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SYMPOSIUM

The Dynamic Evolutionary History of Pancrustacean Eyes and Opsins
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From the symposium “Linking Insects with Crustacea: Comparative Physiology of the Pancrustacea” presented at the
annual meeting of the Society for Integrative and Comparative Biology, January 3-7, 2015 at West Palm Beach, Florida.
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Synopsis Pancrustacea (Hexapoda plus Crustacea) display an enormous diversity of eye designs, including multiple types
of compound eyes and single-chambered eyes, often with color vision and/or polarization vision. Although the eyes of
some pancrustaceans are well-studied, there is still much to learn about the evolutionary paths to this amazing visual
diversity. Here, we examine the evolutionary history of eyes and opsins across the principle groups of Pancrustacea. First,
we review the distribution of lateral and median eyes, which are found in all major pancrustacean clades (Oligostraca,
Multicrustacea, and Allotriocarida). At the same time, each of those three clades has taxa that lack lateral and/or median
eyes. We then compile data on the expression of visual r-opsins (rhabdomeric opsins) in lateral and median eyes across
Pancrustacea and find no evidence for ancient opsin clades expressed in only one type of eye. Instead, opsin clades with
eye-specific expression are products of recent gene duplications, indicating a dynamic past, during which opsins often
changed expression from one type of eye to another. We also investigate the evolutionary history of peropsins and
r-opsins, which are both known to be expressed in eyes of arthropods. By searching published transcriptomes, we
discover for the first time crustacean peropsins and suggest that previously reported odonate opsins may also be
peropsins. Finally, from analyzing a reconciled, phylogenetic tree of arthropod r-opsins, we infer that the ancestral
pancrustacean had four visual opsin genes, which we call LW2, MWI1, MW2, and SW. These are the progenitors of
opsin clades that later were variously duplicated or lost during pancrustacean evolution. Together, our results reveal a
particularly dynamic history, with losses of eyes, duplication and loss of opsin genes, and changes in opsin expression
between types of eyes.

Introduction .
Here, we review the presence and absence of the

With color vision, polarization vision, multiple types
of eyes, and more optical diversity than in any other
phylum (Land and Nilsson 2012), pancrustacean eyes
are of particular interest to evolutionary biologists.
How the diversity and exquisite functionality of
those eyes evolved are enduring questions. While
some species, like Drosophila, are well studied
(Buschbeck and Friedrich 2008; Wernet et al.
2015), we know far less about groups other than
winged insects. In recent years, new information on
the phylogenetic relationships of Pancrustacea (Misof
et al. 2014; Oakley et al. 2013) and genomic and
transcriptomic datasets for a wider range of taxa
have become available. This offers great potential to
gain a better understanding of the evolutionary his-
tory of pancrustacean eyes and their components.

two main types of arthropod eyes across major pan-
crustacean groups, we summarize data on gene ex-
pression in those eyes, and we infer phylogenetic
histories of two kinds of pancrustacean opsins,
visual r-opsins (rhabdomeric opsins) and peropsins.

From their last common ancestor, pancrustaceans
inherited two fundamentally different types of ce-
phalic visual organs (Paulus 1979, 2000; Bitsch and
Bitsch 2005; Nilsson and Kelber 2007): lateral and
median eyes. Lateral eyes typically are compound
eyes; they consist of up to several thousand omma-
tidia, individual photoreceptive units, and form a
convex retina with an overall erect image. In con-
trast, median eyes, called nauplius eyes in crustaceans
and median ocelli in insects, are usually single-
chambered eyes, which possess a concave retina
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and produce an inverted image (Land and Nilsson
2012).

All animal eyes (with a probable exception in a
sponge; Rivera et al. 2012) express opsins to form
functional visual pigments sensitive to light.
Arthropods rely on r-opsins for vision, with different
genes specialized for sensitivity to different wave-
lengths (Briscoe and Chittka 2001; Arikawa and
Stavenga 2014; Cronin and Porter 2014). Previous
research suggests that the ancestral arthropod had
at least three (Koyanagi et al. 2008) or four
(Kashiyama et al. 2009) r-opsins. However, those
analyses were based on limited sampling of taxa.

Apart from r-opsins, arthropods have other
opsins, including c-opsins (ciliary opsins/pteropsins)
expressed in brains (Velarde et al. 2005; Eriksson
et al. 2013), arthropsins of unknown function
(Colbourne et al. 2011), and peropsins/retinal G-
protein-coupled receptors (RGRs) of unknown func-
tion, but known to be expressed in eyes, at least in
Limulus, the spiders Hasarius adansoni and
Cupiennius  salei, and possibly in dragonflies
(Nagata et al. 2010; Eriksson et al. 2013; Battelle
et al. 2015; Futahashi et al. 2015). While searching
for r-opsins in transcriptomes, we also found candi-
date peropsins from multiple pancrustacean groups,
indicating that these genes are more common than
previously appreciated.

The picture that emerges from our analyses is that
visual evolution in Pancrustacea was amazingly dy-
namic. Eyes were lost many times, opsins changed
expression from one type of eye to another, and
opsins of ancient families re-duplicated or were
fully lost in different patterns across the expanse of
pancrustacean history.

Methods
Occurrence of lateral and median eyes

We compiled literature on the presence and absence
of lateral and median eyes in major pancrustacean
taxa (Supplementary Table S1) and displayed the re-
sults on two recently published arthropod phyloge-
nies (Oakley et al. 2013; Misof et al. 2014; Fig. 1).

Visual r-opsins
Sampling of taxa/genes

Focusing primarily on pancrustacean species with
characterized opsin expression, we downloaded
amino-acid sequences of panarthropod r-opsins
from GenBank (Supplementary Table S2). In addi-
tion, we searched genomes or transcriptomes from
exemplars of major taxonomic groups and key spe-
cies such as  basal-branching  hexapods
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(Supplementary Table S3). Unless predicted prote-
omes were available, we used ORF-Finder to detect
open reading frames larger than 100 amino acids in
length. These sequences were analyzed by phyloge-
netically informed annotation (PIA; Speiser et al.
2014), which employs BLASTP to find opsin-like
genes and subsequently applies an evolutionary
placement algorithm (Berger and Stamatakis 2011)
to determine the most likely placement of a gene
on a pre-calculated phylogeny of opsins. To our
dataset from GenBank, we added sequences from ge-
nomes and transcriptomes that PIA placed within the
arthropod r-opsin clade (Supplementary Table S4).
For all opsins in our list, we revised the available
literature on expression in lateral and/or median
eyes  (Supplementary  Tables S2 and S4;
Supplementary Figs. S1 and S2).

Phylogenetic analyses

We conducted phylogenetic maximum-likelihood
analyses in SAT¢-II (simultaneous alignment and
tree estimation; Liu et al. 2012) using onychophoran
opsins (onychopsins) to root the visual r-opsin tree
of arthropods (Hering et al. 2012). Within SATé-II
we adopted VT, the best-fit model chosen by
ProtTest (Darriba et al. 2011), and applied RAxML
(Stamatakis 2006) for co-alignment and simulta-
neous topology search. Afterward, we generated 100
bootstrap pseudoreplicates using RAXML alone. To
infer the evolutionary history of r-opsin genes, we
next assumed a phylogeny of arthropod species
(Figs. 1 and 2) based on recently published phyloge-
nomic analyses (Oakley et al. 2013; Misof et al. 2014)
and reconciled our r-opsin tree (Supplementary Figs.
SI and S2) with the species tree in NOTUNG
(Durand et al. 2006). Nodes with <90% support in
the r-opsin tree were allowed to be rearranged to
minimize duplications and losses, with duplications
being penalized four times more than losses (Fig. 2;
Supplementary Fig. S3).

Panarthropod peropsin-like genes

We attempted to resolve the phylogenetic placement
of arthropod peropsin/RGR (Battelle et al. 2015) and
RGR-like genes (Futahashi et al. 2015) along with
related sequences we discovered in GenBank and in
published transcriptomes. Therefore we analyzed
almost 500 opsins, gathered as follows: The
Uniref90 database (Magrane and Consortium 2011)
was searched twice with BLASTP, first using Limulus
peropsin  (AIT75833) and then human RGR
(NP_001012738) as queries. For each search, we re-
tained the 250 most similar hits. Odonate RGR-like
sequences were not yet incorporated into Uniref90,
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Fig. 1 Occurrence of lateral (L) and median (M) eyes in Pancrustacea. Median eyes refer to nauplius eyes in Crustacea sensu stricto as
defined by Elofsson (2006) and to median ocelli in Insecta. Lateral eyes denote compound eyes or modifications thereof with lateral
connections to the protocerebrum. ‘-’ indicates that no eyes of the respective type have been found in any developmental stage, sex, or
morph of a living species. Limulus polyphemus (Chelicerata; Battelle 2006) and Scutigera coleoptrata (Myriapoda; Miller et al. 2003) are
added as representatives of non-pancrustacean arthropods. The phylogeny in (a) and (b) is based on Oakley et al. (2013) and Misof
et al. (2014), respectively. For further references see Supplementary Table S1.

so we conducted a third BLAST search looking for
matches to a Bombyx peropsin-like gene
(XP_004930922) on GenBank and kept all 18 top
ecdysozoan hits. Finally, we added 27 sequences of
the RGR/peropsin (=RPE/peropsin) clade of Hering
and Mayer (2014). We combined these datasets and
removed duplicates found in multiple searches, as
well as three long-branch opsins, which were unsta-
ble in their phylogenetic position in informal, pre-
liminary analyses. The amino-acid sequences of the
remaining 494 opsins were analyzed using SATé-II fast
settings (Liu et al. 2012) with a maximum subproblem
size of 200, blind-mode stopping rule, and iteration
limit of 1. SATé-II ran FastTree (Price et al. 2010)
for approximate maximume-likelihood phylogenetic

analysis (we assumed a WAG+G20 model),
MAFFT (Katoh and Standley 2013) for alignment
and MUSCLE (Edgar 2004) for merging (Fig. 3;
Supplementary Fig. S$4).

Results
Occurrence of lateral and median eyes

In each of the three major pancrustacean clades pro-
posed by Oakley et al. (2013), namely Oligostraca,
Multicrustacea, and Allotriocarida, entire classes or
subclasses are missing one type of eye or both (Fig.
la). Within Oligostraca, eyes are completely un-
known in Mystacocarida and Pentastomida (Osche
1963; Elofsson 1966; Elofsson and Hessler 2005;
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Fig. 2 Evolutionary history of visual r-opsins in Pancrustacea. We adopted the illustrated phylogeny of arthropod species (top left) from
Misof et al. (2014) and Oakley et al. (2013). For each species, amino-acid sequences of r-opsins were downloaded from GenBank
(Supplementary Table S2), or identified in published genomes or transcriptomes (Supplementary Tables S3 and S4) and subjected to
phylogenetic maximum-likelihood analyses using RAxML and SATé-Il (Supplementary Figs. S1 and S2). We reconciled the opsin tree
with the species tree in NOTUNG (condensed result below, detailed tree in Supplementary Fig. S3) to assess the number of opsin
(continued)
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Brenneis and Richter 2010). Lateral eyes are absent in
podocopan ostracods, whereas their median (nau-
plius) eyes can be highly developed (Tanaka 2005;
Elofsson 2006). Within Multicrustacea, copepods
also lack lateral eyes, but have sophisticated median
eyes (Elofsson 2006). Cephalocarida and Remipedia,
two classes within Allotriocarida, are eyeless alto-

et al. 2004; Fanenbruck
Koenemann et al. 2009).
Below the level of class and subclass, there is con-
siderable variation in the distribution of eyes as well.
Within myodocopan ostracods, all halocyprids lack
eyes, but myodocopids have both lateral and median
eyes (Oakley and Cunningham 2002). Thecostraca

and Harzsch 2005;

gether (Elofsson and Hessler

1990; Fanenbruck are quite diverse in whether eyes are present or
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Fig. 3 Phylogeny of pancrustacean peropsins. The tree summarizes the results of our SATé-Il analyses of the amino-acid sequences of
494 opsins, focusing on group-4 opsins. Support values mentioned in the text and arthropod taxa are highlighted. For a detailed tree,
see Supplementary Fig. S4. (This figure is available in black and white in print and in color at Integrative and Comparative Biology online.)

Fig. 2 Continued

genes in the ancestral arthropod (named LW1, LW2, MW1, MW2, SW) and to estimate the timing of duplications (indicated by
lowercase letters and numbers) and losses (broken lines). Our main results are summarized next to the species tree (top right), with
boxes representing opsin genes and duplications as subdivisions. The unnamed upper and lower compartment of SWc2 in Pterygota
illustrates SWc2.1 and SWc2.2, previously known as the insect UV and blue clade, respectively. Inferred loss of an opsin gene is
indicated by ‘-, blank boxes represent genes that were lost earlier in evolution. The LW?2 sequence of Scutigera (*) is very short, and
only present in the sequence read archive (SRA), not in the final assembly of the transcriptome. Three r-opsin sequences of
Neogonodactylus that belong to the MW1 clade (**) are not yet deposited in GenBank, but reported in a thesis (Bok 2013). B.:
Branchinella, E.: Euphilomedes. (This figure is available in black and white in print and in color at Integrative and Comparative Biology

online.)
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absent (Pérez-Losada et al. 2012). Several neopteran
insect orders possess only lateral and no median eyes
(median ocelli) (Fig. 1b; references in Supplementary
Table S1). Even members of the same pancrustacean
family, genus, or species (age-related, sexual, and/or
caste polymorphism) can differ by missing one type
of eye or both (Kalmus 1945; Parry 1947; Buschbeck
et al. 2003; Speiser et al. 2013).

Expression of visual r-opsinsin lateraland median eyes

The expression of r-opsins has only been investigated
in very few Pancrustacea, even if different techniques
to confirm or exclude their existence at the transcrip-
tional, translational, and physiological level (proof of
mRNA, protein, and function) are taken into ac-
count (Supplementary Figs. S1 and S2). All ultravi-
olet (UV) opsins identified in median eyes to date
are expressed in lateral eyes as well (Apis mellifera
UV, Bombus impatiens UV, Triops granarius RhC;
Spaethe and Briscoe 2005; Velarde et al. 2005;
Kashiyama et al. 2009) with one possible exception
(Gryllus bimaculatus; Henze et al. 2012). Similarly,
Limulus, a chelicerate with lateral compound and
median eyes, relies on the same UV opsin in both
types of eyes (Battelle et al. 2014). Opsins that tune
the visual pigment to longer wavelengths, however,
are differentially expressed in Limulus (Battelle et al.
2015) and in most pancrustaceans investigated so far:
eye-specific opsin paralogs have been found in myo-
docopid ostracods (Oakley and Huber 2004), dra-
gonflies (Odonata; Futahashi et al. 2015), crickets
(Orthoptera; Henze et al. 2012), flies (Diptera;
Pollock and Benzer 1988), and bees (Hymenoptera;
Velarde et al. 2005). Exceptions are the branchiopod
Triops granarius and the hemipteran insect
Nilaparvata lugens, which express all or a subset of
their lateral-eye opsins in median eyes (Kashiyama
et al. 2009; Matsumoto et al. 2014).

The duplications that gave rise to eye-specific
opsin paralogs are phylogenetically much younger
than are arthropods or pancrustaceans as taxa. A
relaxed molecular-clock analysis of lateral- and
median-eye opsins of ostracods suggests that they
originated within Myodocopida about 200 million
years ago (mya) (Oakley et al. 2007). In insects, at
least three evolutionary lines exist, based on the pres-
ence and absence of genes and their phylogeny.
While the LW1-LW2 paralogs of Hymenoptera and
GreenA-GreenB paralogs of Orthoptera might go
back to an early duplication of a long-wavelength
(LW) opsin gene in hexapods (Fig. 2;
Supplementary Fig. S3) more than 450 mya (Misof
et al. 2014), eye-specific opsin paralogs of dragonflies

M.J. Henze and T. H. Oakley

and flies arose in Odonata and Diptera, respectively
(Supplementary Figs. S1 and S3). The RhLWD opsin
that is typically expressed in the median eyes of adult
dragonflies (Futahashi et al. 2015) is nested within
other odonate LW sequences and is neither known in
Ephemeroptera nor in Neoptera. However, since
RhLWD orthologs are found in Zygoptera as well
as in Anisoptera (damselflies like Ischnura and true
dragonflies like Sympetrum), their origin must coin-
cide with or predate the last common ancestor of all
living odonate species about 250 mya (Misof et al.
2014). The gene duplication that resulted in the eye-
specific Rh1-Rh2 paralogs of flies like Musca and
Drosophila is probably at least 100 million years
younger and happened within the dipteran lineage.
Rhl and Rh2 orthologs have not been identified in
non-dipteran insects, and are absent from the
genome of the mosquitoes Anopheles gambiae
(Velarde et al. 2005) and Aedes aegypti (Nene et al.
2007), early-branching Diptera.

Phylogeny of visual r-opsins

We have analyzed the phylogeny of visual r-opsins
from representatives of all major pancrustacean
clades proposed by Oakley et al. (2013), including
new data on key taxa such as early-branching hexa-
pods, for which no opsin sequences were known.
Our results (Fig. 2; Supplementary Figs. S1-S3) sug-
gest that the ancestral pancrustacean likely had four
opsins that we call arthropod LW2, MW1, MW2,
and SW (long-, middle-, and short-wavelength),
based on the maximal spectral sensitivity (where
known) of visual pigments formed by opsins of the
respective clade in living species. Mandibulata, in-
cluding pancrustaceans, may have lost a fifth opsin
(LW1) present in the ancestral arthropod, but known
so far only from Limulus polyphemus. We also infer
additional r-opsin gene duplications. SW underwent
two duplications before the ancestor of Allotriocarida
plus Multicrustacea, resulting in SWa, SWb, and
SWc. Before the ancestor of Allotriocarida, MW1
duplicated, yielding MW1la, MWI1b, and MWlg,
and SWc duplicated, yielding SWcl and SWc2.
Finally, LW2 duplicated before the ancestor of
Hexapoda, yielding LW2a and LW2b, and SWc2 du-
plicated before the ancestor of Pterygota, yielding
SWc2.1 and SWc2.2.

We failed to detect MW1a, SWa, or SWb in any
hexapod, suggesting that those opsin genes were lost
before the hexapod ancestor. While our data show
that MW1c and MW?2 are still present in Sminthurus
viridis (Collembola), a basal-branching hexapod, they
have not been identified in any insect species so far,
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and were thus probably lost before the ancestor of
insects. We found MWI1b in Sminthurus and in
Machilis hrabei (Archaeognatha), but not in the tran-
scriptome of Tricholepidion gertschi (Zygentoma).
Because genes of the MW1b clade are also unknown
from the comparatively well-investigated Pterygota,
we assume that MW1b was lost early in insect evo-
lution, either before the ancestor of Dicondylia
(Zygentoma and Pterygota) or before the ancestor
of Pterygota, implying that none of the MW clades
was retained in winged insects.

