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Abstract

Multiple visual pigments, prerequisites for color vision, are found in arthropods, but the evolutionary origin of their diversity
remains obscure. In this study, we explore the opsin genes in five distantly related species of Onychophora, using deep
transcriptome sequencing and screening approaches. Surprisingly, our data reveal the presence of only one opsin gene (ony-
chopsin) in each onychophoran species, and our behavioral experiments indicate a maximum sensitivity of onychopsin to blue–
green light. In our phylogenetic analyses, the onychopsins represent the sister group to the monophyletic clade of visual r-opsins
of arthropods. These results concur with phylogenomic support for the sister-group status of the Onychophora and Arthropoda
and provide evidence for monochromatic vision in velvet worms and in the last common ancestor of Onychophora and
Arthropoda. We conclude that the diversification of visual pigments and color vision evolved in arthropods, along with the
evolution of compound eyes—one of the most sophisticated visual systems known.
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Introduction
Opsins are specialized proteins that play a major role in
animal vision (Shichida and Imai 1998; Shichida and
Matsuyama 2009; review Porter et al. 2012). Evolutionary
changes in protein structure may affect the photosensitivity
of visual pigments to different wavelengths, thus altering
visual perception. Monochromatic vision is present when
only one opsin molecule is involved, whereas multiple
visual pigments are necessary for color vision (Shichida and
Imai 1998; Briscoe and Chittka 2001). Color vision has been
reported from two distantly related major animal groups:
vertebrates and arthropods. Although vertebrates and arthro-
pods have inherited ciliary opsins (c-opsins) and rhabdomeric
opsins (r-opsins) from their last common ancestor, verte-
brates mainly use c-opsins in the photoreceptors of their
eyes, whereas arthropods use r-opsins (Arendt and
Wittbrodt 2001; Arendt 2003; Plachetzki et al. 2007;
Vopalensky and Kozmik 2009).

Previous studies revealed a remarkable diversity of r-opsins
among arthropods (e.g., Briscoe 2000; Porter et al. 2007;
Koyanagi et al. 2008; Kashiyama et al. 2009; Katti et al.
2010). These comprise up to four paralogous groups charac-
terized by their sensitivity to different wavelengths of light,

including long (green–yellow), middle (blue–green), short
(blue), and ultraviolet wavelengths. The phylogenetic origin
of these paralogous groups remains uncertain as they might
have evolved from a single ancestral arthropod visual opsin
gene (Plachetzki et al. 2007) or, alternatively, their divergence
might have preceded the evolution of arthropods (Koyanagi
et al. 2008; Kashiyama et al. 2009). To decide between these
two alternative hypotheses and to clarify the evolution of
visual pigments in arthropods, we identified and analyzed
the functional opsins in Onychophora, which recent, com-
prehensive, phylogenomic studies place as the sister group of
Arthropoda (Campbell et al. 2011; Edgecombe et al. 2011). In
addition, we carried out behavioral experiments to explore
the response to light in these animals, which might have
retained the ancestral type of visual organs when compared
with arthropods (Mayer 2006).

In contrast to most arthropods, which show two visual
systems (median ocelli and compound eyes), onychophorans
bear only one pair of ocellus-like structures resembling
the eyes of Early Cambrian lobopodians (Mayer 2006;
Schoenemann et al. 2009). Notably, the onychophoran eyes
are simple structures that are innervated by the central part of
the brain, although they lie laterally on the head (Mayer 2006;
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Strausfeld, Strausfeld, Loesel, et al. 2006; Strausfeld, Strausfeld,
Stowe, et al. 2006). The structure, development, and innerva-
tion pattern of the onychophoran eyes suggest that they are
homologous to the median ocelli rather than to the com-
pound eyes of arthropods (Mayer 2006; Schoenemann et al.
2009; Lehmann et al. 2012; but see Ma et al. 2012 for an
opposed view). Thus, the study of opsin genes in these
visual organs might shed light on the evolutionary history
of vision in arthropods.

