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Abstract

Diptera is one of the biggest insect orders and displays a large diversity of visual adaptations. Similarly to other animals, the dipteran
visual process is mediated by opsin genes. Although the diversity and function of these genes are well studied in key model species, a
comprehensive comparative genomic study across the dipteran phylogeny is missing. Here we mined the genomes of 61 dipteran
species, reconstructed the evolutionary affinities of 528 opsin genes, and determined the selective pressure acting in different
species. We found that opsins underwent several lineage-specific events, including an independent expansion of Long Wave
Sensitive opsins in flies and mosquitoes, and numerous family-specific duplications and losses. Both the Drosophila and the
Anopheles complement are derived in comparison with the ancestral dipteran state. Molecular evolutionary studies suggest that
gene turnover rate, overall mutation rate, and site-specific selective pressure are higher in Anopheles than in Drosophila. Overall, our
findings indicate an extremely variable pattern of opsin evolution in dipterans, showcasing how two similarly aged radiations,
Anopheles and Drosophila, are characterized by contrasting dynamics in the evolution of this gene family. These results provide a
foundation for future studies on the dipteran visual system.
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Significance

Diptera is an insect order including flies, mosquitoes, and various other species of economic importance. Their vision is
mediated by the opsin genes, which have been studied in a few key model species. However, a comprehensive
comparative genomic analysis does not exist, impairing our understanding of the evolutionary history of these genes
in this order. In this work, we perform the first genome-scale analysis of opsin gene evolution in Diptera. We inves-
tigate their pattern of duplication, selection, and expression in more than 60 species that belong to 10 different
families. Our results clarify the evolution of the opsin genes in dipterans, in particular in fruit flies and mosquitoes, and
represent the foundation for functional studies on their visual system.
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Introduction

The ability to detect and respond to specific visual stimuli and
light conditions is fundamental in defining animal biology and
ecology, including mating, and predatory and foraging behav-
ior (Tierney et al. 2012, 2015; Futahashi et al. 2015; Feuda et
al. 2016; van der Kooi et al. 2021). In all animals, visual proc-
essing is mediated by opsins, a group of photosensitive G-
protein coupled receptors, which originated in prebilateria
metazoans by an ancient duplication from nonlight-sensitive
receptors; subsequent duplications generated C-opsins, R-
opsins, and Go-opsins (Feuda et al. 2012; Ramirez et al.
2016). Opsins are generally expressed in photoreceptor cells,
where they mediate light sensing (Fain et al. 2010). The mod-
ification of opsin complement (such as gene duplication or
loss) and/or specific functional amino acid mutations in opsin
genes can confer the ability to adapt to new ecological niches,
for example by providing the ability to respond to different
wavelengths of light (Feuda et al. 2016; Tierney et al. 2012,
2015; Sondhi et al. 2020; see van der Kooi et al. 2021 for a
recent review). However, increasing evidence indicates that,
at least in the model organism Drosophila melanogaster, the
function of the opsins is not restricted to photoreceptor cells
but extends to different sensory modalities, such as mecha-
nosensation (Zanini et al. 2018), taste (Leung et al. 2020),
temperature sensation (Sokabe et al. 2016), and circadian
clocks (Ni et al. 2017).

Diptera is an insect order containing more than 125,000
species (Skevington and Dang 2002), representing approxi-
mately 10% of animal diversity. This order comprises
Drosophila and several species of economic importance,
such as agricultural pests (e.g., fruit flies of genera
Bactrocera and Ceratitis, as well as Drosophila suzukii) and
vectors of infectious disease (e.g., Glossina tsetse flies and
mosquitoes of the Aedes, Anopheles, and Culex genera;
White and Elson-Harris 1992; Attardo et al. 2014, 2019;
Neafsey et al. 2015; Rota-Stabelli et al. 2020; Zadra et al.
2021). Dipterans are characterized by a great variety of mor-
phological, physiological, and ecological behaviors resulting
from a rapid radiation (Wiegmann et al. 2011). Dipterans
are also characterized by a large variation in sensitivity to light
(van der Kooi et al. 2021). Even within the same genus, it is
possible to observe diurnal, nocturnal, and crepuscular species
(supplementary table S1, Supplementary Material online and
references therein).