The amino-acid sequences of the opsins in our
arthropod SW clade (Supplementary Fig. S3) and
physiological data (Supplementary Fig. S2; for refer-
ences see Supplementary Tables S2 and S4) suggest
that the SW opsin of the ancestral arthropod prob-
ably formed a UV-sensitive visual pigment. Most of
the opsins in our SW clade, including Limulus
UVOps, have a lysine residue (K) at, or next to,
the position corresponding to glycine 90 in bovine
rhodopsin (shifts by one amino acid occurred de-
pending on the alignment), which was identified as
the basis for UV vision in invertebrates (Salcedo
et al. 2003).

Of the three subclades of UV opsins present in
Multicrustacea and Allotriocarida (SWa, SWb, and
SWc), Hexapoda only retained SWc. SWcl com-
prises a clade of poorly characterized opsins known
as Drosophila Rh7-like sequences, some of which
might have undergone neo-functionalization (Izutsu
et al. 2012; Kistenpfennig 2012; Hu et al. 2014).
SWc2, in contrast, gave rise to the subclades
SWc2.1 and SWc2.2, which are well-known as the
insect UV- and blue-opsin clades. Interestingly, a
lysine residue at the spectral tuning site suggests
that some of the odonate sequences in the insect
‘blue’ clade might actually be UV opsins
(Supplementary Fig. S3). It is therefore possible
that UV sensitivity was lost several times indepen-
dently in the SWc2.2 clade of Pterygota. This as-
sumption is supported by different amino-acid
residues that substitute lysine in Ephemeroptera (glu-
tamine), Odonata (histidine), and other insect spe-
cies (asparagine, glutamic acid, or methionine), but
leaves unanswered the question why no such changes
ever occurred in the SWcl.2 clade.

Peropsins

From the following arthropod species, we identified
11 new sequences that are similar to previously de-
scribed peropsin/RGR-like genes: Argulus siamensis
and Calanus finmarchicus (Crustacea); Scutigera
coleoptrata  (Myriapoda); Metaseiulus occidentalis

(two sequences) and  Stigodyphys mimosarum
(Arachnida); Machilis  hrabei, Plutella  xylostella
(three sequences) and Bombyx mori (Insecta).

The phylogenetic results of our peropsin/RGR
analyses are sensitive to which genes are sampled
and to assumptions of the model. Nevertheless, cer-
tain consistencies emerge. We find two reasonably
supported clades of arthropod ‘peropsins’, one of
non-insects, the other of insects (Fig. 3;
Supplementary Fig. S4). Like previous authors
(Hering and Mayer 2014; Battelle et al. 2015), we
obtained consistent and strong support (0.952) for
a clade of peropsins from non-insects, including
opsins from Limulus, spiders, and the mite
Tetranychus. Our current analyses add to this clade
another spider opsin (Stegodyphus), two more mite
opsins (Metaseiulus), and opsins from a crustacean
(Argulus), and a myriapod (Scutigera). We also
report insect ‘peropsins’. Our new insect opsins
(from Plutella, Bombyx, and Machilis) form a clade
(moderate support of 0.775) with odonate RGR-like
sequences (Futahashi et al. 2015). The arthropod
non-insect and insect peropsin clades are part of a
larger clade (with very weak support of 0.046) that
comprises opsins from mollusks, an annelid
(Platynereis), a rotifer (Brachionus), an acorn worm
(Saccoglossus), and a crustacean (Calanus). We pro-
visionally refer to these opsins as ‘peropsins’, because
they form a rather well-supported clade (0.848) with
chordate peropsins.

Discussion
Relation between visual r-opsin and type of eye

Developmental and morphological evidence suggests
that the median eyes of Pancrustacea and Limulus
are homologous with onychophoran eyes (Mayer
2006). The last common ancestor of arthropods pre-
sumably inherited a similar pair of ocellus-like
organs, which were lost in Myriapoda and modified
by duplication and fusion in the other euarthropod
lineages (Paulus 2000; Bitsch and Bitsch 2005;
Lehmann et al. 2012). Lateral compound eyes, in
contrast, appeared in the arthropod stem group
more than 500 mya (Paterson et al. 2011) and exist
today in representatives of Chelicerata (e.g.,
Limulus), ~ Myriapoda  (e.g.,  Scutigera), and
Panarthropoda (Paulus 2000; Bitsch and Bitsch
2005). Even though compound eyes were trans-
formed in many taxa and might have evolved from
a simple progenitor along several independent line-
ages (Nilsson and Kelber 2007), the lateral eyes of all
euarthropods and in particular those of pancrusta-
ceans are considered homologous, based on
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developmental data (Harzsch and Hafner 2006) and
comparative studies of the nervous system (Harzsch
et al. 2005).

Our phylogeny of r-opsins expressed in arthropod
photoreceptors (Supplementary Figs. S1-S3) does
not reflect a separate evolutionary history of opsins
in median versus lateral eyes from the early
Cambrian onwards, that is, for the time span
during which the organs presumably diverged.
Opsins in living species often are shared between
both types of eyes, which is especially (though not
exclusively) true for UV opsins. Eye-specific opsin
paralogs exist, but originate from comparatively
young duplications that occurred independently in
different taxa.

Furthermore, there is evidence that opsin expres-
sion switched between types of eyes more than
once. In other words, opsins expressed in median
eyes were recruited from opsins expressed in lateral
eyes and vice versa. All r-opsins identified as part of
visual pigments in photoreceptors of arthropods
(together with the enigmatic ingroup SWcl, which
comprises the Drosophila Rh7-like sequences of
unknown function) form a monophyletic sister
clade to onychophoran visual r-opsins (Hering
et al. 2012; Eriksson et al. 2013; Beckmann et al.
2015). Thus, the opsins of arthropod lateral eyes
originally must have been co-opted from median
eyes. The opposite scenario has also taken place.
RhLWD opsins, for example, are preferentially ex-
pressed in the median eyes of adult dragonflies and
nested within odonate opsins (Supplementary Figs.
S1 and S3) primarily expressed in the larvae or in
the compound eyes of adults (Futahashi et al. 2015).
In some odonate species, particularly in those that
lost the RhLWD ortholog, LW opsins of group E
(compound eyes of adults) or C (larvae) became
specific to the median eyes of the adult. This dem-
onstrates that the involved regulatory mechanisms
are quite flexible.

Is there a general pattern, in which opsin expres-
sion switches between types of eyes? Losing the gene
for the major opsin in one type of eye is a plausible
explanation for why a change in the expression pat-
tern of another opsin gene might be evolutionarily
advantageous. However, the scenario that both
events coincide (loss of gene A and change in expres-
sion pattern of gene B) is less likely than the preced-
ing expansion of gene B expression to photoreceptors
that express gene A. This might be the case in
Ischnura asiatica, in which an LW opsin of group E
is preferentially expressed in the median eyes of adults
together with the typical RhHLWD (Supplementary Fig.
S1; Futahashi et al. 2015). Studying the reasons and
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mechanisms of opsin co-expression, which is not
uncommon in  photoreceptors of arthropods
(Arikawa et al. 2003; Jackowska et al. 2007; Mazzoni
et al. 2008; Rajkumar et al. 2010; Schmeling et al.
2014; Battelle et al. 2015), could therefore help to
understand switches of opsins between median and
lateral eyes.

The most obvious cause for the co-option of
opsins from the other type of eye would be the
loss and regain of the whole visual organ, as pro-
posed for the compound eyes of myodocopid ostra-
cods (Parker 1995; Oakley and Cunningham 2002;
Oakley 2003). Myodocopida (subclass Myodocopa)
are nested phylogenetically within ostracod groups
that have no eyes or only median eyes. Other pan-
crustacean taxa, such as some Rhizocephala
(Thecostraca; Pérez-Losada et al. 2012) and all in-
sects (Hexapoda), are in a similar position.
Remipedia, the putative sister group to Hexapoda,
lack eyes (Fig. la; Fanenbruck et al. 2004), and we
have not found visual r-opsins in the transcriptome
of the remiped Xibalbanus (Speleonectes) tulumensis
(Fig. 2). Protura and Diplura, two of the three basal-
branching hexapod orders, are also blind (Fig. 1b;
Bitsch and Bitsch 2000).

Since the reduction of visual organs is a recurrent
feature in the phylogeny of Pancrustacea (Fig. 1),
and evidence for an independent origin of some lat-
eral as well as median eyes has been presented
(Oakley and Cunningham 2002; Elofsson 2006),
ingroups and outgroups of those taxa, that lack
one or both types of eyes, are interesting targets
for investigations of r-opsin expression. Species, in
which a type of eye is missing in part of the popu-
lation, as in many insects with winged and wingless
morphs, could also help to gain insight into changes
that occur, when eyes are reduced. In the fig wasp
Ceratosolen solmsi, for example, only females bear
median eyes, but, surprisingly, the LW2 ortholog,
which is specific for median eyes in bees, is the
major opsin gene expressed in males (Wang et al.
2013).

The expression pattern of visual r-opsins has been
studied in just a few pancrustaceans with a bias
toward pterygote insects (Wernet et al. 2015), nota-
bly butterflies (Wakakuwa et al. 2007; Briscoe 2008).
Median eyes were often neglected in species that pos-
sess both types of eyes (Supplementary Figs. S1 and
S2). In many cases opsin expression was investigated
with mRNA only, which leaves the possibility that
translation into protein does not take place and
no functional visual pigment exists. Especially results
that were obtained by reverse transcription
polymerase chain recation (RT-PCR) alone have to
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be treated with caution, since opsin sequences can be
amplified from cDNA libraries of tissue, in which
they are neither detectable by in situ hybridization
nor at the protein level (Battelle et al. 2015). More
detailed data on species from a wider range of taxa
hopefully will fill many of the gaps that are left in
our understanding of the evolutionary history of
eyes.

Evolutionary history of visual r-opsins

The evolutionary history of visual r-opsins in
Pancrustacea is by no means less dynamic than the
evolutionary history of the eyes themselves. Our re-
sults suggest that the ancestral pancrustacean in-
herited four of five opsins that were present in its
arthropod ancestor (Fig. 2; Supplementary Figs.
S1-83). We named these opsins arthropod LW2,
MWI1, MW2, and SW, following the tradition to
label visual opsins according to the spectral sensitiv-
ity of the visual pigments they form. We are aware
that the sensitivities may vary in our clades to an
extent that could exceed the spectral range associated
with LW, MW, or SW, a common problem of this
terminology. In addition, some opsins such as mem-
bers of the SWc clade might not even form visual
pigments. Yet, based on the current data, the selected
names represent the best possible guess as to the
spectral  sensitivities that the visual pigments
formed by the different opsins might have had in
the ancestral arthropod.

Presumably starting from a set of four opsins, the
opsin repertoire of Pancrustacea soon diversified by
two duplications in the SW clade, before
Multicrustacea and Allotriocarida split, and by one
more duplication in the SW clade and two duplica-
tions in the MWI clade, before Branchiopoda and
Hexapoda split, amounting to at least nine different
opsin clades in pancrustaceans at the time, when the
last common ancestor of Allotriocarida lived (one
LW, three MW1, one MW2, and four SW opsins).
This is a surprising number considering that verte-
brates only possess five visual opsin classes, which
did not diversify much except in bony fish
(Bowmaker 2008).

Unlike in the MWI1 and SW clades, we did not
find any evidence for duplications in the LW2 clade
early in pancrustacean evolution. This is the most
diverse visual opsin clade in insects, however, and
previous authors have therefore predicted a duplica-
tion of the insect LW opsin gene prior to the emer-
gence of Neoptera (Spaethe and Briscoe 2004). Our
data support this assumption and move the

duplication event back to the last common ancestor
of Hexapoda (Fig. 2; Supplementary Fig. S3).

MW opsin sequences, which are diverse in non-
hexapod crustaceans, were not known from
Hexapoda (Cronin and Porter 2014), but only
Pterygota had been investigated. We identified
MW1 and MW2 in Collembola, and MW1 in
Archaeognatha, whereas we did not find any MW
sequences in Tricholepidion gertschi (Zygentoma) or
Ephemera danica (Ephemeroptera). Thus, opsins of
both MW clades were present in the ancestral hexa-
pod and obviously were lost stepwise in the evolu-
tion of insects.

The lack of MW opsins in Pterygota coincides
with the exchange of lysine at the position responsi-
ble for UV tuning in opsins of the SWc2.2 clade.
This supports the speculation raised by Bok (2013)
that it might have been the loss of MW opsins that
caused the evolutionary pressure to tune some insect
SW opsins to longer wavelengths.

While some of our clades are distinct in our orig-
inal r-opsin tree (Supplementary Figs. S1 and S2),
others are only resolved after reconciliation with
the species phylogeny (Fig. 2; Supplementary Fig.
S3), which shuffled poorly supported nodes of the
gene tree to minimize the implied number of dupli-
cations and losses. These inferences could be sensi-
tive to the addition of new data and may thus
change.

Apart from r-opsin duplications within higher
taxa, we also inferred many duplications in terminal
branches of our phylogeny, but we do not document
those here, because they could be caused by errors in
assembling transcriptomes or annotating genomes.
Similarly, we do not describe terminal losses of
genes, because we and previous investigators may
have simply failed to detect genes in transcriptomes,
genomes, or in species that were investigated by
RT-PCR. There is good evidence, though, that
visual r-opsins diversified extensively in certain
lower pancrustacean taxa, such as ostracods, stoma-
topods, dragonflies, and butterflies (Oakley and
Huber 2004; Briscoe 2008; Porter et al. 2009, 2013;
Futahashi et al. 2015). Given that only few pancrus-
tacean species are investigated so far, more examples
are sure to follow in the future.

Peropsins

Arthropods possess genes similar to chordate
peropsins and/or vertebrate RGRs (Eriksson et al.
2013; Hering and Mayer 2014; Battelle et al. 2015;
Futahashi et al. 2015). Our analyses indicate that
they may be more closely related to peropsins
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than to RGRs (Fig. 3; Supplementary Fig. S4). Even
though this conclusion is sensitive to specific choices
about phylogenetic analysis, we provisionally refer to
these opsins as arthropod peropsins. Arthropod per-
opsins are now known from chelicerates, crustaceans,
myriapods, and insects, implying that the ancestor of
arthropods had at least one peropsin. Presence in a
rotifer and several lophotrochozoans suggests that
peropsin is as old as the common ancestor of pro-
tomstomes, and the existence of the gene in deutero-
stomes pushes its origin back to the common
ancestor of bilaterians. Multiple distantly related
genes are found in mollusks like Lottia, indicating
ancient duplications. However, our current analyses
are uncertain enough to make specific assignments of
orthology difficult. Furthermore, we did not include
related genes from cnidarians (including those called
“cnidops”; Plachetzki et al. 2007), because the
searches described in the “Methods” section did
not recover any of them, and because they are only
distantly related to arthropod opsins, the focus of
this study. Nevertheless, they could shed more light
on the deep history of group-4 opsins.

The functions of peropsins in pancrustaceans are
poorly understood. In dragonflies, a peropsin (RGR-
like) gene is expressed in the head of larvae and in
the compound eyes of adults, though to a much
lower extent than genes of most visual r-opsins
(Futahashi et al. 2015). There is a little more data
outside of pancrustaceans, suggesting some connec-
tion to eyes in chelicerate arthropods. Peropsin was
detected in eyes of the wandering spider Cupiennius
salei (Eriksson et al. 2013), in non-visual cells in the
retina of the jumping spider Hasarius adansoni
(Nagata et al. 2010), and in membranes of cells clo-
sely associated with photoreceptors in Lirmulus poly-
phemus (Battelle et al. 2015). A functional study of
peropsin from Hasarius adansoni indicates molecular
properties of a photoisomerase and a bistable nature
(Nagata et al. 2010).

Acknowledgments

We are grateful to Sherry Tamone and Jon Harrison
for initiating this collaboration by inviting us to the
symposium “Linking Insects with Crustacea.” We
also thank Rolf Flofsson, Michael Bok, Nicolas
Lessios, and Dan Nilsson for advice and providing
literature, Almut Kelber for fruitful discussions, and
the editor and two anonymous reviewers for valu-
able comments on an earlier version of the
manuscript.

M.J. Henze and T. H. Oakley

Funding

T.H.O. acknowledges DEB-1146337 from the
National Science Foundation, and M.J.H. Vr 621-
2009-5683 and Vr621-2012-2212 from the Swedish
Research Council.

Supplementary data
Supplementary Data available at ICB online.

References

Arikawa K, Mizuno S, Kinoshita M, Stavenga DG. 2003.
Coexpression of two visual pigments in a photoreceptor
causes an abnormally broad spectral sensitivity in the eye
of the butterfly Papilio xuthus. ] Neurosci 23:4527-32.

Arikawa K, Stavenga DG. 2014. Insect photopigments: photo-
receptor spectral sensitivities and visual adaptations. In:
Hunt DM, Hankins MW, Collin SP, Marshall NJ, editors.
Evolution of visual and non-visual pigments. New York:
Springer. p. 137-62.

Battelle BA. 2006. The eyes of Limulus polyphemus
(Xiphosura, Chelicerata) and their afferent and efferent
projections. Arthropod Struct Dev 35:261-74.

Battelle BA, Kempler KE, Harrison A, Dugger DR, Payne R.
2014. Opsin expression in Limulus eyes: a UV opsin is ex-
pressed in each eye type and co-expressed with a visible
light-sensitive opsin in ventral larval eyes. J Exp Biol
217:3133-45.

Battelle BA, Kempler KE, Saraf SR, Marten CE, Dugger DR,
Jr., Speiser DI, Oakley TH. 2015. Opsins in Limulus eyes:
characterization of three visible light-sensitive opsins
unique to and co-expressed in median eye photoreceptors
and a peropsin/RGR that is expressed in all eyes. ] Exp Biol
218:466-79.

Beckmann H, Hering L, Henze MJ, Kelber A, Stevenson PA,
Mayer G. 2015. Spectral sensitivity in Onychophora (velvet
worms) revealed by electroretinograms, phototactic behav-
iour and opsin gene expression. J Exp Biol 218:915-22.

Berger SA, Stamatakis A. 2011. Aligning short reads to refer-
ence alignments and trees. Bioinformatics. 27:2068-75.

Bitsch C, Bitsch J. 2000. The phylogenetic interrelationships of
the higher taxa of apterygote hexapods. Zool Scr 29:131-56.

Bitsch C, Bitsch J. 2005. Evolution of eye structure and ar-
thropod phylogeny. In: Koenemann S, Jenner RA, Schram
FR, editors. Crustacea and arthropod relationships. New
York: CRC Press. p. 185-214.

Bok MJ. 2013. The physiological, ecological, and evolutionary
basis of polychromatic ultraviolet sensitivity in stomatopod
crustaceans [dissertation]. [Baltimore County]: University
of Maryland.