Materials and Methods

Library Preparation and Sequencing Procedure

Specimens of five onychophoran species, including three spe-
cies of Peripatopsidae (Euperipatoides rowelli, Phallocephale
tallagandensis, and Ooperipatus hispidus) and two species of
Peripatidae (Epiperipatus cf. isthmicola, and Eoperipatus sp.)
were obtained as described by Baer and Mayer (2012). Total
RNA was extracted separately from different tissues, including
eyes, heads, entire specimens, and different embryonic stages,
using the TRIzol� Reagent (Invitrogen, Carlsbad, CA) and the
RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s protocols. Double-stranded
complementary DNA was prepared following Illumina’s mes-
senger RNA (mRNA)-seq sample preparation guide (Part
#1004898 Rev. D). Briefly, mRNA was isolated from total
RNA using Dynal oligo(dT) beads (Invitrogen) and frag-
mented (ca., 200 bp) using divalent cationic ions. First-
strand synthesis was performed with random hexamer pri-
mers, using Superscript II polymerase (Invitrogen).
Subsequent second-strand synthesis was carried out with
DNA Pol I polymerase (Invitrogen). Starting at the blunt
end repair step, multiplex sequencing libraries were prepared
following the multiplex protocol of Meyer and Kircher (2010),
with modifications for double indexing described in Kircher
et al. (2012). These libraries were sequenced according to the
manufacturer’s instructions for single-read multiplex experi-
ments with 76 cycles paired end on the Genome Analyzer IIx
platform (v4 sequencing chemistry and v4 cluster generation
kit; Illumina, San Diego, CA). A second index read was per-
formed as described in Kircher et al. (2012). Raw sequences
were analyzed with IBIS 1.1.2 (Kircher et al. 2009). For highly
accurate sample identification, sequences with falsely paired
indexes were discarded. Paired-end reads from a single cluster
were merged, if at least 11 bp were overlapping (Kircher et al.
2011). Reads with low complexity were removed. As it has
been shown that read quality can have a strong impact on
sequence assemblies (Minoche et al. 2011; Salzberg et al.
2012), we used different filtering strategies for our raw data.
For each library from the five species, we trimmed the
Illumina raw data at three different levels of stringency
(Filter15: reads with more than five bases below a quality
score of 15 were removed; Filter30: reads with less than 20
bases in a row with a quality score of at least 30 were removed;
Filter25: same as Filter30 but the threshold value was set to 25
to keep as many high-quality reads as possible, 63–89% com-
pared with Filter15). This was done to deal with the tradeoff
between the quality and quantity of reads as we lost many

reads (51–90% compared with Filter15) by using the very
stringent Filter30, which thus might have led to a loss of
lowly expressed genes (supplementary table S1,
Supplementary Material online). The distribution of average
read quality scores and the base-quality distribution among
the base positions for each filter and library indicate an in-
creasing quality with trim stringency (supplementary figs. S1
and S2, Supplementary Material online). For all libraries and
filters described, sequence reads were assembled de novo
using the CLC Genomics Workbench 5.1 (CLC bio, Aarhus,
Denmark) with the following parameters: mismatch cost 3;
insertion cost 3; deletion cost 3; length fraction 0.5; similarity
fraction 0.8; minimum contig length 200; automatic word
size; automatic bubble size; and contig adjustment by
mapped reads (supplementary table S1, Supplementary
Material online).

Extensive Basic Local Alignment Search Tool/HMMER
Searches for Candidate Contigs

Two different approaches were used to search for candidate
contigs in the assemblies (fig. 1). First, tBLASTn/BLASTP
searches (Altschul et al. 1997) of 20 representatives from
each major clade of opsins were performed, including the
five onychopsins as reciprocal BLAST searches. All hits with
an e value� 1e-20 were stored (335 hits in total). Second, the
software package HMMER v3.0 (http://hmmer.org) was used
to scan for additional candidates. Therefore, we built
hmmprofiles for each of the eight major clades of opsins
(cnidopsins, vertebrate c-opsins, arthropod pteropsins,
Group 4 opsins, arthropsins, melanopsins, nonarthropod
r-opsins, and arthropod visual r-opsins), plus onychopsins
(for GenBank accession numbers for BLAST reference se-
quences and for accession numbers of references used to
build hmmprofiles, see supplementary table S2,
Supplementary Material online). All HMMER hits with an e
value� 1e-30 (470 hits in total), and all BLAST hits recovered
as described above were used for further analyses. After re-
moving redundant hits, 98 unique contigs were used as a
query for reciprocal BLAST searches against the nr/nt data-
base of GenBank, and the best hit for each query sequence
was stored (38 unique GenBank entries). These 38 unique
GenBank hits, the 98 unique candidate contigs from the on-
ychophoran transcriptomes, and all references used as queries
for the initial BLAST searches and to build the hmmprofiles
were aligned with MAFFT (Katoh et al. 2002) (253 sequences
in total; supplementary table S2, Supplementary Material
online) and a maximum likelihood analysis was performed
using RAxML v7.2.8 (Stamatakis 2006) to reveal the phyloge-
netic position of each candidate contig (supplementary
fig. S3, Supplementary Material online).

