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Abstract

Genes underlying signal reception should evolve to maximize signal detection in a particular
environment. In animals, opsins, the protein component of visual pigments, are predicted to evolve
according to this expectation. Fireflies are known for their bioluminescent mating signals. The
eyes of nocturnal species are expected to maximize detection of conspecific signal colors emitted
in the typical low-light environment. This is not expected for species that have transitioned to
diurnal activity in bright daytime environments. Here we test the hypothesis that opsin gene
sequence plays a role in modifying firefly eye spectral sensitivity. We use genome and
transcriptome sequencing in four firefly species, transcriptome sequencing in six additional
species, and targeted gene sequencing in 28 other species to identify all opsin genes present in
North American fireflies and to elucidate amino acid sites under positive selection. We also
determine whether amino acid substitutions in opsins are linked to evolutionary changes in signal
mode, signal color, and light environment. We find only two opsins, one long wavelength and one
ultraviolet, in all firefly species and identify 25 candidate sites that may be involved in
determining spectral sensitivity. In addition, we find elevated rates of evolution at transitions to
diurnal activity, and changes in selective constraint on LW opsin associated with changes in light
environment. Our results suggest that changes in eye spectral sensitivity are at least partially due
to opsin sequence. Fireflies continue to be a promising system in which to investigate the
evolution of signals, receptors, and signaling environments.
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Introduction

The diversity of visual signals in nature is a long-standing enigma in evolutionary biology.
Natural selection favors signals and receptors that maximize the detection of signals against
environmental “noise”, leading to the expectation that signals, receptors, and the
environments in which signals are displayed will be evolutionarily linked, a process known
as “sensory drive” (Endler 1992). One prediction of this framework, as applied to visual
signals, is that visual receptors will be “tuned” to best detect signals in a specific light
environment. This “spectral tuning” hypothesis can be extended to the genes underlying
reception, generating the prediction that genes involved in tuning vision should evolve in
response to selection pressure from signals, light environments, or both.

Vision in most animals is mediated by opsin proteins in the eye. Opsins are signaling
proteins that contain a conserved lysine residue which binds a vitamin A-derived
chromophore that is required for light absorption (Palczewski et al. 2000). An opsin with a
bound chromophore, collectively termed a visual pigment, maximally absorbs light at a
particular wavelength, Anax (Yokoyama 2008). Differences in opsin amino acid sequence
and/or chromophore type can change Amax (Yokoyama 2000). Amino acid sites in the opsin
at which changes in sequence alter Amax are generally located in regions that interact with
the chromophore, termed the chromophore binding pocket (Wilkie et al. 2000).

The range of wavelengths that an organism can detect is affected by opsin copy number.
Many animal lineages have several visual opsin paralogs that are classified based on the
wavelengths of light they detect. For example, the common ancestor of all insects is thought
to have contained three visual opsins, one sensitive to long wavelengths (LW; Amax from
600 to 480 nm), one sensitive to blue wavelengths (B; Amax from 480 nm to 400 nm), and
one sensitive to ultraviolet wavelengths (UV; Amax from 400 to 300 nm)(Briscoe & Chittka
2001). Selection on visual spectral sensitivity may affect both the number of opsin paralogs
and their peak sensitivities. For example, nocturnal, cave-dwelling, and low-light-living
species tend to show reduced selective constraint on or the loss-of-function of one or more
opsin copies (e.g. beetles: Jackowska et al. 2007; flying squirrels: Carvalho et al. 2006).

Fireflies are a diverse, globe-spanning family of beetles that allow for testing of the
associations between signals, light environments, and visual receptor evolution (e.g. Biggley
et al. 1967; Lall, Seliger et al. 1980). This family includes many species renowned for their
nocturnal lighted mating displays. Generally, flying males flash to stationary females, who
respond with flashes of their own (Lloyd 1966). While fireflies are perhaps best known for
their species-specific variation in flash pattern (e.g. Lloyd 1966), their flashes also differ in
color, with peak emission wavelengths ranging from green (554 nm) to yellow (580 nm)
across North American species (Seliger et al. 1964; Biggley et al. 1967; Lall, Seliger, et al.
1980). Nocturnal taxa are also active at different times and in different habitats (Lloyd
1966). These conditions alter the light environment in which signals are displayed
(considered in Endler 1993; Théry et al. 2008). In addition, there are several diurnal lineages
that have independently lost adult light signals and instead use long-distance pheromones to
identify and locate mates (Stanger-Hall et al. 2007; Stanger-Hall & Lloyd 2015). Thus,
fireflies provide the opportunity to examine the evolution of signals and signal reception in
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response to changes in signal color, light environment, and signal mode (nocturnal, light
signals vs. diurnal, no light signals).

Fireflies also vary in visual reception. Previous work provided physiological evidence that
firefly vision is tuned to detect conspecific light signals with the recorded peak spectral
sensitivity closely matching the peak emission wavelength of the conspecific light signal
(Lall, Chapman, et al. 1980; Lall 1981; Lall et al. 1982; Eguchi et al. 1984; Cronin et al.
2000). These data suggested that there are three expressed opsins in fireflies: one LW, one
B, and one UV, similar to the hypothesized situation in the ancestral insect. However, this
prediction has not been supported to date—only two expressed opsins, one LW and one UV,
were found in the dusk-active Little Asian Firefly, Luciola cruciata (Oba & Kainuma 2009).