Bowmaker JK. 2008. Evolution of vertebrate visual pigments.
Vision Res 48:2022—41.

Brenneis G, Richter S. 2010. Architecture of the nervous
system in Mystacocarida (Arthropoda, Crustacea) - an
immunohistochemical study and 3D reconstruction.
J Morphol 271:169-89.

Briscoe A, Chittka L. 2001. The evolution of color vision in
insects. Annu Rev Entomol 46:471-510.

Briscoe AD. 2008. Reconstructing the ancestral butterfly eye:
focus on the opsins. ] Exp Biol 211:1805-13.


http://icb.oxfordjournals.org/lookup/suppl/doi:10.1093/icb/icv100/-/DC1
http://icb.oxfordjournals.org/lookup/suppl/doi:10.1093/icb/icv100/-/DC1
http://icb.oxfordjournals.org/

Pancrustacean eyes and opsins

Buschbeck EK, Ehmer B, Hoy RR. 2003. The unusual visual
system of the Strepsiptera: external eye and neuropils.
J Comp Physiol A 189:617-30.

Buschbeck EK, Friedrich F. 2008. Evolution of insect
eyes: tales of ancient heritage, deconstruction, recon-
struction, remodeling, and recycling. Evo Edu
Outreach 1:448-62.

Colbourne J, Pfrender M, Gilbert D, Thomas W, Tucker A,
Oakley T, Tokishita S, Aerts A, Arnold G, Basu M, et al.
2011. The ecoresponsive genome of Daphnia pulex. Science
331:555-61.

Cronin T, Porter ML. 2014. The evolution of invertebrate
photopigments and photoreceptors. In: Hunt DM,
Hankins MW, Collin SP, Marshall NJ, editors. Evolution
of visual and non-visual pigments. New York: Springer. p.
105-36.

Darriba D, Taboada GL, Doallo R, Posada D. 2011. ProtTest
3: fast selection of best-fit models of protein evolution.
Bioinformatics 27:1164-5.

Durand D, Halldorsson BV, Vernot B. 2006. A hybrid micro-
macroevolutionary approach to gene tree reconstruction.
J Comput Biol 13:320-35.

Edgar RC. 2004. MUSCLE: a multiple sequence alignment
method with reduced time and space complexity. BMC
Bioinformatics 5:113.

Elofsson R. 1966. The nauplius eye and frontal organs of the
non-Malacostraca (Crustacea). Sarsia 25:1-128.

Elofsson R. 2006. The frontal eyes of crustaceans. Arthropod
Struct Dev 35:275-91.

Elofsson R, Hessler RR. 1990. Central nervous system of
Hutchinsoniella macracantha (Cephalocarida). J Crustacean
Biol 10:423-39.

Elofsson R, Hessler RR. 2005. The tegumental sensory organ
and nervous system of Derocheilocaris typica (Crustacea:
Mystacocarida). Arthropod Struct Dev 34:139-52.

Eriksson BJ, Fredman D, Steiner G, Schmid A. 2013.
Characterisation and localisation of the opsin protein rep-
ertoire in the brain and retinas of a spider and an ony-
chophoran. BMC Evol Biol 13:186.

Fanenbruck M, Harzsch S. 2005. A brain atlas of
Godzilliognomus  frondosus ~ Yager, 1989  (Remipedia,
Godezilliidae) and comparison with the brain of Speleonectes
tulumensis Yager, 1987 (Remipedia, Speleonectidae): implica-
tions for arthropod relationships. Arthropod Struct Dev
34(3):343-78.

Fanenbruck M, Harzsch S, Wagele JW. 2004. The brain of the
Remipedia (Crustacea) and an alternative hypothesis on
their phylogenetic relationships. Proc Natl Acad Sci U S
A 101:3868-73.

Futahashi R, Kawahara-Miki R, Kinoshita M, Yoshitake K,
Yajima S, Arikawa K, Fukatsu T. 2015. Extraordinary di-
versity of visual opsin genes in dragonflies. Proc Natl Acad
Sci U S A 112:E1247-56.

Harzsch S, Hafner G. 2006. Evolution of eye development in
arthropods: phylogenetic aspects. Arthropod Struct Dev
35:319-40.

Harzsch S, Miller CHG, Wolf H. 2005. From variable to
constant cell numbers: cellular characteristics of the arthro-
pod nervous system argue against a sister-group relation-
ship of Chelicerata and “Myriapoda” but favour the
Mandibulata concept. Dev Genes Evol 215:53-68.

11

Henze M]J, Dannenhauer K, Kohler M, Labhart T, Gesemann
M. 2012. Opsin evolution and expression in arthropod
compound eyes and ocelli: insights from the cricket
Gryllus bimaculatus. BMC Evol Biol 12:163.

Hering L, Henze MJ, Kohler M, Kelber A, Bleidorn C,
Leschke M, Nickel B, Meyer M, Kircher M, Sunnucks P,
et al. 2012. Opsins in Onychophora (velvet worms) suggest
a single origin and subsequent diversification of visual pig-
ments in arthropods. Mol Biol Evol 29:3451-8.

Hering L, Mayer G. 2014. Analysis of the opsin repertoire in
the tardigrade Hypsibius dujardini provides insights into the
evolution of opsin genes in Panarthropoda. Genome Biol
Evol 6:2380-91.

Hu X, Leming MT, Whaley MA, O’tousa JE. 2014.
Rhodopsin coexpression in UV photoreceptors of Aedes
aegypti and Anopheles gambiae mosquitoes. J Exp Biol
217:1003-8.

Izutsu M, Zhou ], Sugiyama Y, Nishimura O, Aizu T, Toyoda
A, Fujiyama A, Agata K, Fuse N. 2012. Genome features of
“Dark-fly”, a Drosophila line reared long-term in a dark
environment. PLoS One 7:¢33288.

Jackowska M, Bao R, Liu Z, Mcdonald EC, Cook TA,
Friedrich M. 2007. Genomic and gene regulatory signatures
of cryptozoic adaptation: Loss of blue sensitive photorecep-
tors through expansion of long wavelength-opsin expres-
sion in the red flour beetle Tribolium castaneum. Front
Zool 4:24.

Kalmus H. 1945. Correlations between flight and vision, and
particularly between wings and ocelli, in insects. Proc R
Entomol Soc Lond Ser A 20:84-96.

Kashiyama K, Seki T, Numata H, Goto SG. 2009. Molecular
characterization of visual pigments in Branchiopoda and
the evolution of opsins in Arthropoda. Mol Biol Evol
26:299-311.

Katoh K, Standley DM. 2013. MAFFT multiple sequence
alignment software version 7: improvements in perfor-
mance and usability. Mol Biol Evol 30:772-80.

Kistenpfennig CR. 2012. Rhodopsin 7 and Cryptochrome —
circadian photoreception in Drosophila [dissertation].
[Wiirzburg]: Julius-Maximilians-Universitit Wiirzburg.

Koenemann S, Olesen J, Alwes F, Iliffe TM, Hoenemann M,
Ungerer P, Wolff C, Scholtz G. 2009. The post-embryonic
development of Remipedia (Crustacea) - additional results
and new insights. Dev Genes Evol 219:131-45.

Koyanagi M, Nagata T, Katoh K, Yamashita S, Tokunaga F.
2008. Molecular evolution of arthropod color vision de-
duced from multiple opsin genes of jumping spiders. ]
Mol Evol 66:130-7.

Land MF, Nilsson D-E. 2012. Animal eyes. New York: Oxford
University Press.

Lehmann T, Hess M, Melzer RR. 2012. Wiring a periscope—
ocelli, retinula axons, visual neuropils and the ancestrality
of sea spiders. PLoS One 7:e30474.

Liu K, Warnow TJ, Holder MT, Nelesen SM, Yu J, Stamatakis
AP, Linder CR. 2012. SATé-II: very fast and accurate si-
multaneous estimation of multiple sequence alignments
and phylogenetic trees. Syst Biol 61:90-106.

Magrane M, Consortium U. 2011. UniProt Knowledgebase: a
hub of integrated protein data. Database (Oxford).
2011:bar009.


http://icb.oxfordjournals.org/

12

Matsumoto Y, Wakakuwa M, Yukuhiro F, Arikawa K, Noda
H. 2014. Attraction to different wavelength light emitting
diodes (LEDs), the compound eye structure, and opsin
genes in Nilaparvata lugens. Jpn J Appl Entomol Zool
58:111-18.

Mayer G. 2006. Structure and development of onychophoran
eyes: What is the ancestral visual organ in arthropods?
Arthropod Struct Dev 35:231-45.

Mazzoni EO, Celik A, Wernet MF, Vasiliauskas D, Johnston
RJ, Cook TA, Pichaud F, Desplan C. 2008. Iroquois com-
plex genes induce co-expression of rhodopsins in
Drosophila. PLoS Biol 6:€97.

Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer
C, Frandsen PB, Ware J, Flouri T, Beutel RG, et al. 2014.
Phylogenomics resolves the timing and pattern of insect
evolution. Science 346:763-7.

Miiller CHG, Rosenberg J, Richter S, Meyer-Rochow VB.
2003. The compound eye of Scutigera coleoptrata
(Linnaeus, 1758) (Chilopoda: Notostigmophora): an ultra-
structural reinvestigation that adds support to the
Mandibulata concept. Zoomorphology 122:191-209.

Nagata T, Koyanagi M, Tsukamoto H, Terakita A. 2010.
Identification and characterization of a protostome homo-
logue of peropsin from a jumping spider. ] Comp Physiol
A 196:51-9.

Nene V, Wortman JR, Lawson D, Haas B, Kodira C, Tu ZJ,
Loftus B, Xi Z, Megy K, Grabherr M, et al. 2007. Genome
sequence of Aedes aegypti, a major arbovirus vector. Science
316:1718-23.

Nilsson D-E, Kelber A. 2007. A functional analysis of com-
pound eye evolution. Arthropod Struct Dev 36:373-85.
Oakley T. 2003. On homology of arthropod compound eyes.

Integr Comp Biol 43:522-30.

Oakley T, Cunningham C. 2002. Molecular phylogenetic
evidence for the independent evolutionary origin of an
arthropod compound eye. Proc Natl Acad Sci U S A
99:1426-30.

Oakley TH, Huber DR. 2004. Differential expression of du-
plicated opsin genes in two eye types of ostracod crusta-
ceans. ] Mol Evol 59:239-49.

Oakley TH, Plachetzki DC, Rivera AS. 2007. Furcation, field-
splitting, and the evolutionary origins of novelty in arthro-
pod photoreceptors. Arthropod Struct Dev 36:386—400.

Oakley TH, Wolfe JM, Lindgren AR, Zaharoff AK. 2013.
Phylotranscriptomics to bring the understudied into the
fold: monophyletic ostracoda, fossil placement, and pan-
crustacean phylogeny. Mol Biol Evol 30:215-33.

Osche G. 1963. Die systematische Stellung und Phylogenie der
Pentastomida - embryologische und vergleichend-anato-
mische Studien an Reighardia sternae. Z Morph Okol
Tiere 52:487-596.

Parker AK. 1995. Discovery of functional iridescence and its
coevolution with eyes in the phylogeny of Ostracoda
(Crustacea). Proc Biol Sci 262:349-55.

Parry DA. 1947. The function of the insect ocellus. ] Exp Biol
24:211-19.

Paterson JR, Garcia-Bellido DC, Lee MS, Brock GA, Jago JB,
Edgecombe GD. 2011. Acute vision in the giant Cambrian
predator Anomalocaris and the origin of compound eyes.
Nature 480:237-40.

M.J. Henze and T. H. Oakley

Paulus HF. 1979. Eye structure and the monophyly of
the Arthropoda. In: Gupta AP, editor. Arthropod
phylogeny. New York: Van Nostrand Reinhold Company.
p. 299-383.

Paulus HF. 2000. Phylogeny of the Myriapoda-Crustacea-
Insecta: a new attempt using photoreceptor structure.
J Zoolog Syst Evol Res 38:189-208.

Pérez-Losada M, Hoeg JT, Crandall KA. 2012. Deep phylog-
eny and character evolution in Thecostraca (Crustacea:
Maxillopoda). Integr Comp Biol 52:430—42.

Plachetzki DC, Degnan BM, Oakley TH. 2007. The origins of
novel protein interactions during animal opsin evolution.
PLoS One 2:e1054.

Pollock JA, Benzer S. 1988. Transcript localization of four
opsin genes in the three visual organs of Drosophila; RH2
is ocellus specific. Nature 333:779-82.

Porter ML, Bok M]J, Robinson PR, Cronin TW. 2009.
Molecular diversity of visual pigments in Stomatopoda
(Crustacea). Vis Neurosci 26:255-65.

Porter ML, Speiser DI, Zaharoff AK, Caldwell RL, Cronin
TW, Oakley TH. 2013. The evolution of complexity in
the visual systems of stomatopods: insights from transcrip-
tomics. Integr Comp Biol 53:39-49.

Price MN, Dehal PS, Arkin AP. 2010. FastTree2 - approxi-
mately maximum-likelihood trees for large alignments.
PLoS One 5:€9490.

Rajkumar P, Rollmann SM, Cook TA, Layne JE. 2010.
Molecular evidence for color discrimination in the
Atlantic sand fiddler crab, Uca pugilator. J Exp Biol
213:4240-8.

Rivera AS, Ozturk N, Fahey B, Plachetzki DC, Degnan BM,
Sancar A, Oakley TH. 2012. Blue-light-receptive crypto-
chrome is expressed in a sponge eye lacking neurons and
opsin. J Exp Biol 215:1278-86.

Salcedo E, Zheng L, Phistry M, Bagg EE, Britt SG. 2003.
Molecular basis for ultraviolet vision in invertebrates.
] Neurosci 23:10873-8.

Schmeling F, Wakakuwa M, Tegtmeier J, Kinoshita M,
Bockhorst T, Arikawa K, Homberg U. 2014. Opsin expres-
sion, physiological characterization and identification of
photoreceptor cells in the dorsal rim area and main
retina of the desert locust, Schistocerca gregaria. ] Exp
Biol 217:3557-68.

Spaethe J, Briscoe A. 2004. Early duplication and functional
diversification of the opsin gene family in insects. Mol Biol
Evol 21:1583-94.

Spaethe J, Briscoe AD. 2005. Molecular characterization
and expression of the UV opsin in bumblebees:
three ommatidial subtypes in the retina and a
new photoreceptor organ in the lamina. ] Exp
Biol 208:2347-61.

Speiser DI, Lampe RI, Lovdahl VR, Carrillo-Zazueta B, Rivera
AS, Oakley TH. 2013. Evasion of predators contributes to
the maintenance of male eyes in sexually dimorphic
Euphilomedes ostracods (Crustacea). Integr Comp Biol
53:78-88.

Speiser DI, Pankey MS, Zaharoff AK, Battelle BA, Bracken-
Grissom HD, Breinholt JW, Bybee SM, Cronin TW, Garm
A, Lindgren AR, et al. 2014. Using phylogenetically-
informed annotation (PIA) to search for light-interacting


http://icb.oxfordjournals.org/

Pancrustacean eyes and opsins

genes in transcriptomes from non-model organisms. BMC
Bioinform 15:350.

Stamatakis A. 2006. RAXML-VI-HPC: maximum likelihood-
based phylogenetic analyses with thousands of taxa and
mixed models. Bioinformatics 22:2688-90.

Tanaka G. 2005. Morphological design and fossil record of
the podocopid ostracod naupliar eye. Hydrobiologia.
358:231-42.

Wakakuwa M, Stavenga DG, Arikawa K. 2007. Spectral orga-
nization of ommatidia in flower-visiting insects.
Photochem Photobiol 83:27-34.

13

Wang B, Xiao JH, Bian SN, Niu LM, Murphy RW, Huang DW.
2013. Evolution and expression plasticity of opsin genes in a
fig pollinator, Ceratosolen solmsi. PLoS One. 8:e53907.

Velarde RA, Sauer CD, Walden KKO, Fahrbach SE, Robertson
HM. 2005. Pteropsin: a vertebrate-like non-visual opsin ex-
pressed in the honey bee brain. Insect Biochem Mol Biol
35:1367-77.

