133), which is in line with the red-shifted receptor in E. atala and
suggests that the butterfly is able to robustly detect color differ-
ences across an extended range of wavelengths and filter envi-
ronmental reflectance cues in parallel. In fact, the combined shifts
in blue and red receptor physiological differences are likely to
contribute a much larger effect to the efficacy of photoreceptor
spectral sensitivity for maximizing stimuli detection than would
any individual receptor shift (121). These concomitant peripheral
molecular changes thus offer mechanistic insights into the diver-
sification of insect visual spectral sensitivities, supporting the
scenario of a sensory system where gene duplication generates
new blue opsin paralogs, regulatory changes specify new spectral
subtypes as reflected by evidence from in situ hybridization of the
composition of photoreceptors making up individual ommatidia,
and coding mutations modify the blue and LW rhodopsin spectral
sensitivity maxima, providing expanded spectral sensitivity at
longer wavelengths as well as a finely tuned ability to discriminate
wavelengths of incoming light in the blue band.

By developing a G4 opsin heterologous expression system and
by demonstrating the fine tuning between the evolution of blue
and red opsin functions for long-wavelength spectral sensitivity
our study provides a promising invertebrate molecular toolkit to
disentangle the molecular—functional interplay between periph-
eral sensory genes and adaptations in invertebrate color vision
performance.

Materials and Methods

Butterflies. Pupae of E. atala were collected from host plants Z. integrifolia at
the Montgomery Botanical Garden, Miami, FL in January 2020 and reared at
22 °Cin an insectary under a 12:12 L:D cycle until emergence. Eggs and
young larvae of A. narathura japonica were collected feeding on oak trees
(Quercus glauca) from field sites near Ginoza, Okinawa, Japan and reared in
the Museum of Comparative Zoology laboratories in Cambridge, MA (US
Department of Agriculture permit P526P-18-00037) until they eclosed
as adults.

Epi-Microspectrophotometry. Compound eyes of most adult butterfly species
exhibit eyeshine, a property that allows measuring rhodopsin absorbance
spectra as well as spectral sensitivity of photoreceptor pupillary responses in
eyes of intact butterflies. The eyes of butterflies exposed to repeated bright
white flashes under incident-light microscope show a photochemical effect
whereby the coloration of eyeshine changes during each flash due to changes
in absorbance spectra that accompany photoisomerization of rhodopsins to
their metarhodopsin photoproducts (134). At the same time, the eyes exhibit a
pupillary response mediated by intracellular migration of pigment granules
within photoreceptor cells, causing the intensity of eyeshine to decrease rap-
idly with time during each flash (135).

Quantitative epi-MSP was used to determine absorption spectra of but-
terfly rhodopsins by measuring eyeshine reflectance spectra after photo-
conversion of the rhodopsin to its metarhodopsin product (67, 134) using
three MSP methods, in vivo photochemistry, optophysiology, and retinal
densitometry as detailed in S/ Appendix.

Functional Assays.
Cloning and protein expression. The coding region of each opsin transcript (see
SI Appendix for transcriptome analysis and opsin characterization) was
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amplified from eye ¢cDNA and subcloned in a modified pFRT-TO expression
vector cassette derived from pcDNA5 and containing the human CMV im-
mediate early promoter (Invitrogen) (Fig. 2G). The expression plasmid was
modified to include a C-terminal tag by the monoclonal antibody FLAG
epitope sequence (DYKDDDDK), followed by a Ser-Gly-Ser linker peptide, a
T2A peptide sequence (EGRGSLLTCGDVEENPG), and the fluorescent marker
protein mRuby2. Plasmid DNAs were verified by Sanger sequencing and
purified with the endo-free ZymoPURE Il Plasmid Midiprep Kit (Zymo Re-
search). Prior to large-scale expression, small-scale HEK293T cultures were
transfected to optimize expression conditions both via mRuby2 visualization
and Western blot analysis as described in S/ Appendix.