Phylogenetic Analyses

The amino acid sequences of the onychopsins (GenBank:
JN661372, JN661373, JQ780371, JQ780372 and JQ780373)
were aligned with 251 representative sequences of visual
and nonvisual opsins from other bilaterian taxa and
G-protein-coupled receptor sequences other than opsins,
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which are commonly used as outgroups in studies of opsin
evolution (e.g., Porter et al. 2007; Suga et al. 2008;
Passamaneck et al. 2011; Porter et al. 2012), using the
FFT-NS-i option in MAFFT (Katoh et al. 2002). The alignment
is available on request. ProtTest3 (Darriba et al. 2011) was
applied to select the best-fit model of protein evolution
(LG+I+G+F) according to the Akaike Information Criterion
(AIC; Akaike 1973). The Pthread-Version of RAxML v7.2.8
(Stamatakis 2006) was used to infer the maximum likelihood
tree (fig. 2 and supplementary fig. S4, Supplementary Material
online). Bootstrap support values were estimated from 1,000
replicates. Bayesian inference analyses were performed using
MrBayes 3.1.2 (Ronquist and Huelsenbeck 2003) with two
independent runs of 5,000,000 generations and four chains
each. As the LG model is unavailable in MrBayes 3.1.2, we used
the next best-fit model (WAG+I+G) according to AIC de-
rived by ProtTest3. Trees were sampled every 100 generations.
After convergence of chains, indicated by deviation of split
frequencies below 5%, we discarded the first 15,050 trees as
burn-in. The remaining 34,951 trees were used to calculate a
50% majority rule consensus tree. The frequency at which a
clade occurred among this sampling of trees was interpreted
as its posterior probability (fig. 2 and supplementary fig. S5,
Supplementary Material online). All phylogenetic trees were
visualized and edited with iTOL (Letunic and Bork 2011).

Animals in Behavioral Experiments

Male specimens of Epiperipatus cf. isthmicola (Onychophora,
Peripatidae) were maintained at 24�C under a 14 h:10 h light–
dark cycle with a 30 min dawn and dusk period. Eleven speci-
mens of 3.5–6 cm body length (head to tail) were tested
during their night period. All of them were kept in the dark
for at least 30 min before an experiment started.

Spectral Sensitivity of Negative Phototaxis

Tests were performed in darkness in a circular arena with a
diameter of 45 cm and a circular wall (12 cm in height) cov-
ered with black velvet. The floor of the arena was made of
matt laminated black paper with concentric red circles
(fig. 3A). An infrared floodlight illuminated the scene for an
infrared-sensitive camera (Sony HDR-CX11E, equipped with a
Kenko Wide Conversion Lens 0.42x KCW-042) mounted
58 cm above the center of the arena. Quasi-monochromatic
stimuli were produced by passing bright white light of a
450 W xenon arc lamp through one of six narrowband inter-
ference filters (Balzers AG) transmitting ultraviolet (363 nm
center wavelength, 17 nm bandwidth at half maximum), blue
(437 nm, 9 nm), green (550 nm, 9 nm), yellow (586 nm,
11 nm), orange (624, 8 nm) and red wavelengths (664 nm,
12 nm), respectively. The light beam was focused into a flex-
ible UV-VIS-transmitting light guide, the far end of which was
positioned at an angle of 56� on the rim of the arena. It
provided an elliptical light spot of 9� 11 cm diameter on
and in front of the animal when a shutter was opened
(fig. 3A and supplementary movie S1, Supplementary
Material online). The intensity of the stimulus was adjusted
by neutral density filters (Balzers AG), so that the number of
quanta at the position of the head of the animal was 1013

quanta cm�2 s�2 for all wavelengths.
An individual was placed in the center of the arena in a

container. When the lid was lifted, the animal was allowed
to walk into any direction. As soon as it crossed the circle
of 15 cm diameter, the light stimulus of one of six wave-
lengths was turned on. No light stimulus was presented in
the control trials. After each trial, the floor of the arena was
rinsed to eliminate any chemical trail possibly left by an
animal.

