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Abstract Although dragonflies and damselflies (Insecta:
Odonata) represent some of the most advanced visual sys-
tems among insects, odonate visual systems are not as well
understood as those of model or more economically impor-
tant insects. Yet, with their large and complex eyes, aquatic
and terrestrial life stages, entirely carnivorous lifestyle, ex-
ceptional mating behaviors, diversity in coloration, occu-
pancy of diverse light environments, and adult success that
is completely dependent on vision, it would seem studying
the visual system of Odonata at the molecular level would
yield highly rewarding scientific findings related to preda-
tor/prey interactions, the physiological and molecular shifts
associated with ecological shifts in light environments, and
the role of vision on behavioral ecology. Here, we provide a
review of odonate color vision. The first odonate opsin
sequences are published using a degenerate PCR approach
for both dragonfly and damselfly lineages as well as a

transcriptome approach for a single species of damselfly.
These genetic data are combined with electrophysiology
data from odonates to examine genotype/phenotype rela-
tionships in this visual system. Using these data, we present
the first insights into the evolution and distribution of the
visual pigments (opsins) among odonates. The integration
of molecular and behavioral studies of odonate vision will
help answer long-standing questions about how sensory
systems and coloration may coevolve.
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Introduction

Insects are the most diverse animal group on the planet and
their diversification has been accompanied by an astonish-
ing array of behavioral and physiological innovations. The
visual system is no exception to this pattern. Insects display
an astonishing array of morphologically, ecologically, and
functionally different visual systems (Nilsson 1989; Nilsson
and Kelber 2007). Further, major differences in visual abil-
ity and visual communication are observable both within
and across insect groups (e.g., Roberts et al. 2011;
Maksimovic et al. 2011; Bybee et al. 2012; Briscoe et al.
2010; Yuan et al. 2010; Maksimovic et al. 2009; Osorio and
Vorobyev 2008; Wakakuwa et al. 2007; Briscoe and Chittka
2001). While the quality of insect vision is generally poorer
than that of vertebrates, most insects have the ability to see
light in a wider range of wavelengths. Thus, many insects
have the potential to both forage and communicate in a
spectral realm that is unobservable to the unaided human
eye.
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Much of our understanding of insect vision results from
anatomical studies of insect sensory systems. The “simple”
eyes of insects consist of a single structure called an omma-
tidium. Simple eyes range in visual ability from only light
sensitive to image forming. They are found amongst most
insects in the form of ocelli on the dorsal surface of the adult
head, or as the functional eyes of holometabolous larvae
(Land and Nilsson 2002). Compound eyes contain many
ommatidia and are the most prevalent eye type among adult
insects and immature hemimetablous insects. The type and
number of ommatidia within a single compound eye varies
across insects. For example, some primitive, cave and leaf
litter dwelling insects have only a few ommatidia or are
blind and have lost their eyes all together (e.g., Glacicavi-
cola bathyscoides), while dragonflies have up to ~30,000
ommatidia (Land and Nilsson 2002). Compound eyes are
capable of forming a clearer image and can more efficiently
track movement than is possible with the simple eye.

The ommatidia of the insect eye are composed of rhab-
domeric photoreceptors and pigment cells (Fig. 1). The
rhabdom, a transparent rod found in the center of each
ommatidium guides light into the ommatidium, and an

image is formed by the average of all the light that has
entered each of the rhabdoms (Wehner 1981). The quality
of the image that is viewed is determined by the angle that is
formed between the ommatidia (Nilsson 1989; Land and
Nilsson 2002). Rhabdoms can have open, fused, or tiered
structures, which help to determine a photoreceptor cell’s
spectral sensitivity to light (Snyder et al. 1973). The photo-
receptor cells are essentially special sensory neurons that
receive light (Kirschfeld 1976). An insect’s spectral sensi-
tivity is also determined by the number and diversity of
opsins (the genes responsible for color vision) (Chang et
al. 1995) and in some cases the screening pigments associ-
ated with the ommatidia (Stavenga 2002). Different parts of
the eye are capable of capturing different wavelengths of
light (Chittka 1997; Endler 1993; Lythgoe 1972; Cronin et
al. 2000; Hardie 1986; Peitsch et al. 1992; Warrant and
Nilsson 1995), which results from differences in the relative
proportions of alternative opsins among regions of the com-
pound eye (Laughlin 1976).