Here we examine whether there is evidence that opsin sequence and copy number contribute
to the reported spectral sensitivity of the firefly eye. To accomplish this goal we first
elucidate the molecular evolution of visual opsins across 38 species of North American
fireflies. We then test for relationships between selective constraint, amino acid sequence,
and signaling ecology in a phylogenetic context. We predict that at least three opsins, one
LW, one UV, and one B, determine the spectral sensitivity of firefly eyes. Further, we gather
evidence for the potential role of opsins in spectral tuning in several ways. (1) We develop a
set of candidate functional sites by testing for selection and constraint across the opsin
molecule. We expect to find evidence of positive selection at a subset of amino acids that
may influence Amax. (2) We examine the location of candidate sites, which we predict will
be in positions that change Amax, Specifically the chromophore binding pocket. (3) We
examine both selective constraint and amino acid sequence variation in relationship to
potential sources of selection. Positive selection and amino acid substitutions at candidate
sites should correlate with changes in signaling ecology, including ambient light, conspecific
light emissions, or both. These patterns should be most apparent between nocturnal and
diurnal taxa since these species differ the most in both signal (light signal vs. no light signal)
and light environment (night vs. day). To generate our dataset and test our predictions, we
used high-throughput RNA and genomic sequencing to identify putative opsins, and then
employed tests of selection and ancestral state reconstruction to investigate their molecular
evolutionary history.

Materials and Methods

Specimen and Data collection

Firefly specimens were caught by hand and the date, time, temperature, locality, habitat
type, and, when possible, flash pattern were recorded. Light emission spectra from 1-5
individuals per population per species were measured using a portable spectrophotometer
(Text S1). Specimens were initially identified to species by a combination of ecological,
morphological, and behavioral characteristics (Green 1956, 1957; Lloyd 1966, 1969; Fender
1966; Luk et al. 2011). To confirm species identification, genomic DNA was extracted from
legs or thorax using a DNeasy Blood and Tissue kit (QIAGEN), and 647 bp of cytochromec
oxidase | (COI) were amplified and sequenced (Stanger-Hall et al. 2007; Stanger-Hall &
Lloyd 2015).
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RNA Sequencing

We selected 10 firefly species for RNA sequencing based on taxonomic divergence,
divergence in signaling mode and emission wavelength, and the availability of specimens
(Figure 1; Table S1). Males were used since females of many species are difficult to locate
in the field. For each of the 10 species, RNA was isolated from 1-6 heads harvested during
the active period and immediately frozen in liquid nitrogen or stored in RNAlater
(LifeTechnologies). Bodies of specimens selected for RNA and genomic sequencing, and all
other specimens used in PCR amplification, were preserved in 95% ethanol at —80°C until
extraction. RNA was also isolated from the adult light organs of Photinus pyralisand
Photinus macdermotti, and from the larval light organ of Pn. pyralis based on specimen
availability.

Total RNA from all samples was extracted using Trizol (LifeTechnologies) and treated with
DNase prior to library construction. TruSeq RNA libraries (Illumina) were constructed at the
Georgia Genomics Facility (Athens, GA) with an average insert size of 150 bp. Samples
were individually barcoded and pooled before submission to BGI (Hong Kong) for 100 bp,
paired-end sequencing in one lane of lllumina HiSeq2000 v3.

Genomic Sequencing

Sequencing of genomic DNA was performed on a taxonomically diverse subset of species
(Pn. pyralis, Pn. scintillans, Pyractomena borealis, and Phausis reticulata) to determine
opsin copy number. Genomic DNA was phenol-chloroform extracted (Sambrook et al.
1989) from thorax (Pn. pyralis, Py. borealis) or whole body (Pn. scintillans, Pa. reticulata)
and treated with RNAseA before library preparation. Truseq DNA libraries (Illumina) with
an average insert size of 300 bp were constructed at the Georgia Genomics Facility before
submission to BGI for sequencing. All four species were individually barcoded, pooled, and
sequenced in one lane of Illumina HiSeq2000 v3 100 bp paired-end reads for 10x (Pn.
scintillans, Py. borealis, Pa. reticulata) and 25x (Pn. pyralis) coverage.

Opsin Identification

Following sequencing, Illumina reads were assessed for quality using FastQC v0.10.1
(Babraham Bioinformatics 2012) and then trimmed, adapters removed, and filtered for
quality using the fastgmcf program in the eautils package v1.1.2 (Aronesty 2011;
parameters: -m 13, -C 1000000, -x 0.01, -q 20, -w 4). Transcriptomes were assembled de
novo using the Trinity pipeline v20121005 with default parameters (Grabherr et al. 2011).
Candidate opsin transcripts were identified by querying the previously published amino acid
sequences of L. cruciata opsins (GenBank: LW, AB300328; UV, AB300329; Oba &
Kainuma 2009) against the assembled transcriptomes using tBLASTn (Altschul et al. 1990;
default parameters) and then querying the results against the NCBI nucleotide database
using BLASTN (evalue: 1e-06). Transcriptome components with the greatest identity to
insect opsins were then aligned in Geneious R6 (Biomatters Ltd 2013) using Muscle (Edgar
2004). Alignments were manually reviewed for sequence similarity and the presence of an
open reading frame (ORF) longer than 300 bp (100 amino acids). Expression levels were
obtained by aligning trimmed mRNA sequencing reads to the assembled transcriptome
components using bowtie (Langmead et al. 2009) and quantifying expression with RSEM
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(Li & Dewey 2011). Putative opsin wavelength sensitivity was inferred from homology to
experimentally validated insect LW and UV opsin sequences and confirmed using a
neighbor-joining phylogeny (Figure S4).