In Diptera, and insects in general, the visual process is me-
diated by R-opsins which are classified according to the wave-
length at which they show maximum absorbance: Long-
Wavelength Sensitive opsins (LWS, sometimes known as
LW) can respond to green light, Short Wavelength Sensitive
opsins (SWS, sometimes known as SW) to blue light, UV
opsins to ultraviolet light, and Rh7 opsins to a broad spectrum
of light (Briscoe and Chittka 2001; Henze and Oakley 2015;
Feuda et al. 2016; Ni et al. 2017; Sakai et al. 2017; Fleming et

al. 2018; van der Kooi et al. 2021). In D. melanogaster, the
opsins are well characterized and seven genes/proteins have
been identified: Rh5 respond to blue light (SWS), Rh1, Rh2,
and Rh6 to green (LWS) light and Rh3 and Rh4 to UV light
(Carulli et al. 1994; Bao and Friedrich 2009; Sakai et al. 2017).
The absorbance of Rh7 is particularly broad with a maximum
in the UV light, but with a long tail encompassing the blue and
cyan wavelengths (Sakai et al. 2017). Rh7 is expressed in a
limited number of neurons in the central brain, including
some of those responsible for circadian activity (Ni et al.
2017;Ma et al. 2021). Rh2 is expressed in the ocelli (Pollock
and Benzer 1988) and possibly in the R7 photoreceptor cells.
All other opsins are expressed mainly in retinal photoreceptor
cells which in different combinations are used to define the
visual competence of different photoreceptor subtypes
(Courgeon and Desplan 2019). However, it is not known if
the opsin repertoire is conserved throughout the genus
Drosophila.

The opsin complement has been characterized in some
other dipterans, such as in various Glossina species (Attardo
et al. 2019), in Lucilia cuprina (Anstead et al. 2016), and in
Calliphora vicina (Schmitt et al. 2005) where a similar opsin
complement has been identified (Rh7, Rh2, Rh3, Rh5, and
Rh6). A recent analysis performed by Giraldo-Calderdn et al.
(2017) on three species of Culicidae, i.e. Aedes aegypti, Culex
quinquefasciatus, and Anopheles gambiae identified a series
of duplication events affecting LWS-Rh6 in this clade.
However, whether these duplications are shared with other
Culicidae remain unclear. Furthermore, other opsin genes
such as arthropsins (belonging to the R-opsins), C opsins,
and RGR/GO opsins have been identified in some insect
groups (Futahashi et al. 2015; Fleming et al. 2018; Almudi
et al. 2020). However, their function, presence, and potential
distribution in dipterans are ambiguous (Velarde et al. 2005).

Despite the key role played by opsins in sensory biology, we
lack a systematic understanding of their evolution along the
dipteran phylogeny. How many opsins were present in the
last dipteran common ancestor? Do the opsins in the different
groups undergo similar evolutionary patterns? A rigorous
comparison of opsin content in model genus Drosophila
and Anopheles has also never been undertaken, leaving
open such questions as whether the opsin repertoire is con-
served throughout the genus and if selective forces are acting
differently in different species. To address these questions, we
investigated the evolution of opsin genes in 61 dipteran spe-
cies sampled from ten different families and reconstructed
their pattern of gene duplication and loss. We focused on
the two iconic genera, Drosophila and Anopheles, and inves-
tigated the expression and occurrence of positive selection
acting on the different opsin genes. Overall, our comparative
genomics investigation provides an updated overview on the
pattern of duplication and loss, as well as evidence for
lineage-specific evolutionary histories of opsin genes in
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Fic. 1.—The phylogenomics of opsins in Diptera. This figure shows the phylogenetic relationships between 528 opsins from 61 dipteran species. The
Bayesian PP (in bold) and the UltraFast bootstrap (underlined) support is shown for key nodes. The colors indicate the different Diptera subgroups analyzed in
this work. Letters A, B, C, and D indicate the different paralogs of Rh6 we identified in Culicidae. The full trees can be found in supplementary figures S1

and S2, Supplementary Material online.

Diptera, and provides a foundation for future functional stud-
ies on the dipteran visual system.

Results and Discussion
Dipterans Have At Least Eight Paralogous Opsin Groups

We based our analyses on the genomic data of 61 species
belonging to ten different families of dipterans (supplemen-
tary table S1, Supplementary Material online). Overall, the
proteome completeness values estimated by BUSCO ranged
from 68.5% in Phlebotomus papatasi to 99.93% in D. mela-
nogaster (supplementary table S1, Supplementary Material
online). To identify the opsin genes, we used a combination
of BLAST, motif search, and manual curation to minimize the
possibility of false negatives (see Materials and Methods and
Feuda et al. 2016).