Within some insect groups, the ecological constraints
imposed on vision are comparatively well understood. For
example, molecular, behavioral, and neuroanatomical data
have recently been integrated to determine the perceptibility
of visual displays to conspecifics, mutualists, and enemies
in some arthropods (e.g., Morehouse and Rutowski 2010;
Defrize et al. 2010; Bybee et al. 2012). By contrast, equally
complex visual models are presently lacking for odonates
(but see Olberg et al. 2000, 2005, 2007), despite their
exceptional diversity in visual systems and ecotypes. Filling
this gap has obvious potential to illuminate the limits and
possibilities of visual system evolution. Below, we provide a
review of current knowledge for the odonate visual sensory
system. We also present a catalogue of spectral variation
observable among odonates and assessments of whether
such variation might be coevolving with the odonate eye.
Finally, in an effort to characterize the color vision system of
an odonate at the molecular level, we produce the first visual
transcriptome for Odonata (Zygoptera: Telebasis salva). We
discuss our findings within the broader context of electro-
physiological studies from the literature and some prelimi-
nary efforts using degenerate primers and PCR to screen for
LW opsins using genomic DNA (gDNA).

Current knowledge of odonate vision

Anatomy and development of odonate compound eyes

The odonate eye has long been recognized to represent the
pinnacle of insect visual capacity. For example, the eyes of
dragonflies in the family Aeshnidae contain more ommatid-
ia than any other known insect (Land and Nilsson 2002).
The odonate eye is the largest of all insect eyes, having an
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Fig. 1 Diagram of the ventral ommatidium of Sympetrum (redrawn
from Armett-Kibel and Menertzhagen 1983)

242 S.M. Bybee et al.



average diameter of 8 mm (Land and Nilsson 2002) and the
ability to perceive light in all directions with the exception
of the area directly behind the head (Corbet 1999). Odonate
naiads (immature odonates) also possess very large eyes,
and during metamorphosis, the ommatidia multiply and the
eye expands greatly. Immature odonates have ~170 omma-
tidia and by maturity adults have ~8000 ommatidia in each
eye (Corbet 1999; Sherk 1978a, b), with some species
achieving much higher numbers of ommatidia (e.g., Anax
junius with 28,672 ommatidia present in each eye at matu-
rity; Land and Nilsson 2002).

Ommatidia in naiad eyes are slightly different from those
of the adults. Odonate naiad eyes have light and dark bands
that develop and lose color with age (Corbet 1999). How-
ever, like adults, the naiad ommatidia appear to have recep-
tors for a wide range of wavelengths, including ultraviolet,
violet, green, and orange (Seki et al. 1989), though this has
not been confirmed at the molecular level. Because the
ommatidia develop from the anterior, ommatidia of the
naiad will become dorsal ommatidia upon metamorphosis
into the adult life stage (Sherk 1978a; Schaller 1960). It
seems likely that the developmental changes of the eye
across life stages may represent adaptations to differences
in the light environments inhabited by immatures (usually
aquatic) and adults (terrestrial).

Odonate color vision

Understanding the sensory systems on which selection can
act provides greater insight into not only visual system but
signal evolution as well (e.g., Cummings 2004). We are
curious about what odonate color vision encompasses at
the molecular level (opsin diversity), specifically in com-
parison to other insects groups (e.g., butterflies). Both but-
terflies and the Odonata have several commonalities.
Odonates are comparable in body and wing color, structural
pigments, behavior (particularly mating behavior), and hab-
itat types. Additionally, both groups appear to use visual
cues for mate recognition. Yet, Odonata differ from butter-
flies by being generalist predators (rather than feeding on
plants, detritus, pollen and/or dung), and lack stringent
requirements for host plant identification. Thus, whereas
butterfly color vision is subject to selection for a diverse
array of specialized tasks (e.g., Briscoe et al. 2010), odonate
vision might evolve under less numerous selection regimes.