Based on the video sequences filmed with the
infrared-sensitive camera, the walking path of each individual
was reconstructed using its head as a reference. The
strength of negative phototaxis was measured as the abso-
lute angular difference between the walking direction over
2.5 cm before and after stimulus onset (arrowed white arc in
fig. 3A). Runs in which animals turned anticlockwise were
mirrored on the 0�–180� axis, resulting in apparent clockwise
turns for all animals. Following the recommendation of
Batschelet (1981) for the analyses of angular deviations rang-
ing from 0� to 180�, linear statistics were used to evaluate the
data.

Extraocular Photosensitivity

Animals were tested using the setup described above without
filters in the light path. In darkness, an individual was placed
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FIG. 1. Outline of the search pipeline used in this study to identify
putative opsin genes in our datasets. We used BLAST (Altschul et al.
1997), HMMER v3.0 (http://hmmer.org), and customized Perl scripts
(for reference sequences, see supplementary table S2, Supplementary
Material online).
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in the center of the arena. A black cardboard box with a small
opening for the body profile was placed over the frontal half
of the animal to prevent light stimuli from reaching the eyes.
In tests, the animal’s rear half was illuminated by bright white
light (>1014 quanta cm�2 s�2) from the xenon arc lamp by
the UV-VIS-transmitting light guide. In controls, no light was
presented. All experiments were recorded with an infrared-
sensitive camera. The time the animal took to retract com-
pletely into the cardboard box was obtained from the video
sequences and used as a measure for a possible light reaction
mediated by extraocular photoreceptors.

Results and Discussion

Deep Transcriptome Sequencing Reveals a Single
Opsin Gene in Onychophora

To determine the number and type of opsins in
Onychophora, we performed deep transcriptome sequencing
of dissected eyes and heads from specimens of the two major
onychophoran subgroups, Peripatidae and Peripatopsidae,
which diverged before the break-up of Gondwana over 175
million years ago (Allwood et al. 2010). We analyzed libraries
from various embryonic stages and several adult tissues,
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FIG. 2. Maximum likelihood tree of opsin subfamilies and position of the onychophoran opsin (onychopsin). Selected bootstrap values (1,000 replicates)
from a ML-analysis using RAxML v7.2.8 (Stamatakis 2006) under the LG+I+G+F model of amino acid sequence evolution and posterior probabilities of
Bayesian inference (Bpp) under the WAG+I+G model are provided at major nodes (ML/Bpp). G-protein-coupled receptor sequences other than opsins
were used as outgroups. Asterisk indicates the position of an uncharacterized opsin from amphioxus, which forms the sister group to the enigmatic
“arthropsins” with unknown function found in the genome of Daphnia pulex (water flea) (Colbourne et al. 2011). Group 4 opsins represent a mixed
assemblage of RGRs, peropsins, and neuropsins, following the classification of Porter et al. (2012). Scale bar represents the number of substitutions per
site. For a detailed version of the tree, with all taxon names, node support values, and GenBank accession numbers, see supplementary figures S4 and S5,
Supplementary Material online.

3454

Hering et al. . doi:10.1093/molbev/mss148 MBE
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/29/11/3451/1149194 by guest on 16 August 2022

http://mbe.oxfordjournals.org/cgi/content/full/mss148/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss148/DC1
http://mbe.oxfordjournals.org/cgi/content/full/mss148/DC1


including “eyes-only” libraries from two onychophoran spe-
cies (Euperipatoides rowelli, Epiperipatus cf. isthmicola) and
head libraries from three additional onychophoran species
(Phallocephale tallagandensis, Ooperipatus hispidus, and
Eoperipatus sp.). Altogether, for the deepest datasets (using
Filter15), we assembled 123,903,469 sequence reads from
Euperipatoides rowelli (�9.27 GB in total), 119,130,093 reads
from Epiperipatus cf. isthmicola (�8.92 GB), 32,101,553 reads
from Phallocephale tallagandensis (�2.44 GB), 33,827,778
reads from Ooperipatus hispidus (�2.57 GB), and 40,075,118
reads from Eoperipatus sp. (�3.04 GB). Moreover, we
trimmed the raw data at two additional levels of stringency
(Filter25, Filter30) to maximize the probability of detecting all
expressed opsin genes in our transcriptome libraries (supple-
mentary table S1, Supplementary Material online) as the read
quality can be crucial for the assembly and read mapping
(Minoche et al. 2011; Salzberg et al. 2012).