We identified a total of 528 opsins across the 61 species
(see supplementary table S1, Supplementary Material online

for the distribution of opsins in each species). We recon-
structed their evolutionary affinities by Maximum Likelihood
and Bayesian Inference (fig. 1, supplementary figs S1 and S2,
Supplementary Material online) using the amino acid GTR-G
model, which has previously been shown to fit opsin align-
ments better than other models (Feuda et al. 2012; Vocking
et al. 2017). Both approaches revealed that there are at least
eight paralogous opsin groups in Diptera, which we named
based on the Drosophila nomenclature as Rh1-7 and C. We
also found that arthropsins and RGR/GO opsins have been lost
in Diptera. Furthermore, both methods recover a similar to-
pology, whereby LWS opsins (Rh1, Rh2, and Rh6) are mono-
phyletic (Posterior Probability [PP = 1] and BS = 100) and Rh5
is the sister group to Rh3 plus Rh4 (PP =1 and BS = 100). The
position of Rh7 is uncertain, with Maximum Likelihood favor-
ing their position as sister group to all the remaining R-opsins
(BS =92, supplementary fig. S1, Supplementary Material on-
line). In summary, our phylogenetic analysis recovered the
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Fic. 2—Opsins evolution in Diptera. (A) Opsin gene complements in Diptera. The phylogenetic tree was obtained from Wiegmann et al. (2011). Gene
nomenclature has been obtained from Drosophila melanogaster. The numbers in the boxes indicate the copies of opsin genes identified, white boxes indicate
that genes have not been found. (B) Synopsis of the patterns of opsin duplications and losses in Diptera subgroups. Lineage-specific events are marked with a
question mark if they were inferred from one single representative genome. (C) Estimated number of ancestral Rh across five nodes. For each opsin paralog,
we report the estimate using three different analytical procedures (manual reconciliation, GeneRax on tree of fig. 24, GeneRax on tree of supplementary fig.
S3, Supplementary Material online).

monophyly of all the main opsin groups (e.g., LWS, UV) with a reconciliation (fig. 28 and C). The results indicate that the
high support value, which suggests the presence of eight op- opsin repertoire underwent significant rearrangements on
sin groups in dipterans. the dipteran phylogeny in a lineage-specific manner.

In Brachycera (the clade comprising Drosophila), the opsins
complement is derived in comparison to the ancestral dip-
teran condition. We confirm previous findings that c-opsin
and RGR/Go have been lost in all Brachycera (Feuda et al.
To better understand the opsin distribution and evolutionary 2016) and provide evidence that four paralogs—Rh7, Rh2,

Dipteran Opsins Have Undergone Lineage-Specific
Diversification

dynamics in the various dipteran groups, we mapped their Rh3, and Rh4—are present only in this group. The observation
presence/absence on the Diptera phylogeny (fig. 2A) and per- that at least one duplication from the ancestral Rh1/2/6 and
formed a manual as well as a statistical gene-tree/species-tree Rh3/4 genes is shared between Drosophila, tephritid fruit flies,
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Muscidae house flies, and Glossina tze-tze flies indicates that
these duplications happened early in Brachycera evolution
(fig. 2B). We further observe various lineage-specific events,
such as the loss of Rh4 in the common ancestor of
Glossinidae, Muscidae, and Calliphoridae, duplications of
RhT in Muscidae, the loss of Rh2 in the tsetse fly Glossina
morsitans (Attardo et al. 2019), and the loss of all opsins ex-
cept for Rh2 and Rh6 in Diopside stalk-eyed flies. Interestingly,
when we map introns’ presence/absence (supplementary ta-
ble S2, Supplementary Material online) in the different opsins,
the results indicate that Rh3 genes in all Drosophila species are
intronless, suggesting their possible origin as retrotransposons
(Booth and Holland 2004; Xu et al. 2016).