The odonate eye can detect color from the ultraviolet (UV)
(~300 nm) to the long wavelength (LW) (~700 nm) portion of
the visible spectrum and is capable of discriminating polarized
light (Roberts et al. 2011; Mayer and Labhart 1993; Yang and
Osorio 1991; Armett-Kibel and Menertzhagen 1983;
Meinertzhagen et al. 1983). Past studies of electrophys-
iology have demonstrated that dragonflies have from
three to five opsin copies for detecting color in different

parts of the light spectrum (e.g., Hemicordulia tau, UV
(330 nm), violet (410 nm), blue (460 nm), green (525 nm)
and red (630 nm); Yang and Osorio 1991). A single electro-
physiology study of the damselfly eye (Lavoie-Dornik et al.
1988) reanalyzed by Schultz et al. (2008) suggested that the
damselfly Enallagma cyanthigerum has at least three opsins in
the UV (366 nm), blue (B) (410 nm) and green (525 nm)
portions of the light spectrum. The findings from these studies
have never been verified by an independent molecular screen-
ing of the opsins.

Odonate color vision demonstrates retinal specialization.
Ommatidia located on the dorsal surface of the eye are more
sensitive to UV (~300-400 nm) and B (~401-500 nm) light.
Thus, allowing these specialized retinas to more fully view
objects against the bright background of the sky (Hisada et al.
1965). Acute zones of the eye contain larger ommatidia that
allow more photons to come through per unit. The reduction
of diffraction among these larger lenses results in the forma-
tion of a clearer image (Land 1981, 1989; Corbet 1999). The
acute zones of the dragonfly eye vary by species and are
largely dependent on lifestyle and habitat (Corbet 1999). This
is especially helpful while hunting in the mornings or eve-
nings and provides an extremely vivid background image that
allows small moving objects to be easily spotted (Pritchard
1966; Sherk 1978b, c). Odonates are generalist predators
feeding primarily on small insects (e.g., Diptera), but some
dragonflies do take larger prey (e.g., bees, wasps and butter-
flies). Most adult feeding is done in and around terrestrial
aquatic environments, where prey is detected against vegeta-
tion, the sky, or both as a backdrop.

Functions of body and wing color variation

Although Odonata is a relatively small insect order
(~6,000 spp), it encompasses an extraordinary diversity of
wing and body coloration and patterns (Fig. 2). To the
human eye, many odonates are highly visually conspicuous,
which raises the questions of what function coloration
serves and how it evolves (e.g., Fuller et al. 2010). The
prevalence of sexual dimorphism in color throughout this
group and its starring role in many conspecific displays
suggests the possibility that color may commonly evolve
to serve communication purposes. Visual communication is
likely paramount for odonates in recognizing conspecific
mating partners and sexual rivals, as there appears to be
little evidence for auditory, touch, or chemical communica-
tion among adults throughout the order (but see Rebora and
Piersanti 2010).

Species recognition

Gorb (1998) conducted studies of coenagrionid damselflies
in which he manipulated morphology and coloration of
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female models. This work shows that color is an essential
component of mate recognition; males were responsive to a
subset of models only when a species typical coloration was
provided. Further evidence for the role of color in species
recognition comes from parapatric damselflies in the family
Calopterygidae. In an unusual form of character displace-
ment, species differences in male traits (wing spotting) are
exaggerated in sympatry, apparently due to selection to
prevent (presumably unprofitable) interspecific territorial
aggression (e.g., Tynkkynen et al. 2004; Anderson and
Grether 2009). These same traits are also used by females
in this group to identify conspecific mates (Svensson et al.
2007). Schultz et al. (2008) demonstrated that male colora-
tion was more conspicuous during the time of day they were
actively searching for females, suggesting that males of
different species are more noticeable to the damselfly visual
system due to light environments created by changes in
sunlight position. We suspect that further studies of
closely-related odonate taxa with different body and/or wing
colors will reveal further support for color’s role in intra-
and interspecies recognition (Shaw and Mullen 2011).