Finally, to verify the presence of putative opsins and examine opsin copy humber variation
across the firefly genomes, L. cruciata mRNA sequence for UV and LW opsins were
queried against the four libraries of genomic DNA sequences using the dc-megablast
program for blastn. These sequencing reads were matched to their paired-ends using
faSomeRecords (UCSC Genome Browser) and assembled into contigs in Sequencher (Gene
Codes Corp. 2011) using the clean data assembly algorithm (minimum match percentage =
85, minimum overlap = 10). Following assembly, each contig was BLASTed against the
NCBI nt database using the megablast program for blastn (default parameters) and contigs
with top hits to opsin were retained. Contigs were then “walked out” to encompass ~1 kb on
either side of the coding sequence (CDS) using the process described above substituting the
ends of assembled contigs as queries.

To corroborate opsin sequences identified bioinformatically, degenerate primers were
designed from transcriptomic and genomic sequences and used to amplify LW and UV
opsin from genomic DNA. After putative LW and UV opsins were verified in the genomes
of the 10 individuals used to obtain transcriptome data, the primers were then used to
amplify opsins from the genomic DNA of 28 additional species for which habitat, activity
period, and spectra data were available (Figure 1; Table S1). Information on primer
sequences, PCR cycling conditions, and Sanger sequencing is given in Table S2. Sequences
were assembled de novo, annotated for intron-exon boundaries using homology to
transcriptome sequences, and introns removed to obtain the CDS in Geneious. All CDS were
then aligned using Muscle in Geneious and manually reviewed. The final alignment for LW
opsin was 1,032 bp in length and represented amino acids 18-378, ending 18 amino acids
upstream of the stop codon. The final alignment for UV opsin was 1,137 bp in length,
included the start site, and ended 6 amino acids upstream of the stop codon. Amino acids at
either end of the opsins are not known to be involved with the chromophore and their
exclusion from the final alignments should not affect tests of our hypotheses. Homology
models were created in SwissModel (Arnold et al. 2006) using squid rhodopsin (Todarodes
pacificus, PDB: 2z73A; Murakami & Kouyama 2008) as a template (Text S2).
Chromophore binding pocket sites were identified by visual inspection of Van der Waals
forces in each model. Amino acid sites are numbered in reference to the full-length Pn.
pyralis amino acid sequences.

Species phylogeny

Analysis of opsin sequences was performed on species tree topologies achieved by
extending the three-locus dataset described in Stanger-Hall and Lloyd (2015) to include taxa
outside Photinus. Briefly, wingless (WG, 420 bp), rudimentary (CAD, 594 bp), and COI
(1272 bp) sequences were obtained from nine additional taxa (Table S3) and tree
construction procedures from Stanger-Hall and Lloyd (2015) applied to the extended
dataset. This analysis resulted in two slightly different, highly supported tree topologies,
depending on taxon sampling. Subsequent analyses of positive selection were performed on
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both topologies and resulted in similar findings. Figures presented in the main text display
the topology consistent with that presented in Stanger-Hall and Lloyd (2015). Details of the
phylogenetic methods, comparison of the species phylogeny to a phylogeny generated from
the opsin sequences, and the robustness of the phylogeny to the model of sequence
evolution, number of taxa, and the method of construction are discussed in the Supporting
Information (Text S3).

Identifying positively selected sites

The two tree topologies with branch lengths were used to examine rates of molecular
evolution across branches and sites using PAML4 (Yang 2007). Phausis reticulata, a North
American species shown to be basal to all other North American taxa (Stanger-Hall et al.
2007), was used as the outgroup in the opsin analyses since a complete dataset containing all
of the loci used in our phylogeny and the opsins was not available from any other beetle
taxon. We used the metric w, the ratio of nonsynonymous substitutions per nonsynonymous
site to synonymous substitutions per synonymous site, dN/dS, as a measure of positive
selection. An o value that is less than, equal to, or greater than 1 is indicative of purifying
selection, no selection (neutrality), or positive selection, respectively. The branch models
tested included MO (one w over all branches and sites), two-rate (one o for branches with
transitions to diurnal and one for branches without transitions), and a free-ratio model (each
branch has its own w). The site models tested were: M1a (neutral) with a class of sites
evolving under purifying selection and a class of sites evolving neutrally; M2a (selection)
with 3 classes of sites, one under purifying selection, one evolving neutrally, and one
evolving under positive selection; M3 (discrete) with 3 classes of sites, similar to M2a,
except that the sites classes are constrained to have successively greater o values rather than
a specific o; M7 (beta) with 10 classes of sites evolving with 0 < @ < 1, sampled according
to a beta distribution; and M8 (beta), similar to the M7 model, with the addition of a class of
sites with o greater than 1. Nested models were compared using likelihood ratio tests
(LRTSs). In models that included a positively selected class of sites, Bayes Empirical Bayes
analysis (Yang et al. 2005) was performed to identify sites under selection.

Fitmodel v20140407 (Guindon et al. 2004) was used to evaluate sites under positive
selection along branches without defining a branch of interest a priori. Fitmodel
accomplishes this by allowing sites to switch between o classes. The M2a and M3 selection
models can then be tested while incorporating different switching models. Equal switching
models estimate a single switching rate among the o classes, while biased switching models
estimate a separate switching rate between each pair of classes. Fitmodel has been shown to
outperform standard methods for detecting selection at sites along branches, especially when
the foreground branches defined in a standard analyses do not represent the branches along
which there has been selection (Lu & Guindon 2014).