Wernet MF, Perry MW, Desplan C. 2015. The evolutionary
diversity of insect retinal common design
principles and emerging molecular logic. Trends Genet
31:316-28.

mosaics:


http://icb.oxfordjournals.org/

Expression in Mooy
L Mmoo &ES
0&:- [ T L L LT L EL T ELETT Eoperipatus sp. [AFM43711] onychopsin ------------------mmmmmmmm e yes----
V- Principapillatus hitoyensis [AFM75825] onychopsin***-----------------oomomonoo yes----
1 AP M- Ooperipatus hispidus [AFM43712] onychopsin --------------------mmmmmmmomooo oo yes----
4‘- M- Euperipatoides rowelli [AFM75824] onychopsin -----------------------mcommmooooe yes----
M - Phallocephale tallagandensis [AFM43710] onychopsin ------------------------------- yes----
V] Limulus polyphemus [AIT75830] Ops6-------------------------mmmmmmmoooooe no----- yes---- I
| I— V] - Limulus polyphemus [AIT75831] OpS7---------------------mmmmmmooooooon no----- yes----
0.91 M oo Limulus polyphemus [AIT75832] Ops8-----------------rrmmrmmmmooaooeoo e no----- yes----
_I E Limulus polyphemus [AAA02499] OpS2 - ------===--mmrrmmmmmmm oo cme oo yes ----- no ----
1 Limulus polyphemus [AAA02498] Ops1 ----------rmmmmmmmmmme oo yes ----- no ----
097 0.94 Argulus siamensis [401512162] rOp1 ? ?
Argulus siamensis [401532453] rOp2 ? ?
Argulus siamensis [401513687] rOp3 ? ?
Argulus siamensis [401521393] rOp4 ? ?
Argulus siamensis [401516392] rOp5 ? ?
0.90 Heterocypris sp. [contig06320] rOp18 yes
Neogonodactylus oerstedii [ACU00223] rOp4 - -------------m-mmmmmmmmoooooooooooe [AEEEEEE YEEREE
Neogonodactylus oerstedii [ABG37008] Rh2:------------c-mommmmonnooooeooe yes ----- YERREE
Neogonodactylus oerstedii [ACU00224] rOp5---------------n-mmmmmmmmonoomooos FERREREE YERRRE
Neogonodactylus oerstedii [ACU00222] rOp6---------=--------mmmmmmomooomooooos FARREREE YERRRE
Neogonodactylus oerstedii [ABG37007] Rh1------------ommmmmmoroomoooooo e yes ----- ?-----
0.95 Neogonodactylus oerstedii [ACU00210] rOp7---------=-------mmmmmommoomoomooo o P ?-----
Neogonodactylus oerstedii [ACU00211] rOp8------------rmmmmmmmmmoaaooaoo e YEREEEEE YERRED
Neogonodactylus oerstedii [ABG37009] Rh3------------mmmmmmmmmocaaooooon yes ----- YERRED
Neogonodactylus oerstedii [ACU00218] rOp9------------=rmmmmmmmomcnaaoaoo e YERREEEE YEREED
Neogonodactylus oerstedii [ACU00217] rOp10 == === ---rmmmmmmmmnmenaaaaoo e YEREEEEE YEREED
Neogonodactylus oerstedii [ACU00221] rOp11 == -=---mmmmmmmmmmmnccnaoeaaae e YERREEEE YEERED
Neogonodactylus oerstedii [ACUQ0216] rOp12: === ====-mrmmmmmmmmmmemaee oo YEEEEREE YEEEEE
Neogonodactylus oerstedii [ACU00215] rOp13 - -------------mmmmmmmmmomoo oo e AR P
Neogonodactylus oerstedii [ACU00212] rOp14 - --------mmmmmmmmm oo YEEEEEEE YEEEEE
L Neogonodactylus oerstedii [ACU00220] rOp15-----------mmmmmmmmm oo YALELELE YALEEE
Neogonodactylus oerstedii [ACU00219] rOp16:----=---=--mmmmmmmmmeeecee o e YALELELE P
Neogonodactylus oerstedii [ACU00214] rOp17 == -=------rmmmmmmmmmemameooe e YAREEEEE YEREEE
Neogonodactylus oerstedii [ACU00213] rOp18 - ---------rrmmmmmmmmonaaooaoa e YEREEEEE YEREEE
Sminthurus viridis [GATZ01005081] LWA1 ? ?
Ischnura asiatica [BAQ54909] RhLWA1 ? ?
Sympetrum frequens [BAQ54698] RhLWA1 ? ?
Ischnura asiatica [BAQ54910] RhLWA2 yes ?
Sympetrum frequens [BAQ54699] RhLWA2 yes ?
Sympetrum frequens [BAQ54700] RhLWB1 ? ?
Sympetrum frequens [BAQ54701] RhLWCA1 ? ?
Ischnura asiatica [BAQ54911] RhLWCA1 ? ?
Ischnura asiatica [BAQ54912] RhLWD1 ? yes
Sympetrum frequens [BAQ54702] RhLWD1 ? yes
Ischnura asiatica [BAQ54916] RhLWF3 yes ?
Ischnura asiatica [BAQ54917] RhLWF4 yes ?
Ischnura asiatica [BAQ54914] RhLWF1 yes ?
Ischnura asiatica [BAQ54915] RhLWF2 yes ?
Ischnura asiatica [BAQ54913] RhLWE1 ? yes
Sympetrum frequens [BAQ54703] RhLWE1 yes ?
1 Sympetrum frequens [BAQ54707] RhLWF4 yes ?
Sympetrum frequens [BAQ54704] RhLWF1 yes ?
Sympetrum frequens [BAQ54706] RhLWF3 yes ?
Sympetrum frequens [BAQ54705] RhLWF2 yes ?
Machilis hrabei [GAUM01017353] LW1 ? ?
M Gryllus bimaculatus [AEG78683] GreenA no yes
— Drosophila melanogaster [CAB06821] Rh6 yes no
1 e Musca domestica [XP_005186097] Rh6 yes no
Ceratosolen solmsi [AGH15791] LW2 ? e
_|1 E Bombus impatiens [AAS55406] LW2 ? ?
0.95m- V| Apis mellifera [DAA05740] LW2 no yes
M Drosophila melanogaster [AAA28734] Rh2 no yes
0.87 _1; M Musca domestica [XP_005191160] Rh2 ? yes
1 Drosophila melanogaster [AAA28733] Rh1 yes no
u —1% Musca domestica [XP_005182995] Rh1a ? no
Musca domestica [XP_011291215] Rh1b ? no
Musca domestica [XP_005182983] Rh1c ? no
Ephemera danica [GAUKO01106886] LW1 ? ?
Ephemera danica [GAUK01109703] LW2 ? ?
Ephemera danica [GAUK01002297] LW3 ? ?
Ephemera danica [GAUK01002300] LW4* ? ?
Ephemera danica [GAUK01002296] LW4* ? ?
Ceratosolen solmsi [AGH15790] LW1 ? P
Apis mellifera [AAA69069] LW1 yes no
Bombus impatiens [AAS55402] LW1 ? ?
Sminthurus viridis [GATZ01093387]1 LW2 ? ?
Heliconius melpomene [HMEL003344-PA] LW yes
Manduca sexta [002464] Manop1_RhP520 yes ?
Sminthurus viridis [GATZ01074098] LW3 ? ?
Pediculus humanus [XP_002427337] op1 ?
Nephotettix cincticeps [BAO03864] LW ? ?
Nilaparvata lugens [BAO03855] LW yes yes
Machilis hrabei [GAUMO01184980] LW2 ? ?
Schistocerca gregaria [CAA56377] Lo1 yes ?
Tribolium castaneum [NP_001155991] LW yes
Gryllus bimaculatus [AEG78684] GreenB yes no
Tricholepidion gertschi [GASO01008719] LW1 ? ?
Tricholepidion gertschi [GASO01008718] LW2 ? ?
Tricholepidion gertschi [GASO01008717] LW3 ? ?

. /.rthropod MW-SW opsin - - - -see Supplementary Figure S2

§ one of four, closely related opsins
* identical amino-acid sequence, but different nucleotide sequence
** median eyes only present in females
*** Principapillatus hitoyensis is referred to as Epiperipatus cf. isthmicola in Hering et al. (2012)

Supplementary Fig. S1 Phylogeny of the amino-acid sequences of pancrustacean LW opsins with onychophoran visual opsins as an outgroup. Branches and branch labels are
colored in red, blue, and green for Hexapoda, Multicrustacea, and Oligostraca, respectively. Onychophora and Limulus (Chelicerata) are in black. We show only bootstrap values
bigger than 0.70. Opsin expression in lateral (L) and median (M) eyes is indicated as follows: verified (yes), excluded (no), unknown or unclear (?). No entry means that the type of
eye is missing. Opsins known to be expressed in median eyes are highlighted and marked by a fat final branch and an M at the end of the branch. The quality of evidence is specified
by gray boxes as follows: ‘mRNA'’ for transcriptomics, RT-PCR, Northern blot, and in-situ hybridization; ‘protein’ for Western blot and immunohistochemistry; ‘function’ for spectropho-
tometry, microspectrophotometry, and electrophysiology. For references see Supplementary Tables S2 and S4.
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Onychophoran onychopsin ------------------------
Arthropod LW opsin -----------mmmmmmmmmmeoo oo

Limulus polyphemus [ACO05013] Ops5 -------==-----
Scutigera coleoptrata [16909] MW - -----=-----------
Machilis hrabei [GAUMO1017675] MW= ---=---------
Triops granarius [BAG80977] RhB

Triops longicaudatus [BAG80982] RhB

Triops granarius [BAG80980] RhE

Triops longicaudatus [BAG80999] RhE

Sminthurus viridis [GATZ01000283] MW1 ------------
Sminthurus viridis [GATZ01005173] MW2 ------------
Sminthurus viridis [GATZ01094783] MW3 ------------
Sminthurus viridis [GATZ01103981] MW7 ------------
Sminthurus viridis [GATZ01010906] MW6 - ------=----
Sminthurus viridis [GATZ01090057] MW4 - -« -« ----
Sminthurus viridis [GATZ01087993] MW5 - -« -« - ----
Branchinella kugenumaensis [BAG80987] Rhb

Triops longicaudatus [BAG80998] RhD

Q
Expression in Q_%vc:)@ié,éo
L M NN
--------- yes ---- [T
see Supplementary Figure S1
yes----- no-----
yes- -
- ? _____________
yes yes
yes ?
yes yes
yes
B R T
- ") _____________
L T T
_"_7 .............
_"_7 _____________
- '7 .............
- '7 .............

?

?

?

?

?

?

?

?

yes ?
yes ?

Triops granarius [BAG80979] RhD yes yes
Daphnia pulex [LOPB9] LOpB9 ? ?
Daphnia pulex [LOPB1] LOpB1 ? ?
Daphnia pulex [LOPB15] LOpB15 ? ?
Daphnia pulex [LOPB13] LOpB13 ? ?
Daphnia pulex [LOPB14] LOpB14 ? ?
Daphnia pulex [LOPB2] LOpB2 ? ?
Daphnia pulex [LOPB7] LOpB7 ? ?
Daphnia pulex [LOPB8] LOpB8 ? ?
Daphnia pulex [LOPB4] LOpB4 ? ?
Daphnia pulex [LOPB5] LOpB5 ? ?
Daphnia pulex [LOPB3] LOpB3 ? ?
Daphnia pulex [LOPB6] LOpB6 ? ?
Hemigrapsus sanguineus [BAA09133] Rh2 ----------- yes------ YEREEEE
Uca pugilator [ADQ01810] Rh2 - -----------m-mmonmnnn yes------ YEEEEEE
Uca pugilator [ADQ01809] Rh1 --------------mmnmoe- yes------ YEREEE
Hemigrapsus sanguineus [BAA09132] Rh1 ----------- yes------ VAEREEE
Daphnia pulex [LOPA3] LOpA3 ? ?
Daphnia pulex [LOPA2] LOpA2 ? ?
Daphnia pulex [LOPA1] LOpA1 ? ?
Daphnia pulex [LOPA4] LOpA4 ? ?
Triops granarius [BAG80976] RhA yes yes
Triops longicaudatus [BAG80981] RhA yes ?
Daphnia pulex [LOPAG] LOpA6 ? ?
Daphnia pulex [LOPA9] LOpA9 ? ?
Daphnia pulex [LOPA10] LOpA10 ? ?
Daphnia pulex [LOPA8] LOpA8 ? ?
Sminthurus viridis [GATZ01103643] MW8 ------------- P YEEREEE
Branchinella kugenumaensis [BAG80986] Rhd yes ?
Branchinella kugenumaensis [BAG80985] Rhc yes ?
Calanus finmarchicus [GBFB01009482] rOp2--------===--==---~ VEREEEE
Calanus finmarchicus [GBFB01096267] rOp1--------===-=-=---- VAREEEE
Tigriopus californicus [ADZ45237] opsin-------------------- yes -
Vargula tsujii [ADZ45236] Vtops ? ?
Vargula hilgendorfii [AAL37507] VhCE7# yes no
Skogsbergia lerneri [AAL37539] SICE10# yes no
Skogsbergia lerneri [AAL37521] SIME27# no yes
Varqula hilgendorfii [AAL37513] VhME16* no yes
Euphilomedes carcharodonta [UN2129] rOp2 ? ?
Euphilomedes carcharodonta [UN1394] rOp1 ? ?
Uca pugilator [ADQO1811] Rh3 =--------mmmmmmmanon yes------ YERREEE
Daphnia pulex [UVOP] UV1 ? ?
Neogonodactylus oerstedii [AIF73507] UV === ------- yes------ YAEEEEE
Neogonodactylus oerstedii [AIF73509] UV3----------- yes------ VEEEEEE
Limulus polyphemus [AEL29244] UVOps ---------- yes----- yes ----
Daphnia pulex [UNOP2] UnOp2 ? ?
Daphnia pulex [UNOP1] UnOp1 ? ?
Pediculus humanus [XP_002432663] Op3 ------------- D
Drosophila melanogaster INP_524035] Rn7 - -----------. P yJEE. F
Musca domestica [XP_005181535] Rh7 --------------- P YEEREEE
Heliconius melpomene [HMEL022527-PA] Rh7-like ---- ?------- YEETEEE
Ischnura asiatica [BAQ54908] Rh7-like ---------------- P VEREEEE
Sympetrum frequens [BAQ54697] Rh7-like ------------ YEEEEEEE VAEEEEE
Machilis hrabei [GAUMO01184193] UV ------------nmnn- P YEEREEE
Pediculus humanus [XP_002422743] Op2 ------=-----~ YEEEEEEE VAREEEE
Gryllus bimaculatus [AEG78686] UV -------------n-v- yes----- no?-
Schistocerca gregaria [BAP16681] LOUV ------------- yes------ VAEEEEE
Ischnura asiatica [BAQ54920] RhUV ----------cmnnnnn yes------ YAEEEEE
Sympetrum frequens [BAQ54713] RhUV ------------- yes------ YEEEEEE
Ephemera danica [GAUK01007309] UV* ------------- yes------ YAEEEEE
Ephemera danica [GAUK01007310] UV* ------------- yes------ YEEREEE
Nephotettix cincticeps [BAO03866] UV ---------------- Do VAREEEE
Nilaparvata lugens [BAOO3857] UV2 -----------mnnnn- yes----- no-----
Nilaparvata lugens [BAO03856] UV ---------nmmnn-- yes----- no-----
Ceratosolen solmsi [AGH15793] UV ---------mcmenononn P -
Apis mellifera [AAC13418] UV---------------------- yes----- yes
Bombus impatiens [AAV67326] UV----------------- yes----- yes
Drosophila melanogaster [AAA28856] Rh4 ----------- yes----- no-----
Musca domestica [XP_005190072] Rh3 -------------- yes----- no-----
Drosophila melanogaster [AAA28854] Rh3 - ---------- yes----- no-----
Tribolium castaneum [XP_970344] UV - -------------- YyEeS- s
Manduca sexta [002465] Manop2_RhP357 - ---------- yes------ YEEEEEE
Heliconius melpomene [HMEL022525-PA] UV2------- yes- -
Heliconius melpomene [HMEL010962-PA] UV1------- yeSs -
Neogonodactylus oerstedii [AIF73508] UV2----------- yes------ YEEEEEE
Branchinella kugenumaensis [BAG80984] Rha yes ?
Daphnia pulex [BLOP] UV2 ? ?
Triops longicaudatus [BAG80983] RhC yes ?
Triops granarius [BAG80978] RhC yes yes
Argulus siamensis [401535242] rOps6 ? ?
Argulus siamensis [401520393] rOps7 ? ?
Musca domestica [XP_005175090] Rh5 -------------- yes----- no-----
Drosophila melanogaster [AAC47426] Rh5 ----------- yes----- no-----
Heliconius melpomene [HMELO10706-PA] Blue------- YyeS- -
Manduca sexta [096107] Manop3_RhP450----------- yes----- no-----
Nephotettix cincticeps [BAO03865] Blug----------=----- Peeenn-- YALELEL
Gryllus bimaculatus [AEG78685] Blug ---------------- yes----- no-----
Schistocerca gregaria [CAA56378] Lo2--------------- yes----- no-----
Ceratosolen solmsi [AGH15792] Blug ----------------- VAREEEEE e
Apis mellifera [AAC13417] Blug ---------------------- yes----- no-----
Bombus impatiens [XP_003494923] Blug------------- yes------ VEREEEE
Ephemera danica [GAUKO1017324] SW1 ------------- VAR VAREEEE
Ephemera danica [GAUKO01003006] SW2 ------------- YEEELEED P
Ephemera danica [GAUKO01003004] SW4 ------------- YEEELEED Peee--
Ephemera danica [GAUKO1003005] SW3 ------------- P VAREEEE
Sympetrum frequens [BAQ54708] RhSWa1 ----------- P VEREEEE
Sympetrum frequens [BAQ54709] RhSWb1 ---------- yes------ YARREEE
Ischnura asiatica [BAQ54918] RhSWb1 -------------- yes------ YERREEE
Ischnura asiatica [BAQ54919] RhSWb2 -------------- yes------ YAEREEE
Sympetrum frequens [BAQ54710] RhnSWc1 - ---------- yes------ VAEEEEE
Sympetrum frequens [BAQ54712] RhnSWc3:---------- yes------ YEEEEEE
Sympetrum frequens [BAQ54711] RhnSWc2----------- yes------ VAEREEE

Supplementary Fig. S2 Phylogeny of the amino-acid sequences of pancrustacean MW-SW opsins with onychophoran visual opsins as an outgroup. Branches and branch labels
are colored in red, orange, blue, and green for Hexapoda, Branchiopoda, Multicrustacea, and Oligostraca respectively. Onychophora, Limulus (Chelicerata), and Scutigera

(Myriapoda) are in black. Further details are as described for Supplementary Figure S1.
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s Princi:_)agillatus hitoyensis [AFM75825]_ onychopsin
L==—  Eoperipatus sp. [AFM43711] onychopsin
100 Euperipatoides rowelli [AFM75824] onychopsin
100 Phallocephale tallagandensis [AFM43710]_onychopsin
Ooperipatus hispidus [AFM43712] onychopsin
—

1 55 Limulus polyphemus [AIT75831] Ops7
L—— Limulus polyphemus [AIT75830] Ops6
— Limulus polyphemus [AIT75832] Ops8

100

97 91 o5~ Limulus polyphemus [AAA02498] Ops!
Limulus polyphemus [AAA02499] Ops2
Scutigera coleoptrata putative LW (only in SRA)
90 |
94
100

Neogonodactylus oerstedii [ACU00218] rOp9
Neogonodactylus oerstedii [ACU00212] rOp14
100 Neogonodactylus oerstedii [ACU00220] rOp15
95 95 Neogonodactylus oerstedii [ACU00219] rOp16
_l_: Neogonodactylus oerstedii [ACU00213] rOp18
Neogonodactylus oerstedii [ACU00214] rOp17
Neogonodactylus oerstedii [ACU00217] rOp10
100 Neogonodactylus oerstedii [ACU00221] rOp11
_I_: Neogonodactylus oerstedii [ACU00215] rOp13
Neogonodactylus oerstedii [ACU00216] rOp12
o0 Neogonodactylus oerstedii [ABG37008] Rh2
100 ——— Neogonodactylus oerstedii [ACU00223] rOp4
700 Neogonodactylus oerstedii [ACU00222] rOp6
Neogonodactylus oerstedii [ACU00224] rOp5
_: Neogonodactylus oerstedii [ACU00210] rOp7
100 Neogonodactylus oerstedii [ABG37007] Rh1
% Neogonodactylus oerstedii [ABG37009] Rh3
Neogonodactylus oerstedii [ACU00211] rOp8

Sminthurus viridis [GATZ01005081] LWA1
Machilis hrabei [GAUMO01017353] LW1
Tricholepidion gertschi [GASO01008719] LWA1
Ephemera danica [GAUKO01106886] LW1
Ischnura asiatica [BAQ54909] RhLWA1

Sympetrum frequens [BAQ54699] RhLWA2
Ischnura asiatica [BAQ54910] RhLWA2
Sympetrum frequens [BAQ54698] RhLWA1

Schistocerca gregaria [CAA56377] Lo1
Pediculus humanus [XP_002427337] op1
Nephotettix cincticeps [BAO03864] LW
Nilaparvata lugens [BAO03855] LW
Ceratosolen solmsi [AGH15790] LW1
Bombus impatiens [AAS55402] LW1