Sex-limited color polymorphism

While male-limited color polymorphism has only been de-
scribed in a small number of odonates, female-limited poly-
morphism occurs in >100 species (Fincke et al. 2005). The
prevalence of female-polymorphism is commonly thought
to reflect adaptation to sexual conflict (reviewed by Van
Gossum et al. 2008). Polymorphic odonates are usually
comprised of a female morph with male-like coloration
(the “andromorph”; Fig. 2c), which co-occurs alongside
counterparts that have distinctive patterns and/or colors
(“gynomorphs”, or “heteromorphs”; Fig 2e). Alternative
female morphs are differentiated by allelic variation in
all studied cases (see Van Gossum et al. 2008), suggest-
ing the operation of balancing selection in polymor-
phism maintenance.

One hypothesis holds that andromorph females mimic
conspecific males in order to avoid excessive male–female
interactions (Robertson 1985). Alternatively, males may
learn to recognize the prevailing morph within a population,
exerting frequency-dependent harassment on either morph

Fig. 2 Image representing the
body and wing coloration of
damselflies (a-e). (a)
Platycyphya caligata courtesy
of J. Abbott. (b) Calopteryx
maculata courtesy of J. Abbott.
(c) An andromrophic mating
wheel of Ischnura ramburii
with male on top and
andromorph female on the
bottom. Courtesy of S.
Coleman. (d) Megaloprepus
coerulatus courtesy of T.
Davenport. (e) An
gynomrophic mating wheel of
Ischnura ramburii with male on
top and gynomorph female on
bottom. Courtesy of S.
Coleman
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(e.g., Fincke 2004). Whereas a single copulation provides
ample viable sperm for a female’s reproductive life (e.g.
Fincke 1987; Cordero 1991), males can mechanically re-
move stored sperm with their genitalia (Waage 1979). The
removal of another males stored sperm from females
through repeated mating bouts may decrease female fitness
in the process by inhibiting foraging (Sirot et al. 2003),
elevating predation risk (Forbes 1994), and/or imposing
physical trauma. Although the precise mechanism by which
male–female interactions maintain polymorphism remains
unclear (e.g., Sirot et al. 2003; Cooper 2010) and may vary
according to species, sexual conflict’s role in maintaining
color polymorphism has been extensively supported by field
and lab studies (e.g., Svensson et al. 2005; Takahashi et al.
2010). The widespread incidence of female-limited poly-
morphism thus showcases the vast and untapped potential
of odonates for investigating the coevolution of color and
color vision.

By way of example, within the female-polymorphic ge-
nus Ischnura, even closely related taxa often differ in the
presence and absence of female polymorphism and/or in the
spectral properties of developmental and genetic morphs
(e.g., Van Gossum et al. 2010). These differences will result
in varying challenges for, and selection on, the visual sys-
tems of mate-searching males. Yet, while proposed mecha-
nisms of color polymorphism maintenance emphasize
morph differences in detectability to males and/or predators,
studies that manipulate color are presently lacking (but see
Iserbyt and Van Gossum 2011), as are details of the visual
systems involved (but see Schultz et al. 2008). Hence, the
sensory ecology of sex-limited polymorphism remains rela-
tively unexplored.

Other examples of color variation

Throughout the lifespan of Odonata, many undergo various
color changes, particularly those of aeshnids (Paulson
1966), corduliids (Williams 1976), petalurids (Clement and
Meyer 1980) and coenagrionids. Many color changes in
Odonates are associated with increasing age and sexual
maturation (Ueda 1989). For example, the wings of Aeshna
cyanea change color as they become more sexually mature
(Kaiser 1985). Their wings may become more pigmented
and lose their clear appearance (Corbet 1999). It is usual for
the wings of some Anisoptera such as Nannophya pygmaea
to attain a white wing margin after sexual maturation
(Yamamoto 1968).