Testing for correlations with signal and ecological traits

We tested for correlations between measures of opsin evolution for each lineage and four
explanatory signal and ecological traits: 1) signaling mode (nocturnal/light or diurnal/no
light), 2) spectra (mean male peak emission wavelength), 3) habitat (open, mixed, or closed)
based on the amount of canopy cover in the signaling environment, and 4) activity start time
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(early or late) based on when the first individual was observed signaling relative to sunset
(Lall, Seliger, et al. 1980). All 38 North American taxa from which we were able to obtain
LW and UV opsin sequences were used to test signal mode. Only nocturnal taxa were used
to test emission spectra, habitat, and activity time because the spectral tuning hypothesis for
fireflies is predicted for light-signaling taxa only and adults of diurnal species do not
produce light. Data for signal and ecological traits was gathered from both the literature
(Seliger et al. 1964; Biggley et al. 1967; Otte & Smiley 1977; Cicero 1983; Stanger-Hall &
Lloyd 2015) and field measurements. Where possible, the spectra, habitat, and activity time
values for the population where the specimen(s) used for opsin sequencing was caught were
used in the final dataset (Text S1). Investigation of spectra was limited to the 28 species for
which we were able to obtain emission data. Male average peak emission wavelengths were
used because female data were not available in either the literature or in our collected dataset
across a sufficient number of species.

Signaling and ecological traits were tested for phylogenetic signal using Blomberg’s K
(Blomberg et al. 2003) in the picante package in R (Kembel et al. 2010; Table S4). All traits
except for signaling mode showed significant or nearly significant phylogenetic signal;
therefore, analyses were performed on values calculated using phylogenetic independent
contrasts (Felsenstein 1985) using the ape package (Paradis et al. 2004) in R. In contrast to
the other traits, nocturnal/diurnal activity was treated as a discrete variable, reconstructed
using maximum parsimony, and measures of opsin evolution compared between branches
with different signal modes.

The measures of opsin evolution examined included: number of amino acid substitutions,
number of parallel (same amino acid to same amino acid) and convergent (different amino
acid to same amino acid) substitutions, dN, whole protein w values, and site-specific ®
values. The number and types (parallel or convergent) of amino acid substitutions between
nodes was determined using ancestral sequence reconstruction. Amino acid alignments were
first tested for an appropriate model of evolution using ProtTest v3.3 (best models, LW: LG;
UV: JTT,; Darriba et al. 2011), then ancestral states at each site were reconstructed and
visualized using the phangorn package in R (Schliep 2011; Kenaley et al. 2014). Absolute
numbers and types of substitutions were parsed from phangorn output using a custom R
script. Distributions for numbers of parallel and convergent amino acid substitutions
occurring in nocturnal lineages were generated by bootstrapping the parsed dataset in R for
nocturnal branches only (1000 reps). Estimates of selective constraint along branches and at
sites along branches were taken from PAML free-ratio and fitmodel M2aS1 (LW) or M3S2
(UV) model output, respectively. These models were shown to be the best fit for the data
using LRTs.

We explored the relationships between several response and explanatory variables using
partial correlations to control for divergence (branch length) in SPSS v22 (IBM Corp. 2013).
The response variables examined were the number of amino acid substitutions along
lineages, difference in dN, cumulative nonsynonymous substitution rate, and difference in
selective constraint () between taxa for each opsin. The explanatory variables were change
in peak emission wavelength, habitat, and activity time. Before analysis, variables were
assessed for normality in JMP Pro 10 (SAS Institute Inc.). Change in peak emission
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wavelength was normally distributed, while all other variables did not conform to normality
even after transformation. Accordingly, we proceeded with the analysis under the
assumption that partial correlation analysis is robust to departures from normality
(Voortman & Druzdzel 2008).

Transcriptome and genome sequencing reveal two opsin genes

RNAseq of heads from 10 species yielded 172 million reads totaling 34.5 Gb (Table 1).
Several transcripts showed homology to known insect opsins using BLAST. However, only
two transcripts, one with homology to LW opsin and one with homology to UV opsin, had
additional evidence to suggest that they encode bona fide opsin proteins: both had complete
open reading frames (ORFs) and could be recapitulated from whole-genome shotgun
Illumina reads. Comparing opsins assembled from genomic reads and the putative opsin
transcripts revealed that firefly LW opsin genes are 1247-1935 bp in length (including
introns), encode 344-381 amino acids, and contain 5 exons (Figure S1a). The firefly UV
opsins are 1404-1525 bp in length, encode 385-386 amino acids, and have 6 exons (Figure
S1b). The lengths of both opsins are within the range of other sequenced insect opsins. Both
candidate opsins also have the structural characteristics of other described opsins, including
7 transmembrane domains and the conserved lysine at K324 (LW) and K323 (UV) where
the chromophore is bound (Figure S2). In addition, the full-length LW and UV opsin
candidates are highly expressed in heads; in all 10 species they are in the top 5% of
expressed genes (e.g. Figure S3). In contrast, opsins are expressed at 10,000-fold lower
levels in adult and larval light organs compared to heads in the two species for which we
have data, Pn. pyralisand Pn. macdermotti (Figure 2). No other putative visual opsin
transcripts identified in the RNAseq data could be reconstructed from genomic reads.
However, we did detect a distantly related c-opsin in several species (data not shown).
Arthropod c-opsins diverged from arthropod visual opsins in an ancient split and are thought
to function in circadian rhythm regulation (Arendt 2003; Porter et al. 2012). In species
where we did not detect full-length ORFs of c-opsin, we were able to detect members of the
extended G protein-coupled receptor gene family, indicating that our analysis would have
detected additional visual opsins if they were present. A neighbor-joining phylogeny of
insect opsin sequences showed that the putative LW and UV opsins fall in clades with LW
and UV, but not B, opsins from other insect species (Figure S4).

LW and UV opsin survey in fireflies

Using transcriptome and genome sequences, we designed degenerate primers and used them
to amplify and sequence genomic LW and UV opsins from a total of 38 species representing
a diversity of ecological and signaling traits. Across all taxa in our dataset, within both LW
and UV opsins, there was 86—94% identity at the amino acid level with the previously
published L. cruciata opsin sequences, and ~70 % identity with other beetle opsins. There
was no evidence for recent gene duplications of LW or UV opsin in any of the lineages
examined: coverage of opsins in genomic sequences was within that expected for single-
copy genes, there was no evidence of multiple flanking regions in either the transcriptome or
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genomic datasets, and double peaks in Sanger-sequence chromatograms were consistent
with heterozygosity rather than duplication.