Transient expression. High-expressing clones from GPCR opsin ¢cDNAs were
transiently expressed in HEK293T cells prior to in vitro purification. For each
construct, cells were seeded at a density of 1.0 x 10° cells on day 0 in 15
tissue culture dishes (10 cm diameter, ref. 25382-166, VWR) in Dulbecco’s
modified Eagle medium high glucose, GlutaMAX (Life Technologies) supple-
mented with 10% fetal bovine serum (Seradigm Premium, VWR). Lipid com-
plexes containing 24 pg DNA: 72 pL polyethylenimine (1 mg/mL) diluted in
Opti-MEM | reduced serum (Life Technologies) were added 48 h later to
cells reaching 75 to 85% confluency. At 6 h posttransfection, the culture
medium was exchanged with new medium containing 5 pM 11-cis-retinal
(2 mg/mL stock in 95% ethanol) and under dim red light. The 11-cis-retinal
absorption peak at 380 nm was confirmed using a NanoDrop 2000/2000c
UV-VIS Spectrophotometer (Thermo Fisher) prior to each experiment using
a 1:100 dilution in ethanol. Culture plates supplemented with 11-cis-retinal
were wrapped in aluminum foil and cells were incubated in the dark. At
48 h posttransfection, the medium was decanted under dim red light. Cells
were scraped in cold filter-sterilized Hepes wash buffer (3 mM MqgCl,,
140 mM NacCl, 50 mM Hepes pH 6.6 to 8.5 depending on protein isoelectric
point) containing complete ethylenediaminetetraacetic acid (EDTA)-free
protein inhibitors (Sigma-Aldrich), centrifuged for 10 min at 1,620 rcf at 4 °C,
and resuspended in 10 mL wash buffer for two consecutive washes. After the
second wash, cell pellets were gently resuspended in 10 mL cold wash buffer
containing 40 pM 11-cis-retinal. Cells expressing opsin-membrane proteins
were incubated in the dark during 1 h at 4 °C on a nutating mixer (VWR) to
favor the formation of active rhodopsin complexes, and cells were then col-
lected by centrifugation at 21,500 rpm for 25 min at 4 °C on a Sorvall WX Ultra
80 Series equipped with an AH-629 Swinging Bucket Rotor (Thermo Scientific).
Rhodopsin complex purification and spectroscopy. Transmembrane proteins were
gently extracted by pipetting in 10 mL of ice-cold extraction buffer (3 mM
MqgCl,, 140 mM Nacl, 50 mM Hepes, 20% glycerol vol/vol, 1% n-dodecyl p-D-
maltoside, complete EDTA-free protein inhibitors) and incubated for 1 h at
4 °C prior to centrifugation at 21,500 rpm for 25 min at 4 °C. The 10-mL
crude extract supernatant containing solubilized rhodopsin complexes was
added to 1 mL Pierce Anti-DYKDDDDK Affinity Resin (Thermo Scientific) and
incubated overnight at 4 °C in a 15-mL Falcon on a nutating mixer. Samples
were loaded on Pierce Centrifuge Columns (Thermo Scientific) and after
three washes of the resin-bound FLAG-epitope rhodopsin complexes with
three-column reservoir volumes of elution buffer (3 mM MgCl;, 140 mM
NaCl, 50 mM Hepes, 20% glycerol vol/ivol, 0.1% n-dodecyl p-D-maltoside),
the rhodopsin was eluted in 2 mL of elution buffer containing 1.25 mg
(265 pM) Pierce 3x DYKDDDDK peptide (Thermo Scientific). The eluate was
concentrated using an Amicon Ultra-2 centrifugal filter unit with Ultracel-10
membrane (Millipore), for 35 min at 4 °C and 3,500 rpm. The concentrated el-
uate (350 puL) was aliquoted in amber light-sensitive tubes (VWR) and kept on ice
in the dark. UV-visible absorption spectra (200 to 800 nm) of dark-adapted
purified proteins were measured in the dark from 1.5-pL aliquots using a
NanoDrop 2000/2000c UV-VIS spectrophotometer (Thermo Fisher). Opsin puri-
fication yields were estimated following bovine serum albumin analysis (Dataset
S2). Raw absorbance data were fitted to a visual template (136) and polynomial
function analyses performed in R (v 3.6.3) (137) to determine the opsin maxi-
mal absorption peaks. The spectral mutagenesis methods are presented in
SI Appendix.