In the family Culicidae (mosquitoes, e.g., Culex, Anopheles,
and Aedes), opsins’ repertoire is markedly different from that
observed in the Brachycera clade (fig. 2). For example, eight
out of the 19 Anopheles species have a divergent copy of the
Rh7 gene (figs 1 and 2A4), whose phylogenetic distribution
suggests that it was present in the ancestral Anopheles and
secondarily lost in some species. The most remarkable differ-
ence we observed between Brachycera and Culicidae is the
impressive series of duplications of the Rh6 gene in the latter,
where it ranges from three copies in Anopheles melas and
Anopheles christyi to seven in C. quinquefasciatus. \We iden-
tified four Rh6 paralogs according to their relatedness (fig. 1)
and distribution across the dipteran phylogeny (fig. 2B), which
we named Rh6a, b, ¢, and d. These duplications have already
been identified in three Culicidae species (Giraldo-
Calderdn et al. 2017), but our data indicate that this pat-
tern is present in all the sampled Culicidae species. This
pattern of presence/absence suggests that at least two
concomitant duplications of Rh6 happened in the
Culicidae common ancestor, followed by additional
lineage-specific duplications. To account for some
Anopheles genomes characterized by low coverage
genomes (supplementary table S1, Supplementary
Material online), we further performed a manual search
of all the missing genes to exclude the possibility of false
negatives (see Materials and Methods). Despite this care-
ful manual curation, we could not untangle the precise
evolutionary relationships of these duplications within
Anopheles, because some species lack well-assembled
and high-quality genomes (see supplementary table ST,
Supplementary Material online). However, we found
that, similar to Rh3 in Drosophila, multiple Rh6 paralogs
lack introns (supplementary table S2, Supplementary
Material online), suggesting that these newly evolved
genes may have originated from a retrotransposition
event (Booth and Holland 2004; Xu et al. 2016).

Overall, our findings indicate that the opsin complement in
the Brachycera and Culicidae is quite derived in comparison to
ancestral dipteran, with the two groups having independently
duplicated the LWS opsins. To further identify the ancestral
opsin complements in key nodes (i.e. dipterans, Brachyecera,

Drosophila, Culicidae, and Anopheles), we performed a man-
ual reconciliation as well as a gene tree-species tree reconcil-
iation using the species tree obtained from the BUSCO single-
copy orthologs and GeneRax (Morel et al. 2020) (see
Materials and Methods for more details). The resulting ML
tree recovers the traditional topology for dipterans, except
for the position of Psychodidae (supplementary fig. S3,
Supplementary Material online). This tree, and a modified to-
pology matching traditional dipteran  relationships
(Wiegmann et al. 2011), was used to reconcile the opsin phy-
logeny. In general, the computational reconciliations identi-
fied a similar pattern of duplications compared with the
manual reconciliation (fig. 2C, supplementary figs S4 and
S5, Supplementary Material online). Most of the differences
concern Rh6 in Anopheles, where GeneRax identified a large
number of Rh6 copies. We think that this incongruence can
be explained by the taxonomic levels used to perform the
reconciliation (species vs. genus) and the limited performance
of GeneRax in dealing with incomplete lineage sorting (Morel
et al. 2020), a phenomenon that is known to have shaped the
mosquitos’ evolutionary history (Wen et al. 2016). We further
tested the possible misleading effect of incomplete genomes
by repeating the gene-tree species tree reconciliation after
removal of all the species with a BUSCO Value <85%. The
results (supplementary fig. S6, Supplementary Material online)
suggest that for the key nodes of figure 2C, there are no
differences between the two data sets.