Although many of the examples cited above show how
sexual selection can act on odonate phenotypes, there is also
evidence to suggest that natural selection imposed by phys-
ical and/or ecological environments can diversify odonate
color. For example, in the Hawaiian endemic damselfly
Megalagrion calliphya, clinal variation in male and female

color may have evolved in response to spatial variation in
the need for antioxidant protection from ionizing solar radi-
ation (Cooper 2010). In a handful of taxa in the families
Polythoridae and Pseudostigmatidae, Batesian mimicry is
thought to have evolved to deter predators. Mimetic taxa
have been proposed to resemble sympatric, toxic butterflies
(Corbet 1999, Pers. Comm. R. Reed) and even aposematic
black and yellow to mimic bees and wasps (e.g., Nannothe-
mis bella). The role of predation in odonate color evolution
is further suggested by occurrences of pronounced sexual
dimorphism in most dragonfly and damselfly species. In
dimorphic taxa, females typically exhibit more drab colors
than males, a likely consequence of selection for crypsis by
visually orienting predators (e.g., birds and even other odo-
nates) and by sexual asymmetry in sexual selection.

Materials and methods

Taxon sampling

Our targeted taxa for these PCRs were Phenes raptor, Petal-
ura gigantea, Rionaeschna multicolor, Lestes congener and
Libellago semiopaca. Transcriptome sequencing of the vi-
sual tissues was conducted on a single taxon, Telebasis
salva. We chose to target a damselfly for transcriptomics
because physiological estimates of opsin diversity for Odo-
nata are focused almost entirely within the dragonflies.

DNA extraction

Genomic DNA was extracted using the QIAGEN DNeasy
extraction kit. Each PCR reaction was amplified using de-
generate LW opsin primers (IVRH-F5: GCGAATTCCGS
GANCARGCMA; IVRH-R8: YGTNTAYKSYRTHGGAT
CCCG; Hariyama et al. 1993) on ABI 9700 thermal-
cycling machines using the following protocol and Elongase
Taq (92°C (2 min) [92°C (1 min) 50°C (1 min) 68°C (1 min
30 s)×40 cycles] 68°C (7 min)). The resulting DNA frag-
ment from this primer set and protocol yielded a DNA
fragment of ~550 bp that included an intron of ~300 bp.
We tried several combinations of primers from the literature
and those designed in the lab but were unable to isolate
either UVor B sensitive opsins form gDNA from our chosen
taxa. Electrophoresis was performed on a 1 % agarose gel to
identify successful reactions and monitor for contamination.
Products were cleaned using a PrepEase Purification (USB
Corporation) 96-well plate, followed by a reaction to add a
3’ A-overhang for cloning. The products were then cloned
using the Invitrogen TOPO TA Cloning kit (Invitrogen
Corporation). We cultured the clones on Luria Broth plates
containing ampicillin (50 mg/ml) and X-gal (40 mg/ml) and
allowed them to incubate for 12–16 hours. After incubation
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(37°C for 16–24 hours), 50 colonies were picked from the
successful clones and added to PCR tubes containing 50 μl
of a 1xTE Buffer solution. We PCR amplified the colonies
with the M13 primers. The products were size selected and
then sequenced using BigDye (Applied Biosystems Inc.,
version 3.1) chain terminating chemistry, cleaned using
sephadex (GE Healthcare) and fractionated on the ABI
3730 XL DNA Analyzer (BYU DNA Sequencing Center).
We cleaned the sequences using sephadex (GE Healthcare)
and then submitted them to the BYU DNA Sequencing
Center (DNASC). The sequences were assembled and edi-
ted using Sequencher 4.9 (GeneCodes Corporation). We
performed a nucleotide BLAST search on each sequence
using the NCBI BLAST function to identify the spectral
class of each opsin sequence through functional homology.