Eye Histology. Each E. atala eye was immersed for prefixation in 2.5%
glutaraldehyde/2% paraformaldehyde in 0.1 M sodium cacodylate buffer
(pH 7.4) (Electron Microscopy Sciences) for 2 h at room temperature, then
stored at 4 °C for 12 to 14 h prior to fixation, embedding, ultrathin sec-
tioning, and mounting on copper grids for transmission electron microscopy
analysis at the Harvard Medical School Electron Microscopy Facility (see
method details in S/ Appendix).

Preparation of RNA Probes and RNA In Situ Hybridization. We generated
in vitro transcription templates from UVRh, BRh1, BRh2, LWRh opsin cDNA
cloned in ~700-bp segments into pCRII-TOPO (Invitrogen). Antisense cRNA
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probes were synthesized using T7 or Sp6 polymerases using either digox-
igenin (DIG) or fluorescein (FITC) labeling mix (Sigma-Aldrich) from purified
PCR templates. The synthesized cRNA probes were ethanol precipitated with
NH4OAc 7.5 M and 1 pL glycogen, spun down at 4 °C for 30 min, redissolved
in pure water, and stored at —80 °C. These probes were first used to test
mRNA expression for each opsin receptor gene. We then tested the probes
by dual color in situ hybridization using combinations of DIG and FITC
probes to map opsin receptor expression patterns.

For in situ hybridization, E. atala compound eyes were dissected and
immersed in 1.5-mL Eppendorf tubes containing freshly made 4% formaldehyde
(Fisher Scientific) in 1x phosphate-buffered saline (PBS) for 2 h at room tem-
perature for fixation, then immersed successively in increasing sucrose gradient
solutions (10%, 20%, 30% in PBS) for 30 min each, stored in 30% sucrose so-
lution overnight at 4 °C, briefly transferred in optimal cutting temperature (OCT)
compound:sucrose 1:1, embedded in OCT (Tissue-Tek), and frozen on dry ice.
Tangential and longitudinal eye sections (12 pm) were obtained using a cryostat
(Leica), mounted on VWR Superfrost Plus Micro slides, and used for RNA in situ
hybridization following the procedure described in ref. 137. Double fluo-
rescence in situ hybridization was performed using 100 pL hybridization
solution (prehybridization buffer supplemented with 4% dextran sulfate
[Sigmal]) containing a combination of two opsin cRNA probes, labeled with
either DIG or FITC (at 1 ng/uL for UVRh and BRh2, and 0.5 ng/uL for BRh1
and LWRh), and the signal developed using the TSA Cy3 and Cy5 Plus kits
(PerkinElmer) following the manufacturer’s protocol. Tissues were moun-
ted with Vectashield (Vector Labs). All the microscopy images were ac-
quired using an Axiolmager Z2 (Zeiss).

Wing, Body, and Leaf Reflectance. Reflectance spectra were measured from
leaves of Z. integrifolia (Zamiacae) collected at the Montgomery Botanical
Garden (Miami, FL) and from discrete patches of colored scales on male and
female E. atala fore- and hindwings, thorax, and abdomen (Dataset S3) from
butterflies collected in January 2020 at the Montgomery Botanical Garden in a
Leitz Ortholux-Pol microscope equipped with a Leitz MPV-1 photometer with
epi-illumination block, fitted with a Leitz 5.6x/0.15P objective. The illuminator
filled the back focal plane of the objective with axial incident light. The
photometer measured reflected light from the full aperture of the ob-
jective from a spot in the front focal plane that was 210 um in diameter.
Reflectance data were corrected for stray light by subtracting data
measured from the MSP objective viewing a light dump comprising a
substantially out-of-focus black velvet cloth. Corrected reflectance data
were normalized against the same normalization constant of 0.179 to
preserve relative brightness among all measured body patches. Nor-
malized reflectance data were analyzed in R (v3.6.3).

Data Availability. The E. atala eye transcriptome and opsin transcript data are
available in the Sequence Read Archive Bioproject number PRINA625881
and GenBank database under accession numbers MN831881-MN831885.
Source data underlying epi-microspectrophotometry, functional expression,
and reflectance spectra are available in Datasets S1-S3, respectively.
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