LW and UV opsins show evidence of positive selection at specific sites

Using PAML (Yang 2007), we found evidence of strong purifying selection (w <1) over the
entire gene for both LW and UV opsins (MO, one ratio model; LW: © = 0.07, UV: o = 0.05;
Table 2). In both cases, models that included a small proportion of sites under positive
selection over the entire phylogeny (M2a, M8) were a better fit than the MO model (Table
2). Bayes Empirical Bayes analysis under the M8 model identified seven sites with o > 1 in
LW opsin (Table 3); of these, the o values were statistically greater than neutrality (o = 1)
for three sites, 181, 235, and 188, indicating positive selection. In UV opsin, Bayes
Empirical Bayes analysis under the M8 model identified seven sites with © > 1, but none
were statistically greater than 1.

To examine selection on sites across branches of the phylogeny, we employed a fitmodel
analysis (Guindon et al. 2004). The best models for LW opsin based on LRTs were M2aS1
(selection model with equal switching; wg = 0.00, ®1 = 1, 0o = 2.75), and M3S2 (discrete
model with biased switching; mg = 0.000, w1 = 0.003, w, = 9.79; Table 4), with one
exception based on the specific tree topology that was used (Text S3). The four sites
detected by the M2aS1 models included all three of the positively selected sites identified in
the PAML site-model analysis, though the posterior probabilities did not exceed 0.95. The
M3S2 model identified most of the 104 variable sites in LW as under positive selection on at
least one branch of the phylogeny. However, this model was too complex for our data
because the posterior probabilities for sites being in the positively selected class were below
the recommended cut-off of 0.9 (maximum: 0.84), the estimates of wg and w; were nearly
equal, and the switching parameter was zero. Thus, we further investigated only the eight
sites with evidence for ® > 1 across the PAML M2a, PAML M8, and fitmodel M2aS1
analyses (Table 3).

For UV opsin, fitmodel supported models M2aS1 (wg = 0.01, m1 = 0.3, mp = 1) and M3S2
(discrete with biased switching; mg = 0.01, ®1 = 0.5, wo = 20; Table 4), again with one
exception based on the specific topology used (Text S3). Even though M2aS1 is a selection
model, it did not estimate any sites with @ > 1. In contrast, the M3S2 model identified one
site, 133, as being in the wy class (o = 20) on three of the 73 branches in the phylogeny.
Though the posterior probabilities of site 133 being in the w, class on these branches were
low (range: 0.52-0.58), investigation of nonsynonymous and synonymous nucleotide
changes showed that this site had multiple nonsynonymous hits in these lineages.
Consequently, we considered this site, along with the seven sites identified in the PAML
analysis, in further analysis (Table 3).

Most positively selected sites are outside the chromophore binding pocket

We used homology modeling to estimate the tertiary structure of firefly opsins and identify
sites in the chromophore binding pocket. To do this, we compared the sequence of firefly
LW and UV opsins separately to Japanese Common Squid (T. pacificus) opsin, the closest
species with a known protein tertiary structure (Murakami & Kouyama 2008). In total, we
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identified 24 sites in each opsin protein that are likely to interact with or have potential long-
range effects on the chromophore. Twenty-two of the 24 binding pocket sites identified in
LW opsin were invariant across the 38 species (Table S5). None of the eight sites with » > 1
in LW opsins were identified as a binding pocket site (Figure 3). In UV opsin, 19 of 24
binding pocket sites were invariant and two of the eight positively selected sites, 133 and
299, were identified as binding pocket sites (Figure 3, Table S5).

Amino acid changes are linked to signaling mode

We used ancestral state reconstruction to identify branches where evolutionary transitions
between signaling modes (nocturnal, light/diurnal, no light) occurred. Maximum parsimony
reconstruction supported a model with a nocturnal ancestor and four independent transitions
to diurnal activity (Figure 4). PAML branch analysis supported models with elevated whole-
molecule » along branches shifting to diurnal activity relative to branches remaining
nocturnal in both LW and UV opsins (Table 2; LW: 0.10 vs 0.07; UV: 0.09 vs 0.05)
indicating positive or relaxed purifying selection. In LW opsin, all four sites identified in
fitmodel were under positive selection along at least one of the branches with a transition
from nocturnal to diurnal activity. However, these sites were also positively selected along
some nocturnal branches. In UV opsin, the single site identified by fitmodel was positively
selected along the branch leading to the most recent common ancestor (MRCA) of
Ellychnia, a diurnal clade of fireflies, as well as on the two branches within the group.

To better understand the relationship between signal mode and amino acid substitutions at
sites of interest (positively selected, binding pocket, and other variable sites), we
reconstructed ancestral amino acid sequences across the phylogeny using maximum
likelihood. Significantly more changes occurred on diurnal branches than expected based on
their phylogenetic representation (Fisher’s exact text (one-tailed); LW: diurnal: 53 changes
on 6 branches, nocturnal: 177 changes on 68 branches, p=0.0024; UV: diurnal: 67 changes,
nocturnal: 137 changes, p = 0.0001). In addition, there were significantly greater numbers of
parallel and convergent amino acid substitutions between pairs of diurnal lineages than pairs
of nocturnal lineages for LW opsin (parallel: diurnal: 1.6 changes, nocturnal: 0.35 changes,
p=0.004; convergent: diurnal: 0.13 changes, nocturnal: 0.006 changes, p=0.015), but not for
UV opsin (parallel: diurnal: 0.47 changes, nocturnal: 0.04 changes, p=0.34; convergent:
diurnal: 0 changes, nocturnal: 0.001 changes).