Transcriptome

RNA was extracted from the head of a 7–8th instar naiad
(estimated from size, ~1.5 cm, and wing buds not being
longer than the width of the head) using a Nucleospin®
RNA II column. Approximately 1 μg of RNA was used to
construct a cDNA library using Clontech’s SMARTer
cDNA kit and standard protocol. Following first strand
synthesis and cDNA amplification the cDNA was purified
using a Qiagen Qiaquick PCR Purification kit. Purified
cDNA was fragmented to ~600 bp via nebulization and
further purified using two MinElute PCR Purification kit
columns. Ends of the purified, nebulized cDNA are polished
and ligated with GS FLX Titanium primers and small frag-
ment cDNAs are removed via AMPure beads. The ligation
is tested via PCR to ensure that the proper adapters were
ligated. Following adapter verification another PCR is car-
ried out to optimize for the number of cycles to get a
consistent visible smear between 300–2000 bp on a gel.
Once the optimal cycles is determined another round of
PCR is carried out to amplify the cDNA followed by gel
purification using a 1 % MetaPhor Agarose gel with 1×
TAE. From this gel the 500–700 bp swath is removed and
gel purified using the QiaQuick Gel Extraction kit. The
cDNAwas then included in an emulsion PCR and prepared
for 454 sequencing using the GS FLX Titanium General
Library Preparation Method Manual. Transcriptome se-
quencing was performed on the Roche 454 platform through
the BYU DNA Sequencing Center.

Results

From the degenerate PCR, we were able to isolate only the
LW opsin copies. Other attempts to design degenerate pri-
mers to isolate and amplify the UV and B opsins from
gDNAwere not successful. From our small taxon sampling,

we found a single LW copy for all odonates sampled. The
transcriptome approach was much more successful in iso-
lating multiple opsin classes. We recovered one UV, B and
LW from T. salva. These data combined with what is known
from other degenerate PCR efforts (Janananda 2011) and
physiological estimates are summarized in Fig. 3.

Discussion

Odonate opsin evolution

Taking all data together (electrophysiology, degenerate PCR
and transcriptome) and mapping these data on an estab-
lished phylogenetic estimate for the group (Bybee et al.
2008), the first glimpse for the evolution of the odonate
color vision systems is possible. There is evidence that all
three opsin copies are found throughout the order, with two
exceptions where physiological data did not provide evi-
dence for UV and B in Libellula needhami and Aeshna
tuberculifera, respectively (but this is a negative result and
still must be corroborated by an independent molecular
investigation of the opsins). Both B and LW appear to have
duplicated during odonate evolution. Both LWand B classes
appear to have been duplicated in the most derived lineage
of dragonflies (Libelluloidea). One libelluloid (Libellula
needhami) appears to have a simplified visual system com-
pared to its close relatives (Horridge 1969). However, we
make this point with caution as this is only one species from
a superfamily of ~1000 species.

It is likely that the ancestral condition for color vision
involved only a single copy of each opsin class. The more
primitive lineage of dragonflies and all damselfly lineages
represented in this study support this hypothesis (Fig. 3).
Damselflies appear to have a simple color vision system
consisting of a single copy from each opsin class. However,
the taxon sampling is skewed toward pond damselflies
(Coenagrionidae) and it is likely that as the sampling
expands to include groups with more color and behavioral
complexity (e.g., more calopterygoids or even the poly-
morphic coenagrionids), we will encounter more complex
visual systems.

Color and color vision

It is interesting to note that the most derived lineages from
dragonflies (libelluloids) and damselflies (pond damsel-
flies), which are also the most diverse lineages in their
respective suborders, appear to have visual systems evolv-
ing in two completely different fashions (Fig. 3). The ma-
jority of wing color diversity among dragonflies is
contained among the libelluloids and this is perhaps one
explanation for the large diversification of opsins within this
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lineage. The other extremely speciose lineage of odonates is
Coenagrionidae or pond damselflies. Compared to more
spectacularly ornamented groups, pond damsels are not
generally characterized as being exceptionally colorful, al-
though some lineages are certainly colorful and others have
color-centered behaviors (e.g., female polychromatism).
Based on our results for T. salva, they appear to have
retained the ancestral color vision system. We note, howev-
er, that this diverse group merits further study. For example,
given the visual challenges female polychromatism presents
for mate-searching males, it will be interesting to see what
visual systems are apparent within color-polymorphic
species.