Using our deep sequencing approach, including adult and
embryonic stages, we identified a single r-opsin ortholog
(“onychopsin”; GenBank: JN661372, JN661373, JQ780371,
JQ780372 and JQ780373) in each species studied. Notably,
there is no evidence of other opsin genes or related receptors,
such as “retinal G-protein coupled receptors” (RGRs), perop-
sins, neuropsins (Group 4 opsins sensu Porter et al. 2012), or
c-type opsins, neither in the flat-filtered dataset (Filter15) nor
in the more stringent filtered datasets (Filter25 and Filter30),
in any of the five onychophoran species studied.
Unfortunately, the onychophoran genomes are difficult to
access for opsin screening because of their size (around
twice the human genome; http://www.genomesize.com).
However, irrespective of whether additional, nonfunctional
opsins are present in the onychophoran genome, our deep
sequencing approach and careful screening for opsin tran-
scripts suggest that only a single opsin protein is expressed
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FIG. 3. Negative phototaxis in the onychophoran Epiperipatus cf. isthmicola in response to monochromatic light. (A) Example path (white line) of an
animal released in the center of the circular arena and stimulated with green light, as seen from above. The strength of negative phototaxis was
measured as the angular deviation of the animal (arrowed white arc) from its original moving direction 2.5 cm after stimulus onset. (B–H) Triangles
show the absolute value of the angular deviation of 11 individuals in control runs (no light) and after exposure to ultraviolet, blue, green, yellow, orange,
or red light. The solid black line denotes the median and the arc the interquartile range of the results.
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in each onychophoran species studied. Taken together, these
findings indicate a function of the identified opsins in vision,
whereas they provide no evidence of additional functional
opsin genes in Onychophora.

Phylogenetic Analyses Suggest Extensive
Diversification of Visual r-Opsins in the Arthropod
Lineage

Our results raise the question of whether only a single visual
pigment was present in the last common ancestor of
Onychophora and Arthropoda or, alternatively, whether the
ancestral set of multiple opsin genes was reduced secondarily
in Onychophora. To decide between these two alternatives,
we performed a phylogenetic analysis of various opsin se-
quences from onychophorans, arthropods, and other bilater-
ian taxa. The obtained topology reveals strong support for the
sister group relationship of the onychopsins with the visual
r-opsins of arthropods (fig. 2 and supplementary figs. S3–S5,
Supplementary Material online). The onychopsins and the
visual arthropod r-opsins form two well-supported, recipro-
cally monophyletic sister clades. This is an important result for
two reasons. First, reciprocal monophyly of these genes sup-
ports the sister-group status of the Onychophora and
Arthropoda, a relationship that, although widely accepted,
has been challenged (Ballard et al. 1992; Strausfeld,
Strausfeld, Loesel, et al. 2006). We regard the alternative hy-
pothesis of loss of one or more r-opsin gene copies in ony-
chophorans to be unlikely as this would predict that the
onychopsin sequence should be nested within the visual
r-opsin clade from arthropods. Second, it is indicative of an
extensive diversification of the r-opsin gene family in arthro-
pods, following their divergence from Onychophora.

Behavioral Experiments Indicate Maximum Sensitivity
of the Onychopsin to Blue–Green Light

To assess the spectral sensitivity of the onychopsin, we per-
formed behavioral experiments exploiting the negative pho-
totaxis of onychophorans (fig. 3A–H and supplementary
movie S1, Supplementary Material online) (Monge-Nájera
et al. 1993). Specimens of Epiperipatus cf. isthmicola react
to monochromatic light of 363 nm (ultraviolet), 437 nm
(blue to the human eye), 550 nm (green), and 586 nm
(yellow) by significantly changing their walking direction
(fig. 3C–F). In response to light of 624 nm (orange) and
664 nm (red), they continue walking straight, as in controls
without light (fig. 3B, G, and H), thus indicating that they are
unable to detect light of these long wavelengths (n = 11, p363,
p437, p550 and p586< 0.05, p624 = 0.564 and p664 = 0.984,
Wilcoxon signed-rank tests with Dunn-Sidák correction for
multiple comparisons). This finding is consistent with previ-
ous observations that onychophorans did not avoid dim red
light, in contrast to daylight (Manton 1938; Alexander 1957;
Hendrickson 1957). We can rule out that our animals avoided
heat instead of light, because heat radiation was blocked by
the narrowband interference filters we used to produce the
monochromatic stimuli.