The Evolution of Opsin Genes in Drosophila, Aedes, and
Anopheles Species

Our reconciliation analyses indicate that starting from a repertoire
of five (or nine according to GeneRax) opsin genes, the comple-
ment substantially diverged in the Brachycera clade compared
with the Culicidae family, with several lineage-specific events
(fig. 2B). The question arises as to whether these newly duplicated
genes are expressed in photoreceptor cells and are associated
with divergence and specialization of the visual system. In D.
melanogaster, there is ample evidence that all opsin genes, in-
cluding the newly duplicated intronless Rh3, are expressed and
functional in photoreceptor cells and combinatorially define the
different visual neural circuits (Courgeon and Desplan 2019).
However, the expression of opsin genes in other cells of the
visual system remains poorly understood. We then investigated
the pattern of opsin expression in other cell types of the
Drosophila’s optic lobe by mining single-cell RNA-seq data pre-
viously obtained from Davis et al. (2020). Our data indicate that
opsins expression is not restricted to the photoreceptor cells and
that they contribute to different aspects of the visual neural
circuits. For example, the Rh7 mRNA is detected in the lamina
neurons L1-2 (supplementary fig. S7A, Supplementary Material
online) that regulate motion. Furthermore, the function of the
newly duplicated opsin genes in D. melanogaster may not be
restricted to the visual process: for instance, it has been recently
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Fic. 3.—Pattern of positive selection and molecular evolution of the opsin genes in Drosophila and Anopheles. Genes under selection according to the
branch or branch-site tests in one species of Drosophila and Anopheles are shown in (A) and (B), respectively. We also report the rate of protein evolution (dy)
and the level of selective pressure (dy/ds) across opsin phylogenies in Drosophila (C and E) and Anopheles (D and F). Genes are strong determinants of the
variance in dy and dy/ds values in both Drosophila (ANOVA, F[6,266] = 7.43, P< 107°; and F6,259] = 4.88, P=0.0001, respectively) and Anopheles
(ANOVA, A8,126] = 6.37, P< 1075 and A8,124] = 8.60, P < 108, respectively). Different letters identify significant statistical differences between genes at
adjusted P < 0.05, according to a Tukey's HSD (honestly significant difference) multiple comparison test. Median and quantiles are shown as grey lines for
each gene. These analyses were performed including parts of the alignments where one or more sequences contained a gap. FDR, false discovery rate.
Detailed information for each gene is in supplementary table S4, Supplementary Material online.

been proposed that Rh7, Rh4, and Rh7 are involved in taste
(Leung and Montell 2017; Leung et al. 2020), suggesting a co-
option of visual genes in different sensory pathways. In mosqui-
tos, the information on opsin gene expression is scant.
However, it is interesting to note that the R7 photoreceptor
of A. aegypti may express, depending on their actual position

in the retina, the LWS (Rh6a-AAop2 or Rh7-Aaop10), the SWS
Aaop9 (Rh5), and the UV-(Rh3-Aaop8) opsins (Hu et al. 2014;
Rocha et al. 2015). We further investigated the expression of
opsin genes in A. gambiae and A. aegypti by analyzing available
microarray data sets (Baker et al. 2011; Leming et al. 2014). The
results indicate that Rhéa, Rh3/4, and Rh5 are statistically over-
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expressed in the head of A. gambiae (supplementary table S3,
Supplementary Material online), whereas all nine opsins we
identified in A. aegypti are expressed in the head (see supple-
mentary fig. S7B, Supplementary Material online). Although this
expression data is not eye-specific, these results suggest that
these opsins are potentially expressed and contribute to the
mosquitos’ visual system. We advocate that more specific
gene expression studies (focused on the eye rather than on
the whole head) are necessary to determine with confidence
whether these genes are actually being expressed in the eye and
if they have a role in color vision.

Opsins in Drosophila and Anopheles Underwent
Substantial Divergent Molecular Evolution

Our results indicate that the opsin complement is quite diver-
gent across the various dipteran families. We then asked if the
pattern of opsin evolution also differs within different genera.
To maximize the power of our analyses and inferences, we
focused on two genera for which we had around 20 genomes
each: Drosophila and Anopheles. Interestingly, whereas all
Drosophila species have exactly the same opsin complement,
indicating a frozen repertoire over circa 60 Myr, the similarly
aged Anopheles genus is characterized by an extremely plastic
opsin repertoire that includes lineage-specific duplications of
Rh7 (Rh7-like) and C opsin, and various instances of duplica-
tions and losses of Rh6 (fig. 2 and supplementary table ST,
Supplementary Material online).

To clarify the pattern of selection acting on the opsin genes
in these two dipteran genera, we produced manually curated
opsin alignments for each paralog group and estimated the
selective pressure using PAML (see Materials and Methods for
details). Importantly, the cross-group comparison is possible
because both these two genera have a similar evolutionary
history: both emerged in the Paleogene (between 100 and 30
Mya according to Neafsey et al. 2015; Obbard et al. 2012)
and have a similar number of generations per year (up to 10).
We found that the differences between Drosophila and
Anopheles are not restricted to the opsin repertoire alone
but extend to the pattern of molecular evolution of the opsin
genes. While these two groups show an unusual signature of
selection for a similar number of genes (26 and 23 respec-
tively, in color in fig. 3A and B), in Anopheles, we observe
more events of site-specific positive selection (1 in Drosophila
and 7 in Anopheles, magenta squares in fig. 3A and B). A
second difference concerns the rate of amino acid evolution.
Opsin genes are subject to different molecular constraints in
the two groups, as supported by a slightly lower selective
pressure in Anopheles than in Drosophila (fig. 3£ and F; overall
d/ds = 0.0573 and dy/ds = 0.0374, respectively). This is
because while the two clades are characterized by a similar
rate of synonymous nucleotide substitution (on average ds =
0.2012 and ds = 0.1969, respectively; data not shown), the
two are characterized by different nonsynonymous rates (fig.