Apis mellifera [AAA69069] LW1

Tribolium castaneum [NP_001155991] LW
Manduca sexta [002464] Manop1_RhP520
Heliconius melpomene [HMEL003344-PA] LW
Musca domestica [XP_005191160] Rh2
Drosophila melanogaster [AAA28734] Rh2
Drosophila melanogaster [AAA28733] Rh1
Musca domestica [XP_005182995] Rh1a

—
—
.' 100
[
|_: Musca domestica [XP_005182983] Rh1c
Musca domestica [XP_011291215] Rh1b
—
L
,' 98
—
L
—

—
—
95
r—— Gryllus bimaculatus [AEG78683] GreenA
—
—
—

100

LW2a —

Sminthurus viridis [GATZ01074098] LW3
Sminthurus viridis [GATZ01093387] LW2
Machilis hrabei [GAUMO01184980] LW2
Tricholepidion gertschi [GASO01008717]1 LW3
Tricholepidion gertschi [GASO01008718] LW2
Gryllus bimaculatus [AEG78684] GreenB

Ceratosolen solmsi [AGH15791] LW2
1100 —— Apis mellifera [DAA05740] LW2
Bombus impatiens [AAS55406] LW2

2
_I_@ Musca domestica [XP_005186097] Rh6
Drosophila melanogaster [CAB06821] Rh6
Ephemera danica [GAUK01109703] LW2
Ephemera danica [GAUK01002297] LW3
100 Ephemera danica [GAUK01002296] LW4*
Ephemera danica [GAUKO01002300] LW4*
Ischnura asiatica [BAQ54911] RhLWC1
Sympetrum frequens [BAQ54700] RhLWB1
Ischnura asiatica [BAQ54912] RhLWD1
Sympetrum frequens [BAQ54701] RhLWCA1
Ischnura asiatica [BAQ54914] RhLWF1
Sympetrum frequens [BAQ54702] RhLWD1
Sympetrum frequens [BAQ54705] RhLWF2
Sympetrum frequens [BAQ54707] RhLWF4
Ischnura asiatica [BAQ54916] RhLWF3
Sympetrum frequens [BAQ54704] RhLWF1
Ischnura asiatica [BAQ54917] RhLWF4
Sympetrum frequens [BAQ54706] RhLWF3
Ischnura asiatica [BAQ54913] RhLWE1
Sympetrum frequens [BAQ54703] RhLWE1
Ischnura asiatica [BAQ54915] RhLWF2
Limulus polyphemus [ACO05013] Ops5
Scutigera coleoptrata [16909] MW

97

LW2 LW2b

97

Neogonodactylus oerstedii CRB, CRS and CRV (Bok 2013)
Uca pugilator [ADQ01810] Rh2

Hemigrapsus sanguineus [BAA09133] Rh2

Hemigrapsus sanguineus [BAA09132] Rh1

Uca pugilator [ADQ01809] Rh1

100

100

Al WH]HHHH

100 100
1

ﬁ

MW1a —

90

Machilis hrabei [GAUM01017675] MW

Sminthurus viridis [GATZ01005173] MW2

98 Sminthurus viridis [GATZ01000283] MW 1

100

~MW1b =

10

Sminthurus viridis [GATZ01094783] MW3
Sminthurus viridis [GATZ01103981] MW7
Sminthurus viridis [GATZ01010906] MW6
Sminthurus viridis [GATZ01087993] MW5
Sminthurus viridis [GATZ01090057]1 MW4

99

100

Hemigrapsus ~480 nm

MW 1 N =

AR 1ot et

Tigriopus californicus [ADZ45237] opsin
Calanus finmarchicus [GBFB01096267] rOp1
Calanus finmarchicus [GBFB01009482] rOp2
Sminthurus viridis [GATZ01103643] MW8

il

100

o7 Vargula ~460 nm

MW2

~K)- 93 1007,

Limulus polyphemus [AEL29244] UVOps

1141

700 Neogonodactylus oerstedii [AIF73509] UV3
100 Neogonodactylus oerstedii [AIF73507] UV1

SWa

ﬁ

| : Neogonodactylus oerstedii [AIF73508] UV2
93
100
_l_: Uca pugilator [ADQ01811] Rh3
100 100
——
700 Sympetrum frequens [BAQ54697] Rh7-like
Ischnura asiatica [BAQ54908] Rh7-like
I Pediculus humanus [XP_002432663] Op3
—
_: Heliconius melpomene [HMEL022527-PA] Rh7-like
SWc1 0 Musca domestica [XP_005181535] Rh7
Drosophila melanogaster [NP_524035] Rh7
Machilis hrabei [GAUM01184193] UV
_@ Sympetrum frequens [BAQ54713] RhUV
Ischnura asiatica [BAQ54920] RhUV
700 Ephemera danica [GAUK01007309] UV*
Ephemera danica [GAUK01007310] UV*
90 [ Gryllus bimaculatus [AEG78686] UV
—— Schistocerca gregaria [BAP16681] LoUV
Pediculus humanus [XP_002422743] Op2
Nephotettix cincticeps [BAO03866] UV
93 oo Nilaparvata lugens [BAO03856] UV 1
Nilaparvata lugens [BAO03857] UV2
I Ceratosolen solmsi [AGH15793] UV
100 00" Bombus impatiens [AAV67326] UV
Apis mellifera [AAC13418] UV
Tribolium castaneum [XP_970344] UV
I Manduca sexta [002465] Manop2_RhP357
&E Heliconius melpomene [HMEL010962-PA] UV1
Heliconius melpomene [HMEL022525-PA] UV2
— o3 Drosophila melanogaster [AAA28854] Rh3
100 Musca domestica [XP_005190072] Rh3
SWc2.1 L Drosophila melanogaster [AAA28856] Rh4
? Ephemera danica [GAUK01017324] SWA1
100 Ephemera danica [GAUK01003006] SW2
100 oo~ Cphemera danica [GAUK01003005] SW3
97 Ephemera danica [GAUK01003004] SW4
—— Sympetrum frequens [BAQ54708] RhSWa1
—
100 oo Ischnura asiatica [BAQ54919] RhSWb2
b——— /schnura asiatica [BAQ54918] RhSWb1
99 Sympetrum frequens [BAQ54709] RhSWhb1
98 Sympetrum frequens [BAQ54710] RhSWc1
94 57 Sympetrum frequens [BAQ54711] RhSWc2
Sympetrum frequens [BAQ54712] RhSWc3
rog— Schistocerca gregaria [CAA56378] Lo2
b==— Gryllus bimaculatus [AEG78685] Blue
—
> 98 L[ [Nephotettix cincticeps [BAO03865] Blue
Ceratosolen solmsi [AGH15792] Blue
100 oo~ Bombus impatiens [XP_003494923] Blue
Apis mellifera [AAC13417] Blue
S W _@ Manduca sexta [096107] Manop3_RhP450
SWC SW 2 Heliconius melpomene [HMELO10706-PA] Blue
C SWc2.2 I Drosophila melanogaster [AAC47426] Rh5

Musca domestica [XP_005175090] Rh5

Supplementary Fig. S3 Arthropod r-opsin phylogeny reconciled with the species tree. Gray branch labels denote losses of genes; otherwise branch labels are formatted as in Supp-
lementary Figures S1 and S2. Major opsin clades are shaded in green, blue, and purple for long-, middle-, and short-wavelength (LW, MW, and SW), respectively. ‘K’ stands for the
gain of a lysine residue at, or next to, the position corresponding to glycine 90 in bovine rhodopsin, ‘X’ indicates the exchange of lysine by another amino acid, and “?” means that the
homologous part of the sequence is missing. In addition to the r-opsins in Supplementary Figures S1 and S2, we have included four sequences that were detected by methods
different from those described in the main text: The putative LW sequence of Scutigera is very short, and only present in the sequence read archive (SRA). Neogonodactylus CRB,
CRS and CRYV are reported in a thesis (Bok 2013), but not yet deposited in GenBank.
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Table S1 Literature on the occurrence of lateral and median eyes in Pancrustacea as illustrated in

Figure 1.
Taxon References
OLIGOSTRACA
Mystacocarida (Elofsson 1966; Elofsson and Hessler 2005; Brenneis and Richter 2010)
Branchiura (Elofsson 1966; Hallberg 1982; Cronin 1986; Elofsson 2006)
Pentastomida (Osche 1963)
Podocopa (Elofsson 1966; Oakley and Cunningham 2002; Oakley 2005; Tanaka 2005;
Elofsson 2006; Tsukagoshi et al. 2006)
Myodocopa (Elofsson 1966; Land and Nilsson 1990; Parker 1995; Oakley and
Cunningham 2002; Oakley 2005; Elofsson 2006)
MULTICRUSTACEA

Malacostraca

Copepoda
Thecostraca

ALLOTRICARIDA
Cephalocarida
Branchiopoda

Remipedia

Hexapoda
Protura

Collembola

Diplura
Archaeognatha
Zygentoma
Pterygota

(Elofsson 1963, 1965; Paulus 1979; Fincham 1980; Cronin 1986; Elofsson
2006; Cronin and Porter 2008)

(Vaissiere 1961; Elofsson 1966, 1992, 2006)

(Elofsson 1966; Hallberg and Elofsson 1983; Hallberg et al. 1985; Grygier
1987; Elofsson 2006; Glenner et al. 2008; Pérez-Losada et al. 2012)

(Elofsson 1966; Elofsson and Hessler 1990)

(Elofsson 1966; Glildner and Wolff 1970; Elofsson and Odselius 1975;
Paulus 1979; Cronin 1986; Diersch et al. 1999; Elofsson 2006; Reimann and
Richter 2007)

(Fanenbruck et al. 2004; Fanenbruck and Harzsch 2005; Koenemann et al.
2009)

(Tuxen 1931; Bedini and Tongiorgi 1971; Haupt 1972; Bitsch and Bitsch
2000)

(Paulus 1972a, 1972b, 1974, 1977, 1979; Bitsch and Bitsch 2000, 2004;
Meyer-Rochow et al. 2005)

(Bitsch and Bitsch 2000, 2004)

(Paulus 1974, 1979; Bitsch and Bitsch 2000)

(Elofsson 1970; Paulus 1974; Bitsch and Bitsch 2000; Blanke et al. 2014)
(Wigglesworth 1941; Kalmus 1945; Parry 1947; Goodman 1970; To et al.
1971; Dickens and Eaton 1973; Weber and Renner 1976; Wilson 1978;
Paulus 1979; Goodman 1981; Hallberg and Hagberg 1986; Mizunami 1994;
Grunewald and Wunderer 1996; Insausti and Lazzari 2002; Klass et al.
2002; Buschbeck et al. 2003; Leschen and Beutel 2004; Beutel and Weide
2005; Grimaldi and Engel 2005; Taylor et al. 2005; Warrant et al. 2006;
Berry et al. 2007; Nilsson and Kelber 2007; Beutel et al. 2010; Wei and Hua
2011; Wipfler et al. 2011; Gullan and Cranston 2014)
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Table S2 Visual r-opsins from GenBank used for phylogenetic analyses, including references on the

identification and expression of opsins.

Expression in

Species Accession No. Opsin lateral median References
name eyes eyes
ONYCHOPHORA (Outgroup)
Euonychophora
Peripatidae

Principapillatus AFM75825 onychopsin  not yes (Hering et al. 2012;

hitoyensis applicable Beckmann et al. 2015)

(Epiperipatus cf.

isthmicola)

Eoperipatus sp. AFM43711 onychopsin  not yes (Hering et al. 2012)

applicable
Peripatopsidae

Euperipatoides AFM75824 onychopsin  not yes (Hering et al. 2012;

rowelli applicable Beckmann et al. 2015)

Phallocephale AFM43710 onychopsin  not yes (Hering et al. 2012)

tallagandensis applicable

Ooperipatus AFM43712 onychopsin  not yes (Hering et al. 2012)

hispidus applicable

CHELICERATA (Outgroup)

Xiphosura
Xiphosurida

Limulus AAA02498 Opsl yes no (Nolte and Brown 1970;

polyphemus Smith et al. 1993; Dalal et
al. 2003; Katti et al. 2010;
Battelle et al. 2014)

Limulus AAA02499 Ops2 yes no (Nolte and Brown 1970;

polyphemus Smith et al. 1993; Dalal et
al. 2003; Katti et al. 2010;
Battelle et al. 2014)

Limulus ACO05013 Ops5 yes no (Nolte and Brown 1970;

polyphemus Katti et al. 2010; Battelle
et al. 2014)

Limulus AIT75830 Ops6 no yes (Nolte and Brown 1970;

polyphemus Battelle et al. 2015)

Limulus AIT75831 Ops7 no yes (Nolte and Brown 1970;

polyphemus Battelle et al. 2015)

Limulus AIT75832 Ops8 no yes (Nolte and Brown 1970;

polyphemus Battelle et al. 2015)

Limulus AEL29244 UVOps yes yes (Nolte and Brown 1970;

polyphemus Battelle et al. 2014, 2015)
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OLIGOSTRACA

Ostracoda, Myodocopa

Myodocopida
Skogsbergia lerneri  AAL37539 SICE10* yes no (Huvard 1993; Oakley and
Huber 2004)
Skogsbergia lerneri  AAL37521 SIME27* no yes (Huvard 1993; Oakley and
Huber 2004)
Vargula AAL37507 VhCE7* yes no (Oakley and Huber 2004)
hilgendorfii
Vargula AAL37513 VhME16* no yes (Oakley and Huber 2004)
hilgendorfii
Vargula tsujii ADZ45236 Vtops unknown unknown  (Huvard 1993; Colbourne
et al. 2011)
MULTICRUSTACEA
Malacostraca
Decapoda
Hemigrapsus BAA09132 Rh1 yes unknown (Sakamoto et al. 1996)
sanguineus
Hemigrapsus BAA09133 Rh2 yes unknown (Sakamoto et al. 1996)
sanguineus
Uca pugilator ADQ01809 Rh1 yes unknown  (Jorddo et al. 2007;
Rajkumar et al. 2010)
Uca pugilator ADQ01810 Rh2 yes unknown  (Jorddo et al. 2007;
Rajkumar et al. 2010)
Uca pugilator ADQO01811 Rh3 yes unknown  (Rajkumar et al. 2010)
Stomatopoda
Neogonodactylus ACU00223 rOp4 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00224 rOp5 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00222 rOp6 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00210 rOp7 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00211 rOp8 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00218 rOp9 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00217 rOp10 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00221 rOpll unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACUO00216 rOp12 unknown unknown (Porter et al. 2009)
oerstedii
Neogonodactylus ACU00215 rOpl3 unknown unknown (Porter et al. 2009)
oerstedii

*one of multiple candidates
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Neogonodactylus ACU00212 rOpl4 unknown unknown (Porter et al. 2009)

oerstedii

Neogonodactylus ACU00220 rOpi5 unknown unknown (Porter et al. 2009)

oerstedii

Neogonodactylus ACU00219 rOpl6 unknown unknown (Porter et al. 2009)

oerstedii

Neogonodactylus ACU00214 rOpl7 unknown unknown  (Porter et al. 2009)

oerstedii

Neogonodactylus ACU00213 ropl8 unknown unknown  (Porter et al. 2009)

oerstedii

Neogonodactylus ABG37007 Rh1 yes unknown  (Cronin and Marshall

oerstedii 1989; Brown 1996; Cronin
et al. 1996; Porter et al.
2007, 2009; Cronin et al.
2010)

Neogonodactylus ABG37008 Rh2 yes unknown  (Cronin and Marshall

oerstedii 1989; Brown 1996; Cronin
et al. 1996; Porter et al.
2007, 2009; Cronin et al.
2010)

Neogonodactylus ABG37009 Rh3 yes unknown  (Cronin and Marshall

oerstedii 1989; Brown 1996; Cronin
et al. 1996; Porter et al.
2007, 2009; Cronin et al.
2010)

Neogonodactylus AIF73507 uvi yes unknown  (Marshall and Oberwinkler

oerstedii 1999; Bok 2013; Bok et al.
2014)

Neogonodactylus AIF73508 uv2 yes unknown  (Marshall and Oberwinkler

oerstedii 1999; Bok 2013; Bok et al.
2014)

Neogonodactylus AIF73509 uv3 yes unknown  (Bok 2013; Bok et al. 2014)

oerstedii

Copepoda
Harpacticoida

Tigriopus ADz45237 opsin not unknown (Colbourne et al. 2011)

californicus applicable

ALLOTRIOCARIDA

Branchiopoda
Anostraca

Branchinella BAG80984 Rha yes unknown  (Kashiyama et al. 2009)

kugenumaensis

Branchinella BAG80987 Rhb yes unknown  (Kashiyama et al. 2009)

kugenumaensis

Branchinella BAG80985 Rhc yes unknown  (Kashiyama et al. 2009)

kugenumaensis
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Branchinella BAG80986 Rhd yes unknown  (Kashiyama et al. 2009)
kugenumaensis
Notostraca

Triops granarius BAG80976 RhA yes yes (Kashiyama et al. 2009)
Triops granarius BAG80977 RhB yes yes (Kashiyama et al. 2009)
Triops granarius BAG80978 RhC yes yes (Kashiyama et al. 2009)
Triops granarius BAG80979 RhD yes yes (Kashiyama et al. 2009)
Triops granarius BAG80980 RhE yes yes (Kashiyama et al. 2009)
Triops BAG80981 RhA yes unknown  (Kashiyama et al. 2009)
longicaudatus
Triops BAG80982 RhB yes unknown  (Kashiyama et al. 2009)
longicaudatus
Triops BAG80983 RhC yes unknown  (Kashiyama et al. 2009)
longicaudatus
Triops BAG80998 RhD yes unknown  (Kashiyama et al. 2009)
longicaudatus
Triops BAG80999 RhE yes unknown  (Kashiyama et al. 2009)
longicaudatus

Insecta

Odonata, Anisoptera
Sympetrum BAQ54698 RhLWA1 unknown unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54699 RhLWA?2 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54700 RhLWB1 unknown  unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54701 RhLWC1 unknown  unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54702 RhLWD1 unknown  yes S. frequens (Futahashi et
frequens al. 2015), S. rubicundulum
(Mobbs et al. 1981)

Sympetrum BAQ54703 RhLWE1 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54704 RhLWF1 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54705 RhLWF2 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54706 RhLWF3 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54707 RhLWF4 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54708 RhSWal unknown unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54709 RhSWb1 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54710 RhSWc1 yes unknown  (Futahashi et al. 2015)
frequens
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Sympetrum BAQ54711 RhSWc2 yes unknown  (Futahashi et al. 2015)
frequens
Sympetrum BAQ54712 RhSWc2 yes unknown  Futahashi et al. 2015
frequens
Sympetrum BAQ54713 RhUV yes unknown  S. frequens (Futahashi et
frequens al. 2015), S. rubicundulum
(Ruck 1965; Mobbs et al.
1981; Meinertzhagen et al.
1983), S. striolatum and S.
vulgatum (Labhart and
Nilsson 1995)
Sympetrum BAQ54697 Rh7-like unknown unknown  (Futahashi et al. 2015)
frequens
Odonata, Zygoptera
Ischnura asiatica BAQ54909 RhLWA1 unknown unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54910 RhLWA?2 yes unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54911 RhLWC1 unknown unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54912 RhLWD1 unknown  yes (Futahashi et al. 2015)
Ischnura asiatica BAQ54913 RhLWE1 unknown  yes (Futahashi et al. 2015)
Ischnura asiatica BAQ54914 RhLWF1 yes unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54915 RhLWF2 yes unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54916 RhLWF3 yes unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54917 RhLWF4 yes unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54918 RhSWb1 yes unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54910 RhSWb2 yes unknown  (Futahashi et al. 2015)
Ischnura asiatica BAQ54920 RhUV yes unknown [ asiatica (Futahashi et al.
2015), I. heterosticta
(Huang et al. 2014), I.
elegans (Henze et al. 2013)
Ischnura asiatica BAQ54908 Rh7-like unknown  unknown  (Futahashi et al. 2015)
Orthoptera, Caelifera
Schistocerca CAA56377 Lol yes unknown  (Schmeling et al. 2014)
gregaria
Schistocerca CAA56378 Lo2 yes no (Wilson 1978; Schmeling
gregaria et al. 2014)
Schistocerca BAP16681 LoUV yes unknown  (Schmeling et al. 2014)
gregaria
Orthoptera, Ensifera
Gryllus AEG78683 GreenA no yes (Henze et al. 2012)
bimaculatus
Gryllus AEG78684 GreenB yes no G. bimaculatus (Zufall et
bimaculatus al. 1989; Henze et al.