In a second set of experiments, we exclude that negative
phototaxis in Epiperipatus cf. isthmicola is mediated by extra-
ocular photoreceptors, such as LITE-1 (Edwards et al. 2008;
Ward et al. 2008; Liu et al. 2010; Xiang et al. 2010). If the rear
half of an animal is illuminated by bright white light, whereas
the frontal half of the animal is shielded from light by a black
cardboard box, the animal does not retract more quickly into
the cardboard box than in controls, which were performed in
complete darkness (n = 11; mean� standard deviation of re-
traction time: 38.6� 33.5 s in tests and 36.0� 22.3 s in con-
trols; no significant difference: paired t-test: t10 = 0.31,
P = 0.77). In our experiments, the light intensities were
lower than those used to study extraocular photoreception
in Drosophila melanogaster (Xiang et al. 2010) and
Caenorhabditis elegans (Ward et al. 2008). The intensities in
these studies killed the animals after a few minutes. However,
our white light stimulus was brighter (comprised more
quanta) at any wavelength than the monochromatic stimuli
in the behavioral experiments described above, that is,
it should have elicited negative phototaxis if extraocular pho-
toreceptors were involved. Moreover, neither putative lite-1
nor Gr28b homologs, members of the gustatory receptor (Gr)
family which are required for extraocular phototransduction
in Caenorhabditis elegans and Drosophila melanogaster
(Edwards et al. 2008; Liu et al. 2010; Xiang et al. 2010), are
present in our transcriptome libraries, again providing no
evidence of extraocular photodetection in the onychophoran
species studied.

Considering the spectral sensitivity of negative phototaxis
in Epiperipatus cf. isthmicola and the finding of only one ex-
pressed opsin in all five onychophoran species studied, we
estimate that the onychopsin-based visual pigment of
Epiperipatus cf. isthmicola is maximally sensitive to blue–
green light (fig. 4). We use an established pigment absorbance
template (Stavenga et al. 1993) and refer to conservative be-
havioral thresholds for this assessment. The animals showed
negative phototaxis at 586 nm but not at 624 nm. If we sup-
pose that the visual pigment still has 1% of its maximal ab-
sorbance at 586 nm, we obtain a lower limit for the peak
absorbance at 481 nm; 1% is an arbitrary value for a behavioral
threshold, but even a threshold of 0.01% does not shift the
lower limit below 450 nm (i.e., it is still in the blue spectral
range). The animals responded to 363 nm but not to 624 nm.
A conservative estimate of the upper limit can thus be ob-
tained by assuming that the absorbance of the visual pigment
at 624 nm must be lower than at 363 nm. That way we receive
481 nm and 556 nm as conservative estimates for the lower
and upper limits of the peak absorbance (fig. 4). The scatter in
the behavioral response of the animals does not allow us to
detect gradual differences in the sensitivity of the pigment
across its absorption range from the ultraviolet to �600 nm
(fig. 4). For this purpose, electrophysiological recordings will
be necessary. However, it is unlikely that the detected opsins
belong to an ultraviolet opsin clade. It has been demonstrated
previously that the presence of a lysine (K) amino acid at the
position homologous to G90 of the bovine rhodopsin
(Palczewski et al. 2000) is a prerequisite for ultraviolet-tuning
properties of arthropod opsins: this is the case in all UV-opsins
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of arthropods studied thus far (Salcedo et al. 2003; Koyanagi
et al. 2008; Kashiyama et al. 2009). In accordance with the
behavioral results, our sequence data suggest that the identi-
fied onychopsins might not form visual pigments maximally
sensitive to ultraviolet light as they have asparagine (N) in-
stead of lysine (K) at this position (supplementary fig. S6,
Supplementary Material online).

Evidence for Monochromatic Vision in the Arthropod
Lineage

Taken together, our molecular data support the assumption
of monochromatic vision in Onychophora, and our behav-
ioral data indicate a maximum sensitivity of the onychopsin
to blue–green light. On the basis of our analyses, we suggest
that the last common ancestor of Onychophora and
Arthropoda possessed only one visual opsin gene and that
the duplication and subsequent diversification of r-opsins
(e.g., Briscoe 2000; Porter et al. 2007; Koyanagi et al. 2008;
review Porter et al. 2012) occurred in arthropods, after their
divergence from Onychophora. Thus, the origin of the mul-
tiple arthropod visual pigments and color vision corresponds
with the evolution of compound eyes, which evolved in the
arthropod lineage (Mayer 2006; Paterson et al. 2011). It also
follows that the Cambrian stem-lineage (pan)arthropods
without compound eyes, such as Miraluolishania haikouensis
(Schoenemann et al. 2009; Legg et al. 2011), had no color
vision.

Supplementary Material
Supplementary tables S1 and S2, figures S1–S6, and movie S1
are available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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