3C and D; on average dy = 0.0118 in Anopheles and dy =
0.0073 in Drosophila).

Our molecular evolution results indicate a much higher
variability in selective pressure across opsin genes in
Anopheles than in Drosophila. These different evolutionary
patterns are independent of data treatment: when regions
with gaps are removed from the alignments (supplementary
figs S8-S10, Supplementary Material online), we observe
lower substitution rates in Anopheles (because the orthologs
in this genus are less constrained and accumulated more
indels), but trends are consistent. Overall, our results indicate
that in the genus Anopheles the opsin genes experienced a
different evolutionary path and were subject to an accelerated
rate of evolution compared with the Drosophila species. This is
consistent and complementary with the more dynamic pat-
tern of gene deletions/duplications we identified in
Anopheles. Whereas almost all Drosophila species are diurnal,
Anopheles can be both nocturnal and/or crepuscular (supple-
mentary table S1, Supplementary Material online), suggesting
that their extremely flexible opsin repertoire is playing an ac-
tive role in their adaptation to different lifestyles. Importantly,
our results do not allow us to determine whether the differ-
ences in the selective pressures are indicative of actual selec-
tive forces happening in the visual system (e.g., spectral
tuning) or in the other sensory modalities.

Conclusion and Future Perspectives

Here we have characterized the evolutionary history of the
opsin genes in ten dipteran families, focusing on the fine-
scaled molecular evolution of model organisms Drosophila
and Anopheles. Overall, we found that different dipterans
underwent distinct patterns of deletions/duplications (figs 1
and 2) and positive selection (fig. 3). One of the key findings is
the derived complement (Rh7, Rh2, Rh3, and Rh4) of the
Brachycera species, including the model organism
Drosophila. These genes’ recent evolutionary origin suggests
that the nonvisual opsin function in Drosophila (Leung and
Montell 2017; Leung et al. 2020) probably represents a
lineage-specific co-option event (Pisani et al. 2020) and
implies that Drosophila’s opsins cannot be used to infer the
ancestral function of these genes (Leung et al. 2020). Our
data indicate that the opsin complement is even more dy-
namic in mosquitos, particularly concerning Rh6 and Rh7.
Moreover, our analyses revealed that the Anopheles lineages
had experienced more instances of site-specific selective pres-
sure and faster evolutionary rates than the Drosophila lineages
(fig. 3).

In the absence of functional studies, it is impossible to as-
sign an unequivocal role to the pattern of duplication and
positive selection we have identified. However, our results
allow us to formulate working hypotheses that can be exper-
imentally tested in future studies. For example, the high het-
erogeneity in the selective pressure acting on Drosophila Rh7
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(fig. 3£), coupled with its fast evolution (i.e., the high dj, fig.
30) and expression in the clock-neurons (Ma et al. 2021) may
be associated with divergence in the circadian clock in species
with different ecology and latitudinal distribution (Menegazzi
et al. 2017). This might explain the findings in the agricultural
pest D. suzukii, a species characterized by significant selective
pressure affecting Rh6 and Rh7 (fig. 3). These changes are
interesting from an applicative point of view, as it is possible
that they are linked to the peculiar circadian activity (Hansen
et al. 2019), color recognition pattern (Little et al. 2019), and
even gustatory preferences (Crava et al. 2016; Leung et al.
2020) associated with this species’ peculiar ecological lifestyle.
In Anopheles, opsin function is less well understood than
Drosophila (Montell and Zwiebel 2016). However, different
mosquito species may be active during specific periods of
the day or night, when light is characterized by a different
wavelength composition (Downes 1969; Sawadogo et al.
2014). The opsins’ unique capacity to tune their maximum
absorbance to specific light conditions might therefore have
had a role in the evolution of these ecological differences
(Jenkins and Muskavitch 2015). Indeed, we hypothesize
that the high variability in the selective pressure affecting
Rh7 and C-opsin in the Anopheles species (fig. 3F) may be
linked to differences in their adaptation to light detection,
including the possible function in the circadian clock.