2012; Frolov et al. 2014),
G. campestris (Labhart et
al. 1984)
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Gryllus AEG78685 Blue yes no G. bimaculatus (Zufall et
bimaculatus al. 1989; Henze et al.
2012; Frolov et al. 2014),
G. campestris (Labhart et
al. 1984; Blum and Labhart
2000)
Gryllus AEG78686 uv yes no? G. bimaculatus (Zufall et
bimaculatus al. 1989; Henze et al.
2012; Frolov et al. 2014),
G. campestris (Labhart et
al. 1984)
Hemiptera
Nephotettix BAO03864 LW unknown  unknown (Matsumoto et al. 2014)
cincticeps
Nephotettix BAO03865 Blue unknown unknown (Matsumoto et al. 2014)
cincticeps
Nephotettix BAO03866 uv unknown unknown (Matsumoto et al. 2014)
cincticeps
Nilaparvata lugens  BAO03855 LW yes yes (Matsumoto et al. 2014)
Nilaparvata lugens BAO03856 uvi yes no (Matsumoto et al. 2014,
personal communication
February 2015)
Nilaparvata lugens BAO03857 uv2 yes no (Matsumoto et al. 2014,
personal communication
February 2015)
Psocodea
Pediculus humanus XP_002427337  opl unknown  not (Kirkness et al. 2010)
applicable
Pediculus humanus XP_002422743  op2 unknown  not (Kirkness et al. 2010)
applicable
Pediculus humanus XP_002432663  op3 unknown  not (Kirkness et al. 2010)
applicable
Hymenoptera
Apis mellifera AAA69069 LW1 yes no (Goldsmith 1960; Autrum
and v. Zwehl 1964; Menzel
and Blakers 1976; Chang
et al. 1996; Wakakuwa et
al. 2005; Velarde et al.
2005)
Apis mellifera DAA05740 LW2 no yes (Goldsmith and Ruck 1958;
Velarde et al. 2005)
Apis mellifera AAC13417 Blue yes no (Goldsmith and Ruck 1958;

Autrum and v. Zwehl
1964; Menzel and Blakers
1976; Townson et al.
1998; Wakakuwa et al.
2005; Velarde et al. 2005)
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Apis mellifera AAC13418 uv yes yes (Goldsmith and Ruck 1958;
Goldsmith 1960; Autrum
and v. Zwehl 1964; Menzel
and Blakers 1976;
Townson et al. 1998;
Wakakuwa et al. 2005;
Velarde et al. 2005)

Bombus impatiens ~ AAS55402 LW1 unknown unknown (Spaethe and Briscoe
2004)

Bombus impatiens  AAS55406 LW2 unknown unknown (Spaethe and Briscoe
2004)

Bombus impatiens  XP_003494923 Blue yes unknown  (Skorupski and Chittka
2010; Sadd et al. 2015)

Bombus impatiens  AAV67326 uv yes yes (Spaethe and Briscoe
2005; Skorupski and
Chittka 2010)

Ceratosolen solmsi  AGH15790 LW1 unknown  females: (Wang et al. 2013)

unknown,
males:
not
applicable

Ceratosolen solmsi  AGH15791 LW2 unknown females: (Wang et al. 2013)

unknown,
males:
not
applicable

Ceratosolen solmsi  AGH15792 Blue unknown females: (Wang et al. 2013)

unknown,
males:
not
applicable

Ceratosolen solmsi  AGH15793 uv unknown females: (Wang et al. 2013)

unknown,

males:

not

applicable
Coleoptera

Tribolium NP_001155991 LW yes not (Jackowska et al. 2007;

castaneum applicable Park et al. 2008; Richards
et al. 2008)

Tribolium XP_970344 uv yes not (Jackowska et al. 2007;

castaneum applicable Park et al. 2008; Richards
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Lepidoptera
Manduca sexta

002464

Manopl yes
RhP520

unknown

(Boéthius et al. 1968;
Hoglund and Struwe 1970;
Carlson and Philipson
1972; Pappas and Eaton
1977; White et al. 1983;
Cutler et al. 1995; Chase et
al. 1997; White et al.
2003)

Manduca sexta

096107

Manop3 yes
RhP450

no

(Boéthius et al. 1968;
Hoglund and Struwe 1970;
Carlson and Philipson
1972; Pappas and Eaton
1977; White et al. 1983;
Cutler et al. 1995; Chase et
al. 1997; White et al.
2003)

Manduca sexta

Diptera
Drosophila
melanogaster

002465

AAA28733

Manop2 yes
RhP357

Rh1 yes

unknown

no

(Boéthius et al. 1968;
Hoglund and Struwe 1970;
Carlson and Philipson
1972; Pappas and Eaton
1977; White et al. 1983;
Cutler et al. 1995; Chase et
al. 1997; White et al.
2003)

(Harris et al. 1976;
Scavarda et al. 1983;
Nichols and Pak 1985;
O'Tousa et al. 1985; Zuker
et al. 1985; Mismer and
Rubin 1987; Pollock and
Benzer 1988; Zuker et al.
1988; Feiler et al. 1992;
Chou et al. 1996)

Drosophila
melanogaster

AAA28734

Rh2 no

yes

(Hu et al. 1978; Feiler et al.
1988; Pollock and Benzer
1988; Zuker et al. 1988;
Feiler et al. 1992; Chou et
al. 1996)

Drosophila
melanogaster

CAB06821

Rh6 yes

no

(Huber et al. 1997; Salcedo
et al. 1999; Yasuyama and
Meinertzhagen 1999;
Helfrich-Forster et al. 2002;
Malpel et al. 2002; Sprecher
et al. 2007; Mazzoni et al.
2008; Sprecher and Desplan
2008)
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Drosophila
melanogaster

AAC47426

Rh5

yes

no

(Chou et al. 1996;
Papatsenko et al. 1997;
Salcedo et al. 1999; Malpel
et al. 2002; Sprecher et al.
2007; Mazzoni et al. 2008;
Sprecher and Desplan
2008)

Drosophila
melanogaster

AAA28854

Rh3

yes

no

(Fryxell and Meyerowitz
1987; Zuker et al. 1987,
Pollock and Benzer 1988;
Feiler et al. 1992; Chou et
al. 1996; Mazzoni et al.
2008)

Drosophila
melanogaster

AAA28856

Rh4

yes

no

(Montell et al. 1987;
Pollock and Benzer 1988;
Feiler et al. 1992; Chou et
al. 1996; Mazzoni et al.
2008)

Drosophila
melanogaster

NP_524035

Rh7

unclear

unclear

(Bleyl 2008; Grebler 2010;
Kistenpfennig 2012)

Musca domestica

XP_005182995

Rhla

unknown

no

(Kirschfeld et al. 1988;
Scott et al. 2014)

Musca domestica

XP_011291215

Rhi1b

unknown

no

(Kirschfeld et al. 1988;
Scott et al. 2014)

Musca domestica

XP_005182983

Rhilc

unknown

no

(Kirschfeld et al. 1988;
Scott et al. 2014)

Musca domestica

XP_005191160

Rh2

unknown

yes

(Kirschfeld et al. 1988;
Scott et al. 2014)

Musca domestica

XP_005186097

Rh6

yes

no

(Hardie et al. 1979; Hardie
1986; Kirschfeld et al.
1988; Scott et al. 2014),
Calliphora (Smola and
Meffert 1979; Schmitt et
al. 2005)

Musca domestica

XP_005175090

Rh5

yes

no

(Hardie 1986; Kirschfeld et
al. 1988; Scott et al. 2014),
Calliphora (Smola and
Meffert 1979; Schmitt et
al. 2005)

Musca domestica

XP_005190072

Rh3

yes

no

(Hardie et al. 1979; Hardie
1984, 1986; Kirschfeld et
al. 1988; Scott et al. 2014),
Calliphora (Smola and
Meffert 1979; Schmitt et
al. 2005)

Musca domestica

XP_005181535

Rh7

unknown
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Table S3 Genomes and transcriptomes searched for visual r-opsins and peropsins.

Taxon Sample Sequence References Accession no. Visual organs
MYRIAPODA (Outgroup)
Chilopoda generic, head and SRX462011

Scutigeromorpha
Scutigera coleoptrata

anterior part of
the trunk

transcriptome

(Fernandez et al.
2014)

(assembly provided
by the authors)

only lateral eyes

OLIGOSTRACA

Branchiura
Arguloida
Argulus siamensis
Ostracoda, Podocopa
Podocopida
Heterocypris sp.
Ostracoda, Myodocopa
Myodocopida
Euphilomedes carcharodonta

whole specimens
of both sexes

median eye

whole embryos
(males)

transcriptome

transcriptome

transcriptome

(Sahoo et al. 2013)

(Oakley et al. 2013)

(Speiser et al. 2014)

SRA053334

http://dx.doi.org/10.

5061/dryad.tb40v

http://dx.doi.org/10.

5061/dryad.277g0

lateral and median
eyes

only median eye

lateral and median
eyes

MULTICRUSTACEA

Copepoda
Calanoida
Calanus finmarchicus

table continued on next page

six developmen-
tal samples of
whole individuals:
embryo (egg),
early and late
nauplii, early and
late copepodites
and adult females

transcriptome

(Lenz et al. 2014)
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Taxon Sample Sequence References Accession no. Visual organs
ALLOTRIOCARIDA
Branchiopoda . fused lateral
Cladocera .naturaIIy .|nbred genome (Colbourne et al ACJG00000000.1 eyes and median
. isoclonal isolate 2011)
Daphnia pulex eye
Remipedia
Nectiopoda 10 complete . (von Reumont et al.
Xibalbanus (Speleonectes) specimens transcriptome 2014) GAIM00000000.1  no eyes
tulumensis
Collembola
. . . lateral and
Symphypleona generic, adult transcriptome  (Misof et al. 2014) SRX314895 .
. . median eyes
Sminthurus viridis
Insecta lateral and
Zygentoma generic transcriptome  (Misof et al. 2014) SRX314908 .
. L . median eyes
Tricholepidion gertschi
Insecta lateral and
Archaeognatha generic, adult transcriptome  (Misof et al. 2014) SRX314868 .
i . median eyes
Machilis hrabei
Insecta lateral and
Ephemeroptera generic, adult transcriptome  (Misof et al. 2014) SRX314815 .
. median eyes
Ephemera danica
Insecta a single male, inbred http://www.butt

Lepidoptera
Heliconius melpomene

five generations of
sib mating

genome

[13 of 25]

(Dasmahapatra et al.
2012)

erflygenome.org/
assembly v1.1

only lateral eyes


http://www.butterflygenome.org/
http://www.butterflygenome.org/

Table S4 Visual r-opsins identified in the genomes and transcriptomes listed in Supplementary Table S3,
and references on the expression of opsins.

expression in

Species Unique No. Opsin lateral median References
name eyes eyes
MYRIAPODA (Outgroup)
Chilopoda
Scutigeromorpha
Scutigera 16909 Mw yes not (Meyer-Rochow et al.
coleoptrata applicable 2006), see comment on

interpretation of data in
Nilsson and Kelber (2007)

OLIGOSTRACA
Branchiura
Arguloida
Argulus siamensis 401512162 rOpl unknown  unknown
Argulus siamensis 401532453 rOp2 unknown  unknown
Argulus siamensis 401513687 rOp3 unknown  unknown
Argulus siamensis 401520393 rOp4 unknown  unknown
Argulus siamensis 401516392 rOp5 unknown  unknown
Argulus siamensis 401535242 rOp6 unknown  unknown
Argulus siamensis 401521393 rOp7 unknown  unknown
Ostracoda, Podocopa
Podocopida
Heterocypris sp. contig06320 rop1® not yes
applicable
Ostracoda, Myodocopa
Myodocopida
Euphilomedes UN1394 rOpl unknown  unknown
carcharodonta
Euphilomedes UN2129 rOp2 unknown  unknown
carcharodonta
MULTICRUSTACEA
Copepoda
Calanoida
Calanus GBFB01096267 rOpl not unkown
finmarchicus applicable
Calanus GBFB01009482 rOp2 not unknown
finmarchicus applicable
ALLOTRIOCARIDA
Branchiopoda
Cladocera
Daphnia pulex LOPA1 LOpAl unknown  unknown
Daphnia pulex LOPA2 LOpA2 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPA3 LOpA3 unknown unknown (Colbourne et al. 2011)

Sone of four closely related candidates
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Daphnia pulex LOPA4 LOpA4 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPA6 LOpA6 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPA8 LOpAS8 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPA9 LOpA9 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPA10 LOpA10 unknown unknown (Colbourne etal.2011)
Daphnia pulex LOPB1 LOpB1 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB2 LOpB2 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB3 LOpB3 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB4 LOpB4 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB5 LOpB5 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB6 LOpB6 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB7 LOpB7 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB8 LOpB8 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB9 LOpB9 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB13 LOpB13 unknown unknown (Colbourne et al. 2011)
Daphnia pulex LOPB14 LOpB14 unknown unknown
Daphnia pulex LOPB15 LOpB15 unknown unknown (Colbourne et al. 2011)
Daphnia pulex uvorp uvi unknown unknown (Colbourne et al. 2011), D.
magna (Smith and
Macagno 1990)
Daphnia pulex BLOP uv2 unknown unknown (Colbourne et al. 2011), D.
magna (Smith and
Macagno 1990)
Daphnia pulex UNOP1 UnOpl unknown unknown (Colbourne et al. 2011)
Daphnia pulex UNOP2 UnOp2 unknown unknown (Colbourne et al. 2011)
Collembola
Symphypleona
Sminthurus viridis GATZ01005081 LW1 unknown  unknown
Sminthurus viridis GATZ01093387 LW2 unknown  unknown
Sminthurus viridis GATZ01074098 LW3 unknown  unknown
Sminthurus viridis GATZ01000283 MW1 unknown  unknown
Sminthurus viridis GATZ01005173 MW2 unknown  unknown
Sminthurus viridis GATZ01094783 MW3 unknown  unknown
Sminthurus viridis ~ GATZ01090057 MW4 unknown  unknown
Sminthurus viridis ~ GATZ01087993 MW5 unknown  unknown
Sminthurus viridis ~ GATZ01010906 MW6 unknown  unknown
Sminthurus viridis ~ GATZ01103981 MW7 unknown  unknown
Sminthurus viridis ~ GATZ01103643 MW8 unknown  unknown
Insecta
Archaeognatha
Machilis hrabei GAUMO01017353 LW1 unknown  unknown
Machilis hrabei GAUMO01184980 LW2 unknown  unknown
Machilis hrabei GAUMO01017675 MW unknown  unknown
Machilis hrabei GAUMO01184193 uv unknown  unknown
Zygentoma
Tricholepidion GAS001008719 LW1 unknown  unknown
gertschi
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Tricholepidion GAS001008718 LW2 unknown  unknown

gertschi

Tricholepidion GAS001008717 LW3 unknown  unknown

gertschi

Ephemeroptera

Ephemera danica GAUK01106886 LW1 unknown  unknown

Ephemera danica GAUK01109703 LW2 unknown  unknown

Ephemera danica GAUK01002297 LW3 unknown  unknown

Ephemera danica GAUK01002300 Lw4* unknown  unknown

Ephemera danica GAUK01002296 Lw4* unknown  unknown

Ephemera danica GAUK01017324 SwW1 unknown  unknown

Ephemera danica GAUK01003006 SW2 unknown  unknown

Ephemera danica GAUK01003005 SW3 unknown  unknown

Ephemera danica GAUK01003004 Sw4 unknown  unknown

Ephemera danica GAUK01007309 uv* yes unknown (Meyer-Rochow 1982)

Ephemera danica GAUK01007310 uv* yes unknown (Meyer-Rochow 1982)

Lepidoptera

Heliconius HMEL003344-PA LW yes not H. erato (Zaccardi et al.

melpomene applicable 2006), H. erato, H.
numata, and H. sara
(Struwe 19724, b)

Heliconius HMELO10706-PA  Blue yes not H. erato (Zaccardi et al.

melpomene applicable 2006), H. erato, H.
numata, and H. sara
(Struwe 19723, b)

Heliconius HMELO10962-PA  UV1 yes not H. melpomene, H. erato

melpomene applicable (Briscoe et al. 2010; Bybee
et al. 2012), H. erato
(Zaccardi et al. 2006), H.
erato, H. numata, and H.
sara (Struwe 1972a, b)

Heliconius HMELO022525-PA  UV2 yes not H. melpomene, H. erato

melpomene applicable (Briscoe et al. 2010; Bybee
et al. 2012), H. erato
(zaccardi et al. 2006), H.
erato, H. numata, and H.
sara (Struwe 19723, b)

Heliconius HMEL022527-PA  Rh7-like  unknown not

melpomene applicable

*same amino-acid sequence, differences in nucleotide sequence

[16 of 25]



References

Autrum H, v. Zwehl V. 1964. Spektrale Empfindlichkeit einzelner Sehzellen des Bienenauges. Z vergl
Physiol 48:357-84.

Battelle BA, Kempler KE, Harrison A, Dugger DR, Payne R. 2014. Opsin expression in Limulus eyes: a UV
opsin is expressed in each eye type and co-expressed with a visible light-sensitive opsin in ventral
larval eyes. ) Exp Biol 217:3133-45.