LW opsin—One parallel (A248V) and one convergent (S/T309A) change were noted at
two of the eight positively selected sites in LW opsin in diurnal lineages. The number of
changes was significantly higher in diurnal than nocturnal lineages for convergent changes
(diurnal: 0.067 changes, nocturnal: 0.004 changes, p=0.046), but not for parallel changes
(diurnal: 0.067 changes, nocturnal: 0.012 changes, p=0.14). However, the specific amino
acid changes that occurred were not unique to diurnal lineages. There were no parallel or
convergent amino acid changes in the LW opsin binding pocket; however, two other sites
had amino acid changes exclusive to diurnal lineages (L59I in Ld. atra and El. corrusca; T/
1301V in Ld. atra and MRCA Ellychnia).
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UV opsin—Parallel changes in the diurnal lineages occurred at two of the eight positively
selected sites in UV opsin (V59L and V218A), significantly higher than the number of
parallel changes on nocturnal branches (parallel: diurnal: 0.13, nocturnal: 0.02, p=0.029),
but the specific amino acid changes that occurred were not unique to diurnal lineages. There
was one parallel change in the UV binding pocket that was unique to diurnal lineages
(F128Y), but this was not significantly different from the number of parallel changes that
occurred in nocturnal lineages. There were no convergent changes at positively selected or
binding pocket sites in UV opsin on diurnal lineages; however two binding pocket sites
showed single amino acid changes exclusive to diurnal lineages (G129A El. bivulneris,
S203T Ld. atra). Two additional sites showed parallel changes unique to diurnal lineages
(168V and D214N in Ld. atra and El. corrusca).

In summary, the transition from nocturnal to diurnal activity is associated with an increase
whole-molecule o in both LW and UV opsins. A total of 25 positively selected, binding
pocket, parallel, or convergent amino acid substitutions are excellent candidates for
functional studies. Descriptions of specific candidate sites and figures showing ancestral
sequence reconstructions are given in the Supporting Information (Text S4; Figures: S5-S7
(LW) and S8-S10 (UV)).

Changes in selective constraint linked to transitions in ecological and signaling traits

For each of the nocturnal species we used data on male peak emission wavelength, habitat in
which signals are displayed, and activity start time to examine whether molecular evolution
of opsins is correlated with changes in signal color or light environment. We found a
significant positive correlation between the change in selective constraint () in LW opsin
and change in activity time along branches after accounting for divergence between taxa (pr
= 0.54, p=0.01). This relationship was not statistically significant for UV opsin (Table 5).
No significant correlations were found between response variables (number of amino acid
substitutions, dN, whole molecule o values, site-specific o values) and signal emission color
or habitat.

Discussion

The visual opsins of North American fireflies

Vision in North American fireflies is due to two opsins, one LW and one UV opsin. It is
surprising that we did not detect a B opsin among the 10 transcriptomes and 4 genomes
sequenced, since this opsin was present in the common ancestor of insects and previous
studies on firefly eye sensitivity suggest the presence of blue-sensitive photoreceptors (Lall,
Chapman, et al. 1980; Lall 1981; Lall et al. 1982; Eguchi et al. 1984; Lall et al. 1988; Booth
et al. 2004). Similarly, soldier beetles in the family Cantharidae, a sister family to
Lampyridae, also exhibit sensitivity to blue wavelengths (Horridge 1979).

We are confident that we would have detected a B opsin if present given our ability to detect
c-opsins as well as other divergent gene family transcripts. It is possible that we did not
detect B opsins because we sequenced only species that lack them, because they are
exclusively expressed at times that we did not sample, or because they are expressed at very
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low levels. However, we are confident that none of these possibilities apply for the
following reasons: First, we sequenced the transcriptome of Photuris frontalis, the species
with the strongest evidence for blue-sensitivity (Lall et al. 1988) and found no B opsin.
Second, we found no evidence for any other visual opsins, including a B opsin, in the four
genomic data sets. Third, the sequencing depth of the head tissue transcriptomes was
sufficient to identify very rare transcripts. For example, we identified luciferase transcripts,
the light-producing enzyme putatively expressed only in the light organ, at a level that was
three orders of magnitude lower than the LW and UV opsins. Fourth, a recently-published
study did not find a B opsin in the transcriptomes of nine firefly species (Martin et al. 2015).
Based on our data, we conclude that fireflies have lost the hypothesized ancestral insect B
opsin paralog.

In other beetle species there is evidence for both the presence (Scarabidae: Théry et al.
2008; Curculionidae: Groberman & Borden 1982; Coccinelidae: Lin 1993) and absence
(Elateridae: Lall et al. 2000; Lall et al. 2010; Tenebrionidae: Yinon 1970) of blue
sensitivity. In some cases, loss of blue sensitivity indicates a loss of B opsin (e.g. Tribolium
castaneum; Jackowska et al. 2007); however, it is unknown to what extent loss and retention
of blue sensitivity is coupled to loss or retention of the B opsin across beetle taxa. Without a
B opsin, sensitivity to blue wavelengths in Photuris and other species may be explained by
additional photosensitizing pigments that extend the range of wavelengths either LW or UV
opsin are able to detect (Lall et al. 1982), similar to “antenna” pigments in deep-sea
dragonfish (Douglas et al. 2000). Direct measures of Anax are needed to confirm the
phylogenetically inferred spectral absorbances of each of the firefly opsins.