Future works should concentrate on the physiological sig-
nificance of the duplication/losses we have identified, as well
as seeking to understand the functional role of the sites under
positive selection. This requires, for example: 1) the validation
of the candidate’s selected sites using PCR; 2) a 3D recon-
struction of the various opsins, which is complicated by the
high divergence between orthologs and the absence of a
validated 3D structure for most of the opsins; and 3) site-
specific mutants to validate any possible function. Overall,
our work serves as a comparative genomic overview of opsin
evolution in dipterans and represents the foundation for fu-
ture studies aimed at improving our understanding of dip-
teran visual biology and the management of economically
relevant species such as mosquitoes (e.g., Zhan et al. 2020)
and fruit-eating flies.

Materials and Methods

Opsin Identification

We downloaded 61 predicted proteomes from 10 Diptera
families (Culicidiae, Chironimidiae, Psychodidiae,
Drosophilidae, Tephritidae, Glossinidae, Calliphoridae,
Muscidae, Diopsidae, Ceciomyiidae; supplementary table
S1, Supplementary Material online). We evaluated their qual-
ity by assessing their completeness with BUSCO (Simao et al.
2015), using the 1,367 single-copies orthologs of the insects
lineage data set. To identify the opsin genes, we employed a
combination of BLAST and motif search similarly to Feuda et

al. (2016). In brief, the sequences from Feuda et al. (2016,
2012) and Ramirez et al. (2016) were used to mine every
genome. From this analysis, every gene with an e-value
<107 "% was retained as a putative opsin gene and was sub-
ject to a motive search using Prosite (Sigrist et al. 2013) and an
annotation using BLASTP against the Uniprot90 Database. To
be considered an opsin, either one of two conditions was
sufficient: the sequence must contain a retinal binding do-
main or have an opsin as the first hit in the BLAST search.
Using this approach and after a preliminary manual annota-
tion, we identified 528 opsin genes (supplementary table S1,
Supplementary Material online). Alignment and trees are
available on Bitbucket (https:/bitbucket.org/Feuda-lab/op-
sin_diptera/src/master/).

Manual Curation

The data set obtained was eventually manually curated. For
example, we first checked for missing data. We selected
sequences that lacked part of the opsin protein, and, where
possible, we retrieved the missing data using BLAST (tblastn)
on the assembled genomes. Second, we looked for putative
false duplications in the tree, and in the case where we found
a species-specific duplication in our subsequent analyses, we
removed the incomplete sequence. Moreover, we looked for
unexpected opsin losses to assess whether the missing genes
were true losses or artifacts (false negatives). In some cases,
we found the missing gene in the genome of interest and the
sequence was added manually to the alignment.

For some mosquito species, we lacked well-assembled
genomes and, therefore, accurate gene models, which may
have caused misrepresentation in the exact number of Rh6
copies in each Anopheles lineage and blurred the fine-scale
duplications/losses pattern. We therefore carefully and man-
ually validated the Rh6 genes in the Anopheles species. Using
such an approach allowed us to increase the length of many
orthologs, most importantly, allowing us to detect instances
of false positives: cases where putative duplicated contigs or
allele variants from heterozygotes genomes could be mis-
taken for species-specific duplications.

We further manually inspected for possible pseudogenes.
For the Drosophila and Anopheles species, we manually cu-
rated all the alignments in order to perform dy/ds studies (see
below) to exclude pseudogenes, because we could not find
signature of pseudogenes (d\/ds = 1), nor we detect internal
stop codons. For all other species, we inspected the alignment
by eye when the gene was characterized by extremely long
branches.

Gene Structure Characterization

We investigated intron presence in the 61 dipteran species
under study using Vector base (Giraldo-Calderdn et al. 2015),
Ensembl (Yates et al. 2020), and in some cases by manual
curation. The full gene region of each of the seven opsins in
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Drosophila was further inspected in the FlyBase genome
browser for detailed intron length, which was mapped sepa-
rately in supplementary table S3, Supplementary Material on-
line. To assess significant events of intron length variation, we
developed a method that assumed a normal distribution for
the length of each intron and highlighted significant introns
whose length was larger (or shorter) than the mean plus twice
the standard deviation for that intron (estimated excluding
from the target intron).