Battelle BA, Kempler KE, Saraf SR, Marten CE, Dugger DR, Jr., Speiser DI, Oakley TH. 2015. Opsins in
Limulus eyes: characterization of three visible light-sensitive opsins unique to and co-expressed
in median eye photoreceptors and a peropsin/RGR that is expressed in all eyes. J Exp Biol
218:466-79.

Beckmann H, Hering L, Henze MJ, Kelber A, Stevenson PA, Mayer G. 2015. Spectral sensitivity in
Onychophora (velvet worms) revealed by electroretinograms, phototactic behaviour and opsin
gene expression. J Exp Biol 218:915-22.

Bedini C, Tongiorgi P. 1971. The fine structure of the pseudoculus of Acerentomids Protura (Insecta
Apterygota). Monitore Zoologico Italiano 5(1):25-38.

Berry RP, Stange G, Warrant EJ. 2007. Form vision in the insect dorsal ocelli: an anatomical and optical
analysis of the dragonfly median ocellus. Vision Res 47(10):1394-409.

Beutel RG, Weide D. 2005. Cephalic anatomy of Zorotypus hubbardi (Hexapoda: Zoraptera): new
evidence for a relationship with Acercaria. Zoomorphology 124:121-36.

Beutel RG, Zimmermann D, KrauR M, Randolf S, Wipfler B. 2010. Head morphology of Osmylus
fulvicephalus (Osmylidae, Neuroptera) and its phylogenetic implications. Org Divers Evol
10(4):311-29.

Bitsch C, Bitsch J. 2000. The phylogenetic interrelationships of the higher taxa of apterygote hexapods.
Zool Scr 29:131-56.

Bitsch C, Bitsch J. 2004. Phylogenetic relationships of basal hexapods among the mandibulate
arthropods: a cladistic analysis based on comparative morphological characters. Zool Scr 33:511-
50.

Blanke A, Koch M, Wipfler B, Wilde F, Misof B. 2014. Head morphology of Tricholepidion gertschi
indicates monophyletic Zygentoma. Front Zool 11(1):16.

Bleyl C. 2008. Untersuchungen zum Expressionsmuster von Rhodopsin 7 [dissertation]. [Regensburg]:
University of Regensburg.

Blum M, Labhart T. 2000. Photoreceptor visual fields, ommatidial array, and receptor axon projections in
the polarisation-sensitive dorsal rim area of the cricket compound eye. J Comp Physiol A
186(2):119-28.

Boéthius J, Carlson SD, Hoglund G, Struwe G. 1968. Spectral efficiency of single photoreceptor cells of the
moth (Manducu sexta). Acta physiol scand 74:36A-7A.

Bok MJ. 2013. The physiological, ecological, and evolutionary basis of polychromatic ultraviolet
sensitivity in stomatopod crustaceans [dissertation]. [Baltimore County]: University of Maryland.

Bok MJ, Porter ML, Place AR, Cronin TW. 2014. Biological sunscreens tune polychromatic ultraviolet
vision in mantis shrimp. Curr Biol 24(14):1636-42.

Brenneis G, Richter S. 2010. Architecture of the nervous system in Mystacocarida (Arthropoda,
Crustacea) - an immunohistochemical study and 3D reconstruction. ) Morphol 271(2):169-89.

Briscoe AD, Bybee SM, Bernard GD, Yuan F, Sison-Mangus MP, Reed RD, Warren AD, Llorente-Bousquets
J, Chiao CC. 2010. Positive selection of a duplicated UV-sensitive visual pigment coincides with
wing pigment evolution in Heliconius butterflies. Proc Natl Acad Sci U S A 107(8):3628-33.

Brown AJH. 1996. Isolation and characterisation of visual pigment genes from the stomatopod
crustacean Gonodactylus oerstedii [dissertation]. [Sussex]: University of Sussex.

[17 of 25]



Buschbeck EK, Ehmer B, Hoy RR. 2003. The unusual visual system of the Strepsiptera: external eye and
neuropils. J Comp Physiol A 189(8):617-30.

Bybee SM, Yuan F, Ramstetter MD, Llorente-Bousquets J, Reed RD, Osorio D, Briscoe AD. 2012. UV
photoreceptors and UV-yellow wing pigments in Heliconius butterflies allow a color signal to
serve both mimicry and intraspecific communication. Am Nat 179(1):38-51.

Carlson SD, Philipson B. 1972. Microspectrophotometry of the dioptric apparatus and compound
rhabdom of the moth (Manduca sexta) eye. J Insect Physiol 18(9):1721-31.

Chang BS, Ayers D, Smith WC, Pierce NE. 1996. Cloning of the gene encoding honeybee long-wavelength
rhodopsin: a new class of insect visual pigments. Gene 173(2):215-9.

Chase M, Bennett R, White R. 1997. Three opsin-encoding cDNAs from the compound eye of Manduca
sexta. ) Exp Biol 200(18):2469-78.

Chou WH, Hall KJ, Wilson DB, Wideman CL, Townson SM, Chadwell LV, Britt SG. 1996. Identification of a
novel Drosophila opsin reveals specific patterning of the R7 and R8 photoreceptor cells. Neuron
17(6):1101-15.

Colbourne J, Pfrender M, Gilbert D, Thomas W, Tucker A, Oakley T, Tokishita S, Aerts A, Arnold G, Basu
M, et al. 2011. The ecoresponsive genome of Daphnia pulex. Science 331(6017):555-61.

Cronin T, Marshall NJ. 1989. Multiple spectral classes of photoreceptors in the retinas of gonodactyloid
stomatopod crustaceans. ] Comp Physiol A 166:261-75.

Cronin TW. 1986. Optical design and evolutionary adaptation in crustacean compound eyes. J Crustacean
Biol 6(1):1-23.

Cronin TW, Porter ML. 2008. Exceptional variation on a common theme: the evolution of crustacean
compound eyes. Evo Edu Outreach 1:463-75.

Cronin TW, Marshall NJ, Caldwell RL. 1996. Visual pigment diversity in two genera of mantis shrimps
implies rapid evolution (Crustacea; Stomatopoda). ] Comp Physiol A 179(3):371-84.

Cronin TW, Porter ML, Bok MJ, Wolf JB, Robinson PR. 2010. The molecular genetics and evolution of
colour and polarization vision in stomatopod crustaceans. Ophthalmic Physiol Opt 30(5):460-9.

Cutler DE, Bennett RR, Stevenson RD, White RH. 1995. Feeding behavior in the nocturnal moth Manduca
sexta is mediated mainly by blue receptors, but where are they located in the retina? J Exp Biol
198(9):1909-17.

Dalal JS, Jinks RN, Cacciatore C, Greenberg RM, Battelle BA. 2003. Limulus opsins: Diurnal regulation of
expression. Vis Neurosci 20(5):523-34.

Dasmahapatra KK, Walters JR, Briscoe AD, Davey JW, Whibley A, Nadeau NJ, Zimin AV, Hughes DST,
Ferguson LC, Martin SH, et al. 2012. Butterfly genome reveals promiscuous exchange of mimicry
adaptations among species. Nature 487(7405):94-8.

Dickens JC, Eaton JL. 1973. External ocelli on Lepidoptera previously considered to be anocellate. Nature
242:205-6.

Diersch R, Melzer RR, Smola U. 1999. Morphology of the compound eyes of two ancestral phyllopods,
Triops cancriformis and Lepidurus apus (Notostraca: Triopsidae). J Crustacean Biol 19(2):313-23.

Elofsson R. 1963. The nauplius eye and frontal organs in Decapoda (Crustacea). Sarsia 12:1-68.

Elofsson R. 1965. The nauplius eye and frontal organs in Malacostraca (Crustacea). Sarsia 19:1-54.

Elofsson R. 1966. The nauplius eye and frontal organs of the non-Malacostraca (Crustacea). Sarsia
25(1):1-128.

Elofsson R. 1970. Brain and eyes of Zygentoma (Thysanura). Ent Scand 2:1-20.

Elofsson R. 1992. To the question of eyes in primitive crustaceans. Acta Zool 73(5):369-72.

Elofsson R. 2006. The frontal eyes of crustaceans. Arthropod Struct Dev 35(4):275-91.

Elofsson R, Odselius R. 1975. The anostracan rhabdom and the basement membrane. An ultrastructural
study of the Artemia compound eye (Crustacea). Acta Zool 56:141-53.

[18 of 25]



Elofsson R, Hessler RR. 1990. Central nervous system of Hutchinsoniella macracantha (Cephalocarida). J
Crustacean Biol 10(3):423-39.

Elofsson R, Hessler RR. 2005. The tegumental sensory organ and nervous system of Derocheilocaris
typica (Crustacea: Mystacocarida). Arthropod Struct Dev 34:139-52.

Fanenbruck M, Harzsch S. 2005. A brain atlas of Godzilliognomus frondosus Yager, 1989 (Remipedia,
Godezilliidae) and comparison with the brain of Speleonectes tulumensis Yager, 1987 (Remipedia,
Speleonectidae): implications for arthropod relationships. Arthropod Struct Dev 34(3):343-78.

Fanenbruck M, Harzsch S, Wagele JW. 2004. The brain of the Remipedia (Crustacea) and an alternative
hypothesis on their phylogenetic relationships. Proc Natl Acad Sci U S A 101(11):3868-73.

Feiler R, Harris WA, Kirschfeld K, Wehrhahn C, Zuker CS. 1988. Targeted misexpression of a Drosophila
opsin gene leads to altered visual function. Nature 333(6175):737-41.

Feiler R, Bjornson R, Kirschfeld K, Mismer D, Rubin GM, Smith DP, Socolich M, Zuker CS. 1992. Ectopic
expression of ultraviolet-rhodopsins in the blue photoreceptor cells of Drosophila: visual
physiology and photochemistry of transgenic animals. J Neurosci 12(10):3862-8.

Fernandez R, Laumer CE, Vahtera V, Libro S, Kaluziak S, Sharma PP, Pérez-Porro AR, Edgecombe GD,
Giribet G. 2014. Evaluating topological conflict in centipede phylogeny using transcriptomic data
sets. Mol Biol Evol 31(6):1500-13.

Fincham AA. 1980. Eyes and classification of Malacostracan crustaceans. Nature 287:729-31.

Frolov RV, Immonen EV, Weckstrom M. 2014. Performance of blue- and green-sensitive photoreceptors
of the cricket Gryllus bimaculatus. ) Comp Physiol A 200(3):209-19.

Fryxell KJ, Meyerowitz EM. 1987. An opsin gene that is expressed only in the R7 photoreceptor cell of
Drosophila. EMBO J 6(2):443-51.

Futahashi R, Kawahara-Miki R, Kinoshita M, Yoshitake K, Yajima S, Arikawa K, Fukatsu T. 2015.
Extraordinary diversity of visual opsin genes in dragonflies. Proc Natl Acad Sci U S A
112(11):E1247-E56.

Glenner H, Hgeg JT, Grygier MJ, Fujita Y. 2008. Induced metamorphosis in crustacean y-larvae: towards a
solution to a 100-year-old riddle. BMC Biol 6:21.

Goldsmith TH. 1960. The nature of the retinal action potential, and the spectral sensitivities of ultraviolet
and green receptor systems of the compound eye of the worker honeybee. ) Gen Physiol 43:775-
99.

Goldsmith TH, Ruck PR. 1958. The spectral sensitivities of the dorsal ocelli of cockroaches and honeybees
- an electrophysiological study. J Gen Physiol 41(6):1171-85.

Goodman LJ. 1970. The structure and function of the insect dorsal ocellus. In: Beament JWL, Treherne JE,
Wigglesworth VB, editors. Advances in insect physiology. New York: Academic Press. p. 97-195.

Goodman LJ. 1981. Organisation and physiology of the insect dorsal ocellar system. In: Autrum H, editor.
Handbook of sensory physiology. Berlin, Heidelberg, New York: Springer. p. 201-86.

Grebler R. 2010. Elektrophysiologische Charakterisierung von Rhodopsin 7 [dissertation]. [Regensburg]:
University of Regensburg.

Grimaldi D, Engel MS. 2005. Evolution of the insects. Cambridge: Cambridge University Press.

Grygier MJ. 1987. New records, external and internal anatomy, and systematic position of Hansen's Y-
larvae (Crustacea, Maxillopoda, Facetotecta). Sarsia 72:261-78.

Grinewald B, Wunderer H. 1996. The ocelli of arctiid moths: ultrastructure of the retina during light and
dark adaptation. Tissue Cell 28(3):267-77.

Gullan PJ, Cranston PS. 2014. The insects: an outline of entomology. 5th ed. Chichester: Wiley.

Giildner FH, Wolff JR. 1970. Uber die Ultrastruktur des Komplexauges von Daphnia pulex. Z Zellforsch
Mikrosk Anat 104(2):259-74.

Hallberg E. 1982. The fine structure of the compound eye of Argulus foliaceus (Crustacea: Branchiura).
Zool Anz 208(3/4):227-36.

[19 of 25]



Hallberg E, Elofsson R. 1983. The larval compound eye of barnacles. J Crustacean Biol 3(1):17-24.

Hallberg E, Hagberg M. 1986. Ocellar fine structure in Caenis robusta (Ephemeroptera), Trichostegia
minor, Agrypnia varia, and Limnephilus flavicornis (Trichoptera). Protoplasma 135:12-8.

Hallberg E, Elofsson R, Grygier MJ. 1985. An ascothoracid compound eye (Crustacea). Sarsia 70:167-71.

Hardie RC. 1984. Properties of photoreceptors R7 and R8 in dorsal marginal ommatidia in the compound
eyes of Musca and Calliphora. ) Comp Physiol A 154(2):157-65.

Hardie RC. 1986. The photoreceptor array of the dipteran retina. Trends Neurosci 9(9):419-23.

Hardie RC, Franceschini N, Mcintyre PD. 1979. Electrophysiological analysis of fly retina. Il Spectral and
polarization sensitivity in R7 and R8. J Comp Physiol A 133(1):23-39.

Harris WA, Stark WS, Walker JA. 1976. Genetic dissection of the photoreceptor system in the compound
eye of Drosophila melanogaster. ) Physiol 256(2):415-39.

Haupt J. 1972. Ultrastruktur des Pseudoculus von Eosentomon (Protura, Insecta). Z Zellforsch 135:539-
51.

Helfrich-Forster C, Edwards T, Yasuyama K, Wisotzki B, Schneuwly S, Stanewsky R, Meinertzhagen IA,
Hofbauer A. 2002. The extraretinal eyelet of Drosophila: development, ultrastructure, and
putative circadian function. J Neurosci 22(21):9255-66.

Henze MJ, Lind O, Kohler M, Kelber A. 2013. Seeing and (not) being seen: Sensory ecology of the blue-
tailed damselfly Ischnura elegans. International Conference on Invertebrate Vision; Fjalkinge,
Sweden: Front Physiol.

Henze MJ, Dannenhauer K, Kohler M, Labhart T, Gesemann M. 2012. Opsin evolution and expression in
arthropod compound eyes and ocelli: insights from the cricket Gryllus bimaculatus. BMC Evol
Biol 12:163.

Hering L, Henze MJ, Kohler M, Kelber A, Bleidorn C, Leschke M, Nickel B, Meyer M, Kircher M, Sunnucks
P, et al. 2012. Opsins in Onychophora (velvet worms) suggest a single origin and subsequent
diversification of visual pigments in arthropods. Mol Biol Evol 29(11):3451-8.

Hu KG, Reichert H, Stark WS. 1978. Electrophysiological characterization of Drosophila ocelli. J Comp
Physiol A 126(1):15-24.

Huang SC, Chiou TH, Marshall J, Reinhard J. 2014. Spectral sensitivities and color signals in a polymorphic
damselfly. PLoS One 9(1):e87972.

Huber A, Schulz S, Bentrop J, Groell C, Wolfrum U, Paulsen R. 1997. Molecular cloning of Drosophila Rh6
rhodopsin: the visual pigment of a subset of R8 photoreceptor cells. FEBS Lett 406(1-2):6-10.

Huvard AL. 1993. Analysis of visual pigment absorbance and luminescence emission spectra in marine
ostracodes (Crustacea: Ostracoda). Comp Biochem Physiol A Physiol 104(2):333-8.

Hoglund G, Struwe G. 1970. Pigment migration and spectral sensitivity in the compound eye of moths. Z
vergl Physiol 67:229-37.

Insausti T, Lazzari C. 2002. The fine structure of the ocelli of Triatoma infestans (Hemiptera: Reduviidae).
Tissue Cell 34(6):437-49.

Jackowska M, Bao R, Liu Z, McDonald EC, Cook TA, Friedrich M. 2007. Genomic and gene regulatory
signatures of cryptozoic adaptation: Loss of blue sensitive photoreceptors through expansion of
long wavelength-opsin expression in the red flour beetle Tribolium castaneum. Front Zool 4:24.

Jorddo JM, Cronin TW, Oliveira RF. 2007. Spectral sensitivity of four species of fiddler crabs (Uca pugnax,
Uca pugilator, Uca vomeris and Uca tangeri) measured by in situ microspectrophotometry. J Exp
Biol 210:447-53.

Kalmus H. 1945. Correlations between flight and vision, and particularly between wings and ocelli, in
insects. Proc R Entomol Soc Lond Ser A 20:84-96.

Kashiyama K, Seki T, Numata H, Goto SG. 2009. Molecular characterization of visual pigments in
Branchiopoda and the evolution of opsins in Arthropoda. Mol Biol Evol 26(2):299-311.

[20 of 25]



Katti C, Kempler K, Porter ML, Legg A, Gonzalez R, Garcia-Rivera E, Dugger D, Battelle BA. 2010. Opsin co-
expression in Limulus photoreceptors: differential regulation by light and a circadian clock. J Exp
Biol 213:2589-601.

Kirkness EF, Haas BJ, Sun W, Braig HR, Perotti MA, Clark JM, Lee SH, Robertson HM, Kennedy RC, Elhaik E,
et al. 2010. Genome sequences of the human body louse and its primary endosymbiont provide
insights into the permanent parasitic lifestyle. Proc Natl Acad Sci U S A 107(27):12168-73.

Kirschfeld K, Feiler R, Vogt K. 1988. Evidence for a sensitizing pigment in the ocellar photoreceptors of
the fly (Musca, Calliphora). ) Comp Physiol A 163(4):421-3.

Kistenpfennig CR. 2012. Rhodopsin 7 and Cryptochrome — circadian photoreception in Drosophila
[dissertation]. [Wirzburg]: Julius-Maximilians-Universitat Wirzburg.

Klass KD, Zompro O, Kristensen NP, Adis J. 2002. Mantophasmatodea: a new insect order with extant
members in the Afrotropics. Science 296(5572):1456-9.

Koenemann S, Olesen J, Alwes F, lliffe TM, Hoenemann M, Ungerer P, Wolff C, Scholtz G. 2009. The post-
embryonic development of Remipedia (Crustacea) - additional results and new insights. Dev
Genes Evol 219(3):131-45.