The functions of LW and UV opsins

The presence of only two opsins in fireflies and their inferred absorbances (LW and UV) has
implications for possible sources of selection on their amino acid sequences. Vision in adult
fireflies is likely used for the detection of conspecific and heterospecific light signals,
avoidance of obstacles during locomotion, and timing the onset of activity. In contrast,
vision probably plays a minor role for larvae, which are generally active at night and are
often below leaves or in the soil. All firefly larvae are bioluminescent, but they appear to use
their light an aposematic signal to predators rather than for communication with conspecifics
(McLean et al. 1972). The evolution of visual pigments is thus likely to be primarily driven
by selection in adults.

Unlike in some other insect lineages (e.g. Briscoe & Chittka 2001), there has been no
lineage-specific diversification of either LW or UV opsins in fireflies. Since there is no
known UV component of firefly light emissions (Eguchi et al. 1984), these results are
concordant with monochromatic detection of firefly light signals using the LW opsin (Lall et
al. 2000; Lall & Worthy 2000). UV opsin may aid in navigation during flight, especially in
species active at twilight in open habitats because UV and blue wavelengths are enriched in
these conditions (Cronin et al. 2000), or it may be important for detecting polarized light
(Dacke et al. 2004). UV opsin may also be involved in detecting the threshold of ambient
light that cues initiation of evening flashing activity (Lall 1993, 1994).
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Spectral tuning and the molecular evolution of LW and UV opsins

We examined the evolution of LW and UV opsins by testing for positive selection within
each opsin across 38 North American species. To investigate the spectral tuning hypothesis,
we further determined whether positively selected sites in each opsin occurred in locations
that are functionally relevant to tuning (the chromophore binding pocket). Visual opsins
generally exhibit purifying selection across the entire molecule suggesting functional
constraints (e.g. Terai et al. 2006; Briscoe et al. 2010; Shen et al. 2010; Sivasundar &
Palumbi 2010; Audzijonyte et al. 2012; Weadick & Chang 2012; Meredith et al. 2013;
Kenaley et al. 2014). For both LW and UV opsins the entire molecule showed evidence of
selective constraint. However, 16 sites across both opsins exhibited o > 1 in at least one of
our tests of selection. Three of these sites (LW: 181, 188, and 235) were significantly
elevated, and seven others were either in or near the chromophore binding pocket and/or
have been identified in other insect studies (Table 3). Contrary to our expectations, only two
of these 16 sites were predicted to alter Ayax based on their location in the binding pocket in
the homology model. The low number of Ayax—altering sites was not caused by fewer
identified binding pocket sites; we predicted 24 sites, similar to other insect studies
(Wakakuwa et al. 2010).

The lack of overlap between positively selected sites and binding pocket sites suggests that
either (a) the homology model is inaccurate or, if the homology model is correct, that (b)
sites may be under selection for spectral tuning through long-range effects or (c) selection
targets other opsin functions. Z-scores indicated that our homology model was under-
performing relative to models of other genes generated in SwissModel, likely due to low
identity between firefly opsins and the most similar available template, squid opsin (Text
S2). However, six of the positively selected sites that we identified are common to studies of
selection and spectral tuning in other insect opsins (Briscoe 2001; Briscoe et al. 2010;
Wakakuwa et al. 2010; Tierney et al. 2011). The presence of elevated rates of evolution at
these sites across butterflies, bees, and fireflies suggests that, even if our homology model is
inaccurate, there may be similar selective pressures at work across these diverse lineages.
Besides spectral tuning of Ay, it is possible that selection for other functions includes
breadth of sensitivity (Lall, Seliger, et al. 1980), thermal stability (Endler 1992, Frentiu et
al. 2015), protein folding, chromophore uptake, or interactions with downstream molecules,
some of which may affect Apnax (Mackin et al. 2014; Schott et al. 2014). For example, site
356 in LW opsin, one of the positively selected sites, is likely not involved in spectral tuning
since it is located in helix 8, parallel to the membrane, and instead probably interacts with
the downstream G protein.

These functional hypotheses require a better crystal structure for homology modeling,
preferably from a firefly species, to corroborate the position of amino acid sites relative to
the chromophore and assess the potential effects of identified mutations on opsin structure
and function. These will then need to be functionally verified by empirically measuring the
effects of amino acid substitutions at the sites identified in this study.
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The influence of light signaling on opsin evolution

If the predictions of sensory drive, specifically tuning of genes underlying visual reception,
apply to fireflies, we expect to see changes at amino acid sites in opsins associated with
adult light signaling, especially at sites predicted to alter Ayax. If these changes are driven
purely by selection for conspecific signal detection, we expect to find these patterns
specifically in LW opsin.

We find several lines of evidence supporting an association between changes in opsin
sequence and changes in signal mode. (1) o values were higher, indicating faster evolution,
in lineages of diurnal species relative to nocturnal species. Since o for both LW and UV
opsin in diurnal lineages is less than 1, this could be due to either positive or relaxed
purifying selection (Bielawski & Yang 2003). Surprisingly, UV opsin and LW opsin showed
similar patterns, suggesting that both opsins have important functions to fireflies
transitioning to a diurnal lifestyle. (2) There were more parallel and convergent amino acid
changes among diurnal lineages than nocturnal lineages in LW opsins, though not in UV
opsins. This was primarily driven by comparisons between Ld. atra and Ellychnia lineages.
The lack of amino acid substitutions in the other two diurnal taxa can be explained by recent
divergence (branch lengths) from their nocturnal sister taxa (Stanger-Hall & Lloyd 2015).
(3) A binding pocket site in UV opsin, site 133, was under positive selection in diurnal
Ellychnia lineages. The S133A substitution is of particular interest because it is a polar to
nonpolar change and such changes at binding pocket sites are known to affect A,y (Briscoe
2008). In addition, site-directed mutagenesis found that a S133A substitution blue shifted
absorbance in a butterfly B opsin (Wakakuwa et al. 2010).