Phylogenetic Analysis

To identify the phylogenetic relationships between the opsin
genes, we performed a phylogenetic analysis using Bayesian
and Maximum Likelihood inferences. The opsins data set was
first merged to a subsample of the insect data set of Feuda et
al. (2016), and the sequences aligned using MAFFT v7.4
(Katoh et al. 2002) with default parameters. The maximum
likelihood tree was performed using IQTree 2.0 (Nguyen et al.
2015) under the GTR-G4 model. The Bayesian tree was per-
formed using Phylobayes-MPI (Lartillot et al. 2013) under the
GTR-G4 model and node support was estimated using PP.

GeneRax Analysis

We used the 1,367 BUSCO single-copy orthologs (see above)
to assemble a supermatrix composed of 505,000 amino acid
positions. The species tree was estimated using the single-
copy gene hits from the BUSCO analyses (see above). The
sequences of each BUSCO gene were extracted and aligned
using MAFFT v7.4 (Katoh et al. 2002) and trimmed using
gblocks v0.91 (Talavera and Castresana 2007) (allowing half
gaps, minimum block length 5, maximum contiguous non-
conserved positions 5% and 75% of sequences present in
flank positions), then all alignments were concatenated using
FASconcat v1.11 (Kuck and Meusemann 2010). The
concatenated alignment consisted of 73 species (61 Diptera,
4 Lepidoptera) with 504,666 nucleotide positions and was
analyzed under LG+F + 14+G4. Both selection and phyloge-
netic inference were performed in IQ-TREE2 (Nguyen et al.
2015). This species tree (supplementary fig. S3,
Supplementary Material online), and a manually modified ver-
sion matching that presented in figure 2 and Wiegmann et al.
(2011), were used for species tree-gene tree reconciliation
analysis using GeneRax (Morel et al. 2020) alongside the opsin
gene tree resolved using GTR-G (supplementary fig. S2,
Supplementary Material online). Reconciled trees are dis-
played in supplementary figures S4-S6, Supplementary
Material online. Alignment and trees are available on bit-
bucket (https:/bitbucket.org/Feuda-lab/opsin_diptera/src/
master/).

Positive Selection

The coding sequence of each opsin subgroup (Rh7, Rh2, Rh3,
Rh4, Rh5, Rh6, Rh7, and C) were aligned separately for the 21
Drosophila and 19 Anopheles species using the PRANK
(Loytynoja and Goldman 2008) codon model, which produces
fewer false positives in positive selection analysis (Markova-
Raina and Petrov 2011). Each alignment was manually
curated to avoid spurious divergence signals that may have
biased the subsequent analyses, and we generated two sets
of alignments, one using all sites and a second where all the
regions containing gaps were removed. We inferred the level
of selective pressure acting on each of the 7 Drosophila opsins
using PAML 4.7 (Yang 2007). Rates of synonymous (ds) and
nonsynonymous substitution (dy), as well as their ratio w =
dh/ds (which measures levels of selective pressure acting on a
gene), were estimated by the “free-ratio” model using the
unrooted species tree topology inferred above. In this analysis,
alignments included only sequences from those species that
were represented in all opsin alignments to allow cross opsin-
gene comparisons in Anopheles. Heterogeneity in the selec-
tive pressure was inferred using a branch-test to compare the
likelihood of a single @ model across branches (model = 0
and Ns sites = 0) versus one assuming two distinct o, one for
each terminal branch, one at a time (i.e., for each Drosophila
and Anopheles species in their respective data sets), and an-
other for rest of the tree. To further identify the occurrence of
positive selection on specific sites, we employed the branch-
site test (branch-site model A, test 2; model = 2 and NS sites
= 2; null model has parameters fix_w = 1, o = 1; the
positive selection model fix_w = 0, w = 1, with each species
set as foreground species in separate analysis, see above).
Both tests were estimated using either the whole alignment
(clean = 0) or removing parts of the alignment where one or
more sequences contained a gap (clean = 1). We tested twice
the difference between the log-likelihood of the two models
for both tests using a ° test with 1 degree of freedom. To
account for multiple testing, we estimated the false discovery
rate of each test using the g-value approach (Storey 2002)
implemented in R. All statistics are summarized in supplemen-
tary table S4, Supplementary Material online.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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