Labhart T, Nilsson D-E. 1995. The dorsal eye of the dragonfly Sympetrum: specializations for prey
detection against the blue sky. ] Comp Physiol A 176(4):437-53.

Labhart T, Hodel B, Valenzuela |. 1984. The physiology of the cricket's compound eye with particular
reference to the anatomically specialized dorsal rim area. J Comp Physiol 155(3):289-96.

Land MF, Nilsson D. 1990. Observations on the compound eyes of the deep-sea ostracod Macrocypridina
castanea. ) Exp Biol 148:221-33.

Lenz PH, Roncalli V, Hassett RP, Wu LS, Cieslak MC, Hartline DK, Christie AE. 2014. De novo assembly of a
transcriptome for Calanus finmarchicus (Crustacea, Copepoda) - the dominant zooplankter of the
North Atlantic Ocean. PLoS One 9(2):e88589.

Leschen RAB, Beutel RG. 2004. Ocellar atavism in Coleoptera: plesiomorphy or apomorphy? J Zoolog Syst
Evol Res 42 (1):63-9.

Malpel S, Klarsfeld A, Rouyer F. 2002. Larval optic nerve and adult extra-retinal photoreceptors
sequentially associate with clock neurons during Drosophila brain development. Development
129(6):1443-53.

Marshall J, Oberwinkler J. 1999. The colourful world of the mantis shrimp. Nature 401(6756):873-4.

Matsumoto Y, Wakakuwa M, Yukuhiro F, Arikawa K, Noda H. 2014. Attraction to different wavelength
light emitting diodes (LEDs), the compound eye structure, and opsin genes in Nilaparvata lugens.
Jpn J Appl Entomol Zool 58(2):111-8.

Mazzoni EO, Celik A, Wernet MF, Vasiliauskas D, Johnston RJ, Cook TA, Pichaud F, Desplan C. 2008.
Iroquois complex genes induce co-expression of rhodopsins in Drosophila. PLoS Biol 6(4):e97.

Meinertzhagen IA, Menzel R, Kahle G. 1983. The identification of spectral receptor types in the retina
and lamina of the dragonfly Sympetrum rubicundulum. ) Comp Physiol A 151:295-310.

Menzel R, Blakers M. 1976. Colour receptors in the bee eye - morphology and spectral sensitivity. ] Comp
Physiol A 108:11-33.

Meyer-Rochow VB. 1982. Electrophysiological studies on the insect compound eye. N Z Entomol
7(3):296-304.

Meyer-Rochow VB, Reid WR, Gal J. 2005. An ultrastructural study of the eye of Gomphiocephalus
hodgsoni, a collembolan from Antarctica. Polar Biol 28:111-8.

Meyer-Rochow VB, Miller CHG, Lindstrom M. 2006. Spectral sensitivity of the eye of Scutigera
coleoptrata (Linnaeus, 1758) (Chilopoda: Scutigeromorpha: Scutigeridae). Appl Entomol Zool
41(1):117-22.

Mismer D, Rubin GM. 1987. Analysis of the promoter of the ninaE opsin gene in Drosophila
melanogaster. Genetics 116(4):565-78.

[21 of 25]



Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C, Frandsen PB, Ware J, Flouri T, Beutel RG, et
al. 2014. Phylogenomics resolves the timing and pattern of insect evolution. Science
346(6210):763-7.

Mizunami M. 1994. Information processing in the insect ocellar system: comparative approaches to the
evolution of visual processing and neural circuits. Adv In Insect Phys 25:151-265.

Mobbs PG, Guy RG, Goodman LJ, Chappell RL. 1981. Relative spectral sensitivity and reverse Purkinje
shift in identified L neurons of the ocellar retina. J Comp Physiol A 144(1):91-7.

Montell C, Jones K, Zuker C, Rubin G. 1987. A second opsin gene expressed in the ultraviolet-sensitive R7
photoreceptor cells of Drosophila melanogaster. ) Neurosci 7(5):1558-66.

Nichols R, Pak WL. 1985. Characterization of Drosophila melanogaster rhodopsin. J Biol Chem
260(23):12670-4.

Nilsson D-E, Kelber A. 2007. A functional analysis of compound eye evolution. Arthropod Struct Dev
36(4):373-85.

Nolte J, Brown JE. 1970. The spectral sensitivities of single receptor cells in the lateral, median, and
ventral eyes of normal and white-eyed Limulus. ) Gen Physiol 55(6):787-801.

O'Tousa JE, Baehr W, Martin RL, Hirsh J, Pak WL, Applebury ML. 1985. The Drosophila ninaE gene
encodes an opsin. Cell 40(4):839-50.

Oakley T, Cunningham C. 2002. Molecular phylogenetic evidence for the independent evolutionary origin
of an arthropod compound eye. Proc Natl Acad Sci U S A 99(3):1426-30.

Oakley TH. 2005. Myodocopa (Crustacea: Ostracoda) as models for evolutionary studies of light and
vision: multiple origins of bioluminescence and extreme sexual dimorphism. Hydrobiologia
538:179-92.

Oakley TH, Huber DR. 2004. Differential expression of duplicated opsin genes in two eye types of
ostracod crustaceans. J Mol Evol 59(2):239-49.

Oakley TH, Wolfe JM, Lindgren AR, Zaharoff AK. 2013. Phylotranscriptomics to bring the understudied
into the fold: monophyletic ostracoda, fossil placement, and pancrustacean phylogeny. Mol Biol
Evol 30(1):215-33.

Osche G. 1963. Die systematische Stellung und Phylogenie der Pentastomida - embryologische und
vergleichend-anatomische Studien an Reighardia sternae. Z Morph Okol Tiere 52:487-596.
Papatsenko D, Sheng G, Desplan C. 1997. A new rhodopsin in R8 photoreceptors of Drosophila: evidence

for coordinate expression with Rh3 in R7 cells. Development 124(9):1665-73.

Pappas LG, Eaton JL. 1977. Internal ocellus of Manduca sexta: electroretinogram and spectral sensitivity J
Insect Physiol 23:1355-8.

Park Y, Aikins J, Wang LJ, Beeman RW, Oppert B, Lord JC, Brown SJ, Lorenzen MD, Richards S, Weinstock
GM, et al. 2008. Analysis of transcriptome data in the red flour beetle, Tribolium castaneum.
Insect Biochem Mol Biol 38(4):380-6.

Parker AK. 1995. Discovery of functional iridescence and its coevolution with eyes in the phylogeny of
Ostracoda (Crustacea). Proc Biol Sci 262:349-55.

Parry DA. 1947. The function of the insect ocellus. J Exp Biol 24(3-4):211-9.

Paulus HF. 1972a. Zum Feinbau der Komplexaugen einiger Collembolen - eine vergleichend-anatomische
Untersuchung (Insecta). Zool Jb (Anat) 89:1-116.

Paulus HF. 1972b. Die Feinstruktur der Stirnaugen einiger Collembolen (Insecta, Entognatha) und ihre
Bedeutung flr die Stammesgeschichte der Insekten. Z Zool Syst Evol-Forsch 10:81-122.

Paulus HF. 1974. Die phylogenetische Bedeutung der Ommatidien der apterygoten Insekten (Collembola,
Archaeognatha und Zygentoma). Pedobiologia 14(2):123-33.

Paulus HF. 1977. Das Doppelauge von Entomobrya muscorum Nicolet (Insecta, Collembola).
Zoomorphologie 87(3):277-93.

[22 of 25]



Paulus HF. 1979. Eye structure and the monophyly of the Arthropoda. In: Gupta AP, editor. Arthropod
phylogeny. New York: Van Nostrand Reinhold Company. p. 299-383.

Pérez-Losada M, Hoeg JT, Crandall KA. 2012. Deep phylogeny and character evolution in Thecostraca
(Crustacea: Maxillopoda). Integr Comp Biol 52(3):430-42.

Pollock JA, Benzer S. 1988. Transcript localization of four opsin genes in the three visual organs of
Drosophila; RH2 is ocellus specific. Nature 333(6175):779-82.

Porter ML, Cronin TW, McClellan DA, Crandall KA. 2007. Molecular characterization of crustacean visual
pigments and the evolution of pancrustacean opsins. Mol Biol Evol 24(1):253-68.

Porter ML, Bok MJ, Robinson PR, Cronin TW. 2009. Molecular diversity of visual pigments in
Stomatopoda (Crustacea). Vis Neurosci 26(3):255-65.

Rajkumar P, Rollmann SM, Cook TA, Layne JE. 2010. Molecular evidence for color discrimination in the
Atlantic sand fiddler crab, Uca pugilator. J Exp Biol 213:4240-8.

Reimann A, Richter S. 2007. The nauplius eye complex in 'conchostracans' (Crustacea, Branchiopoda:
Laevicaudata, Spinicaudata, Cyclestherida) and its phylogenetic implications. Arthropod Struct
Dev 36(4):408-19.

Richards S, Gibbs RA, Weinstock GM, Brown SJ, Denell R, Beeman RW, Gibbs R, Beeman RW, Brown SJ,
Bucher G, et al. 2008. The genome of the model beetle and pest Tribolium castaneum. Nature
452(7190):949-55.

Ruck P. 1965. Components of the visual system of a dragonfly. J Gen Psychol 49(2):289-307.

Sadd BM, Barribeau SM, Bloch G, de Graaf DC, Dearden P, Elsik CG, Gadau J, Grimmelikhuijzen CJ,
Hasselmann M, Lozier JD, et al. 2015. The genomes of two key bumblebee species with primitive
eusocial organization. Genome Biol 16(1):76.

Sahoo PK, Kar B, Mohapatra A, Mohanty J. 2013. De novo whole transcriptome analysis of the fish louse,
Argulus siamensis: first molecular insights into characterization of Toll downstream signalling
molecules of crustaceans. Exp Parasitol 135(3):629-41.

Sakamoto K, Hisatomi O, Tokunaga F, Eguchi E. 1996. Two opsins from the compound eye of the crab
Hemigrapsus sanguineus. ) Exp Biol 199(2):441-50.

Salcedo E, Huber A, Henrich S, Chadwell LV, Chou WH, Paulsen R, Britt SG. 1999. Blue- and green-
absorbing visual pigments of Drosophila: ectopic expression and physiological characterization of
the R8 photoreceptor cell-specific Rh5 and Rh6 rhodopsins. J Neurosci 19(24):10716-26.

Scavarda NJ, O'Tousa J, Pak WL. 1983. Drosophila locus with gene-dosage effects on rhodopsin. Proc Natl
Acad Sci U S A 80(14):4441-5.

Schmeling F, Wakakuwa M, Tegtmeier J, Kinoshita M, Bockhorst T, Arikawa K, Homberg U. 2014. Opsin
expression, physiological characterization and identification of photoreceptor cells in the dorsal
rim area and main retina of the desert locust, Schistocerca gregaria. ) Exp Biol 217:3557-68.

Schmitt A, Vogt A, Friedmann K, Paulsen R, Huber A. 2005. Rhodopsin patterning in central
photoreceptor cells of the blowfly Calliphora vicina: cloning and characterization of Calliphora
rhodopsins Rh3, Rh5 and Rh6. J Exp Biol 208:1247-56.

Scott JG, Warren WC, Beukeboom LW, Bopp D, Clark AG, Giers SD, Hediger M, Jones AK, Kasai S, Leichter
CA, et al. 2014. Genome of the house fly, Musca domestica L., a global vector of diseases with
adaptations to a septic environment. Genome Biol 15(10):466.

Skorupski P, Chittka L. 2010. Photoreceptor spectral sensitivity in the bumblebee, Bombus impatiens
(Hymenoptera: Apidae). PLoS One 5(8):€12049.

Smith KC, Macagno ER. 1990. UV photoreceptors in the compound eye of Daphnia magna (Crustacea,
Branchiopoda). A fourth spectral class in single ommatidia. J Comp Physiol A 166(5):597-606.

Smith WC, Price DA, Greenberg RM, Battelle BA. 1993. Opsins from the lateral eyes and ocelli of the
horseshoe crab, Limulus polyphemus. Proc Natl Acad Sci U S A 90(13):6150-4.

[23 of 25]



Smola U, Meffert P. 1979. The spectral sensitivity of the visual cells R7 and R8 in the eye of the blowfly
Calliphora erythrocephala. ) Comp Physiol A 133:41-52.

Spaethe J, Briscoe A. 2004. Early duplication and functional diversification of the opsin gene family in
insects. Mol Biol Evol 21(8):1583-94.

Spaethe J, Briscoe AD. 2005. Molecular characterization and expression of the UV opsin in bumblebees:
three ommatidial subtypes in the retina and a new photoreceptor organ in the lamina. J Exp Biol
208(12):2347-61.

Speiser DI, Pankey MS, Zaharoff AK, Battelle BA, Bracken-Grissom HD, Breinholt JW, Bybee SM, Cronin
TW, Garm A, Lindgren AR, et al. 2014. Using phylogenetically-informed annotation (PIA) to
search for light-interacting genes in transcriptomes from non-model organisms. BMC
Bioinformatics 15(1):350.

Sprecher SG, Desplan C. 2008. Switch of rhodopsin expression in terminally differentiated Drosophila
sensory neurons. Nature 454(7203):533-7.

Sprecher SG, Pichaud F, Desplan C. 2007. Adult and larval photoreceptors use different mechanisms to
specify the same Rhodopsin fates. Genes Dev 21(17):2182-95.

Struwe G. 1972a. Spectral sensitivity of single photoreceptors in the compound eye of a tropical butterfly
(Heliconius numata) J Comp Physiol 79:197-201.

Struwe G. 1972b. Spectral sensitivity of the compound eye in butterflies (Heliconius) J Comp Physiol
79(2):191-6.

Tanaka G. 2005. Morphological design and fossil record of the podocopid ostracod naupliar eye.
Hydrobiologia 358:231-42.

Taylor SD, de la Cruz KD, Porter ML, Whiting MF. 2005. Characterization of the long-wavelength opsin
from Mecoptera and Siphonaptera: Does a flea see? Mol Biol Evol 22(5):1165-74.

To Y, Tominaga Y, Kuwabara M. 1971. The fine structure of the dorsal ocellus of the fleshfly. J Electron
Microsc (Tokyo) 20(1):53-66.

Townson SM, Chang BS, Salcedo E, Chadwell LV, Pierce NE, Britt SG. 1998. Honeybee blue- and
ultraviolet-sensitive opsins: cloning, heterologous expression in Drosophila, and physiological
characterization. J Neurosci 18(7):2412-22.

Tsukagoshi A, Okada R, Horne DJ. 2006. Appendage homologies and the first record of eyes in platycopid
ostracods, with the description of a new species of Keijcyoidea (Crustacea: Ostracoda) from
Japan. Hydrobiologia 559(1):255-74.

Tuxen SL. 1931. Monographie der Proturen. I. Morphologie. Nebst Bemerkungen (ber Systematik und
Okologie. Z Morph Okol Tiere 22(2-3):671-720.

Vaissiére R. 1961. Morphologie et histologie comparées des yeux des crustacés copépodes. Archives de
zoologie expérimentale et générale 100:1-126.

Wakakuwa M, Kurasawa M, Giurfa M, Arikawa K. 2005. Spectral heterogeneity of honeybee ommatidia.
Naturwissenschaften 92(10):464-7.

Wang B, Xiao JH, Bian SN, Niu LM, Murphy RW, Huang DW. 2013. Evolution and expression plasticity of
opsin genes in a fig pollinator, Ceratosolen solmsi. PLoS One 8(1):e53907.

Warrant EJ, Kelber A, Wallen R, Wcislo WT. 2006. Ocellar optics in nocturnal and diurnal bees and wasps.
Arthropod Struct Dev 35(4):293-305.

Weber G, Renner M. 1976. The ocellus of the cockroach, Periplaneta americana (Blattariae): receptory
area. Cell Tissue Res 168(2):209-22.

Wei Y, Hua B. 2011. Ultrastructural comparison of the ocelli of Sinopanorpa tincta and Bittacus planus
(Mecoptera). Microsc Res Tech 74(6):502-11.

Velarde RA, Sauer CD, Walden KKO, Fahrbach SE, Robertson HM. 2005. Pteropsin: a vertebrate-like non-
visual opsin expressed in the honey bee brain. Insect Biochem Mol Biol 35(12):1367-77.

[24 of 25]



White RH, Brown PK, Hurley AK, Bennett RR. 1983. Rhodopsins, retinula cell ultrastructure, and receptor
potentials in the developing pupal eye of the moth Manduca sexta. J Comp Physiol A 150(2):153-
63.

White RH, Xu H, Munch TA, Bennett RR, Grable EA. 2003. The retina of Manduca sexta: rhodopsin
expression, the mosaic of green-, blue- and UV-sensitive photoreceptors, and regional
specialization. J Exp Biol 206:3337-48.

Wigglesworth VB. 1941. The sensory physiology of the human louse Pediculus humanus corporis de Geer
(Anoplura). Parasitology 2:67-109.

Wilson M. 1978. Functional organization of locust ocelli. ) Comp Physiol A 124(4):297-316.

Wipfler B, Machida R, Miiller B, Beutel RG. 2011. On the head morphology of Grylloblattodea (Insecta)
and the systematic position of the order, with a new nomenclature for the head muscles of
Dicondylia. Syst Entomol 36:241-66.

von Reumont BM, Jenner RA, Blanke A, Richter S, Alvarez F, Bleidorn C. 2014. The first venomous
crustacean revealed by transcriptomics and functional morphology: remipede venom glands
express a unique toxin cocktail dominated by enzymes and a neurotoxin. Mol Biol Evol 31(1):48-
58.

Yasuyama K, Meinertzhagen IA. 1999. Extraretinal photoreceptors at the compound eye's posterior
margin in Drosophila melanogaster. ) Comp Neurol 412(2):193-202.

Zaccardi G, Kelber A, Sison-Mangus MP, Briscoe AD. 2006. Color discrimination in the red range with only
one long-wavelength sensitive opsin. J Exp Biol 209(10):1944-55.

Zufall F, Schmitt M, Menzel R. 1989. Spectral and polarized-light sensitivity of photoreceptors in the
compound eye of the cricket (Gryllus bimaculatus). ) Comp Physiol A 164(5):597-608.

Zuker CS, Cowman AF, Rubin GM. 1985. Isolation and structure of a rhodopsin gene from D.
melanogaster. Cell 40(4):851-8.

Zuker CS, Mismer D, Hardy R, Rubin GM. 1988. Ectopic expression of a minor Drosophila opsin in the
major photoreceptor cell class: distinguishing the role of primary receptor and cellular context.
Cell 53(3):475-82.

Zuker CS, Montell C, Jones K, Laverty T, Rubin GM. 1987. A rhodopsin gene expressed in photoreceptor
cell R7 of the Drosophila eye: homologies with other signal-transducing molecules. J Neurosci
7(5):1550-7.

[25 of 25]