While this evidence supports that some variable sites in LW and at least one binding pocket
site in UV opsin are involved in spectral tuning associated with a change in signal mode (i.e.
the transition to diurnal, unlighted, pheromone signals), the other sites identified in LW and
UV opsin may or may not be involved in spectral tuning. The fact that we did not find a
correlation for UV opsin suggests that sources of selection may be different for LW vs UV
opsin, as expected based on their presumed different functions. Activity time rather than
habitat may best reflect the quality and amount of light available in the environment and
future work should seek to quantify light environments in both spectrum and intensity to
examine the relationship with LW opsin more closely.

Contrary to our expectations, we did not find evidence of spectral tuning of LW opsin to
male emission wavelength. There was a positive correlation between number of amino acid
changes in LW opsin and change in emission spectra; however, both variables were
correlated with branch length and the relationship became nonsignificant when branch
length was taken into account. Interestingly, specific substitutions at two of the candidate
sites are associated with shifts in opsin absorbance in other taxa that are in the same
direction as the emission spectrum shifts identified in the present study (Table S6). All three
nocturnal lineages that had T108M substitutions were red-shifted in emission relative to
their reconstructed ancestor. This site, analogous to V63M in Heliconius, is associated with
a red shift in opsin absorbance in butterflies (Briscoe 2001). In addition, VV188l, associated
with a red shift in emission in fireflies, is analogous to V143l in Heliconius, also associated
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with a red shift in opsin absorbance. Neither of these sites are identified as in the binding
pocket based on homology modeling, yet are associated with shifts in opsin absorbance.

There are several possible explanations for our overall negative finding while individual
substitutions have some evidence for functional effects on absorbance. First, there may not
be enough large phylogenetically-independent transitions in spectra to give us sufficient
power to detect a relationship. Sampling more taxa would help to alleviate this problem.
Second, the presence of selective constraint across the entire molecule may make single
amino acid substitutions difficult to detect as driven by selection. Third, the homology
model may not identify all the amino acid sites that are candidates for changing Amax, Or it
may be combinations of changes at different sites that tune opsins (Yokoyama et al. 2008).
Finally, a lack of concordance between opsin amino acid sequence, spectral sensitivity, and
light environment has been observed in other species (e.g. Mysis: Audzijonyte et al. 2012),
suggesting that the paradigm of opsin spectral tuning does not hold universally and that
other mechanisms should be examined.

Other mechanisms of spectral tuning

Our data suggest that changes in opsin sequence, some with potential to affect Apax, OCCUr at
large transitions in signaling characteristics, especially the transitions from nocturnal lighted
signaling to diurnal pheromone signaling. However, they do not explain the observed tight
correlation between firefly visual sensitivities and male emission wavelengths. Fine-tuning
of spectral sensitivity may instead be due to other molecules that interact with the opsins or
with photons of light.

One candidate molecule that may be involved is the chromophore. While most insect
lineages use a single chromophore in their visual pigment, Asian firefly species possess both
Al and A3 chromophore types (Gleadall et al. 1989). These two types are similar in
chemical structure; however, alternate chromophores are known to change the spectral
absorbance of their paired opsin (Briscoe & Chittka 2001). The difference in Apax With
different chromophores is typically large (35-40 nm), much greater than the difference in
LW spectral sensitivity observed across all firefly species (26 nm), suggesting that the use of
alternate chromophores may not explain fine-tuning. It is also possible that the observed
blue sensitivity without a B opsin may be caused by the use of different chromophores.

Alternatively, fine-tuning may involve screening pigments that absorb specific wavelengths,
thus modifying the spectrum of light that reaches the opsins (Seliger et al. 1982a, b; Cronin
et al. 2000). Our data give ambivalent support for predictions of LW opsin spectral
absorbance based on this hypothesis (Text S5). Nevertheless, screening pigments have been
found in 12 North American firefly species, with the exception of Ld. atra, the only diurnal
species examined to date (Seliger et al. 1982b; Lall et al. 1988; Cronin et al. 2000).
Screening pigments may be less constrained than opsins, allowing rapid evolution of eye
sensitivity. It is also possible that screening pigments may be responsible for blue
sensitivity. If screening pigments in the rhabdom mask light in the UV spectrum they could
effectively convert UV receptors into blue receptors, much like the “sunscreen” pigments in
mantis shrimp (Bok, et al. 2014). Future work will develop the link between opsin sequence
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and absorbance, chromophore usage, and screening pigments in relation to both blue
sensitivity and the spectral tuning hypothesis.

We have demonstrated that across firefly species, there is a single LW opsin, a single UV
opsin, and no B opsin. Within both LW and UV, there is evidence for parallel and
convergent amino acid changes at transitions from the use of nocturnal light signals to
diurnal pheromone signals, and within LW opsin, evidence for greater changes in selective
constraint with greater changes in activity time. In addition, there is evidence for positive
selection at six sites that have been identified in other insect orders as under positive
selection and/or of functional importance (LW sites 108, 181, 188, 356; UV sites 59, 133;
Table 3, S6). This study represents a first step in testing the molecular basis for spectral
tuning in fireflies with a comparative dataset. These data provide candidate sites and
mutations for future functional testing. Recent advances in insect opsin expression systems
(e.g. Frentiu et al. 2015) will aid in this effort. Given the tight correspondence between
signal phenotypes and spectral sensitivity (e.g. Lall 1981), the diversity of species in both
signaling and ecological traits, the existing and expandable phylogeny, and emerging
genomic resources, fireflies continue to be a rich study system for investigating the
evolution of signaling and signal reception in a comparative context.
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