The visual systems of the more spectacularly ornamented
odonates present exciting research opportunities. Lestes dis-
juncta (Lestidae) and Coenagrionidae represent the most
primitive and derived damselfly lineages respectively and
both groups having only a single LW copy, which is not
entirely surprising as neither group is known for extensive
color or color centered behaviors. That Libellago semiopaca
did not have any detectable LW opsin duplicates is surpris-
ing. Perhaps, due to degenerate primers that are not opti-
mized to pick-up opsin duplicates among odonates. L.
semiopaca is a member of the Chlorocyphidae, one of the
most colorful of all odonate groups, and a group that is well
known for its charismatic courtship behaviors that have
color as a central focus (Fig. 2a). Despite these findings, it

is very likely that a more extensive and intensive (e.g.,
transcriptomic) investigation of the visual pigment genes
among species from this family as well as others from its
superfamily (Calopterygoidea) is likely to reveal a complex
and unique evolutionary history of color vision.

Our limited taxon sampling combined with a degenerate
primer/PCR approach that resulted in a 219 bp fragment
(once the intron was removed) of the LW opsin gene does
not makes it easy to draw any broad conclusions concerning
odonate opsins generally. This compounded with the scar-
city of opsins from non-holometablous insects for close
comparison makes it difficult to identify any major differ-
ences between odonate opsins and those of other insects.
When comparing the UVopsin genes from several Hawaiian
Megalagrion species (Janananda 2011) it appears that the
UVopsin among pond damselflies is highly conserved at the
amino acid level, but extremely divergent (as expected)
from Orthoptera UV opsins (Supplemental Figure 1). For
the LW opsin our data set has the most overlap among
sequences beginning after helix V and terminating just
before the end of Helix IIV. Again, the amino acids
among the Odonata LW opsins are conserved. Compar-
ing the full length LW from T. salva with orthopteran
opsins shows that ~17 % of amino acid changes are
odonate specific (Supplemental Figure 2). An alignment
of T. salva’s B opsin with an orthopteran B opsin can
be found in Supplemental Figure 3.
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How complete are the data for estimates of odonate color
vision genes?

Even though our current view of odonate visual evolution is
still very much incomplete, we present the most compre-
hensive view to date and the first ever estimates of opsin
gene expression from odonate visual tissue. There are three
main limitations of this current study which include (1)
incompleteness of taxon sampling, (2) reliance on elector-
physiological data, and (3) negative results obtained via
PCR due to primer issues. For example, we know from
physiological data alone that the odonate eye, especially
for dragonflies, appears to be much more complex than what
was recovered from the degenerate PCR. Comparable lim-
itations are also present in physiological estimates of opsins,
where there are many complex measurements that must be
taken to produce an excellent estimate. The advantage of
the transcriptome approach is that it does not rely on
primer directed PCR, is very sensitive and usually
yields full-length genes. However, transcriptomics, as
with physiological data, is limited by what genes are
expressed in the tissue (i.e., ommatidia) examined. For
example, our transcriptome is from an immature
T. salva. It could be that the copies we recovered using
a transcriptome approach were those expressed during
the immature stage and that additional opsin copies will
be expressed during the adult life stage.

Moving forward

This research represents only a first pass toward a more in-
depth examination of the evolution of odonate visual sys-
tems at the molecular level that will involve transcriptomics,
directed sequencing, and degenerate PCR. We find compel-
ling molecular evidence that odonate color vision is as
complex as physiological data suggest and very likely as
diverse as what has been observed in other insect groups
with similar behavioral adaptations and ecological niches.
We anticipate that further research on odonates, the pinnacle
of insect visual acuity, will provide a rich and diverse view
of the evolution of color vision.
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