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Parallel evolution of vision among hawkmoth species

through the diurnal-nocturnal transition
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Light environments differ dramatically between day and night. The transition
between diurnal and nocturnal visual ecology has happened repeatedly throughout
evolution in many species, e.g., primates and butterflies. Since between day and night
both the intensity and wavelength composition of sky light vary in terrestrial habitats,
vision is considered to have adapted to ambient light. The light reception begins when
light is absorbed by the visual pigment molecules, which consist of an opsin protein
and an 11-cis retinal attached to it as the chromophore. Evolution of the amino acid
sequence of opsin therefore tunes the visual pigment’s absorption spectrum. However,
because diurnal-nocturnal transition occurred long time ago and/or the diurnal and
nocturnal species are distantly related, the molecular and physiological mechanisms
underlying the evolution of visual pigments in a set of closely related species through
recent diurnal-nocturnal transition have remained a question.

In this thesis, I focus on hawkmoth family (Lepidoptera: Sphingidae), which
appeared around 42.8 million years ago containing both nocturnal and diurnal species,
to address the question. The enigmatic phenomena have been reported in hawkmoth
vision, i.e., color vision in the nocturnal species and scotopic vision type compound eyes
in the diurnal species, suggesting that they have experienced multiple relatively recent
diurnal-nocturnal transitions. Thus, I investigated the visual pigments of five
nocturnal and five diurnal hawkmoth species.

First, I performed RNA sequencing (RNA-seq) from the eyes and brain. I
reconstructed a phylogenetic tree of hawkmoth species base on the RNA-seq reads, and
showed that the diurnal lineages had independently emerged at least three times from
the nocturnal ancestors. I then identified the three visual opsin genes corresponding
to the ultraviolet (UV), short-wavelength (SW), and long-wavelength (LW)-absorbing
visual pigments in the transcriptomes of each of all the ten species verified by
polymerase chain reaction (PCR) method. Opsin gene duplications and losses have
occurred frequently in animals during diurnal-nocturnal transition, but hawkmoths
kept their opsin gene repertoire. In addition to the opsin gene repertoire, I found no
significant differences in the expression patterns of opsin genes between the nocturnal
and diurnal species by RNA-seq analysis: the LW gene is predominantly expressed,
while the UV and SW genes are expressed almost equally in hawkmoth eyes.

I constructed the gene trees of opsins, and found that the topology of the UV opsin



tree reflects the species’ phylogenetic relationships, but in contrast, the SW and LW
opsin trees exhibit distinct branching patterns from that of the species tree: SW and
LW opsins in diurnal species form monophyletic groups in both trees. The evolutionary
rates of amino acid substitutions were significantly higher on the diurnal branches
than on the nocturnal branches in all the three opsins. I found an excess number of
parallel amino acid substitutions in the opsins in the three independent diurnal
lineages, which included the common substitutions on the three diurnal branches. The
numbers were significantly more than those inferred from neutral evolution,
suggesting that positive selection acted on these parallel substitutions during the
transitions.

Second, I measured the spectral sensitivity of the compound eyes by recording the
electroretinograms (ERG), and observed the histological localization of the screening
pigments in the eyes in two nocturnal and two diurnal species belonging to different
clades. I then predicted the visual pigments’ absorption spectra. In the diurnal species,
the peak absorption wavelength (dmax) values of SW pigments shifted about 10 nm on
average to the long-wavelength direction: 16.0 nm shift for diurnal C. Aylas and 5.0 nm
shift for diurnal M. pyrrhosticta from the average value of nocturnal species,
respectively. On the other hand, the shift direction was opposite in LW pigments, 1.e.,
the Amax values were about 10 nm shorter in diurnal species: 14.7 nm shift for C. Aylas
and 5.8 nm shift for M. pyrrhosticta from the average value of nocturnal species,
respectively. Meanwhile, the Amax values of UV pigments were conservative. The
reduced Amax separation increases the overlap of the spectral sensitivities of LW and
SW pigments, which potentially enhances the color discrimination in the diurnal
species.

In conclusion, the transitions from nocturnal to diurnal ecologies in hawkmoths were
accompanied by parallel evolution of amino acid sequences of the visual opsins, which
presumably brought spectral sensitivities of LW and SW pigments closer and enhanced
the color discrimination properties of diurnal hawkmoths in ambient light. The
findings in this thesis of rapid parallel evolution of opsin visual pigments shed new

light on adaptive evolution of vision through diurnal-nocturnal transition.
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