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Introduction

for example, the pygmy possum wrasse, Wetmorella
tanakai (4 cm total length) to the humphead parrotfish,
Bulbometapon muricatum (130 cm total length) (Parenti
and Randall 2000). Their feeding, reproductive and behavioral
ecologies are diverse, and they include variable color morphs
at different developmental stages (Randall et al. 1997; Allen
et al. 2003). Additionally, several species possess specific
“labrid complex-colors,” described by spectra with multiple
peaks in wavelengths, allowing simultaneous communication
and camouflage (Marshall et al. 2003a).
Little is known about the visual ecology of labrids. One of
the reasons for this is that microspectrophotometry (MSP),
a technique commonly used to determine the spectral sensitivities of fishes, is difficult to perform on labrids. The labrid
retinal pigment epithelium (RPE), as in other fishes, is the
site for enzymatic activities of the visual cycle including the
isomerization of all-trans retinal to 11-cis retinal (Hubbard
and Wald 1952). In labrids, the RPE is particularly thick,
highly pigmented, and in close contact to the cone cell
outer segments, causing damage to these parts of the cell
when the pigment is removed (Kawamura and Tamura
1973; Fineran and Nicol 1974; Nicol 1975; Ali and Anctil
1976). From two successful studies of labrid visual ecology,
one using MSP and extraction spectrophotometry (ESP) and
the other using electroretinograms (ERG), we know that
labrids are likely to have at least dichromatic color vision
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Article

Coral reefs are one of the most spectrally diverse environments, both in terms of habitat and animal color (McFarland
and Munz 1975; Goda and Fujii 1995; Marshall et al. 2003a).
Reef fish show the greatest diversity of color and patterns
within this particular habitat but the function of many of
these colors and patterns is largely unknown. Reasons for
their color have been speculated about since the time of
Darwin and Wallace, and are likely to be related to species
identity, sex, and camouflage (Darwin 1859; Wallace 1877;
Cott 1940; Lorenz 1962; Thresher 1984; Marshall 2000;
Siebeck 2004; Cheney, Grutter, et al. 2009).
In order to understand the behavioral and ecological functions of the colors and patterns displayed by coral reef fish, or
indeed any animal, we need to analyze them using information on the visual systems that view them (Lythgoe 1979;
Cuthill et al. 1999; Marshall et al. 2006). Coral reefs may
contain several thousand species of fish, many of which are
phylogenetically distinct, having arisen tens of millions of
years ago (Near et al. 2012). In this article, the visual systems
of the labrids are investigated; a polyphyletic group of colorful
fishes with a well-resolved phylogeny that are found in both
tropical and temperate waters (Westneat and Alfaro 2005;
Cowman et al. 2009; Price et al. 2011). The labrids are a large
group of both wrasses and parrotfish including more than 500
species in 60 genera, with a huge size range encompassing,
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Coral reefs are one of the most spectrally diverse environments, both in terms of habitat and animal color. Species
identity, sex, and camouflage are drivers of the phenotypic diversity seen in coral reef fishes, but how the phenotypic
diversity is reflected in the genotype remains to be answered. The labrids are a large, polyphyletic family of coral reef
fishes that display a diverse range of colors, including developmental color morphs and extensive behavioral ecologies.
Here, we assess the opsin sequence and expression diversity among labrids from the Great Barrier Reef, Australia. We
found that labrids express a diverse palette of visual opsins, with gene duplications in both RH2 and LWS genes. The
majority of opsins expressed were within the mid-to-long wavelength sensitive classes (RH2 and LWS). Three of the labrid
species expressed SWS1 (ultra-violet sensitive) opsins with the majority expressing the violet-sensitive SWS2B gene and
none expressing SWS2A. We used knowledge about spectral tuning sites to calculate approximate spectral sensitivities
(max) for individual species’ visual pigments, which corresponded well with previously published max values for closely
related species (SWS1: 356–370 nm; SWS2B: 421–451 nm; RH2B: 452–492 nm; RH2A: 516–528 nm; LWS1: 554–555 nm;
LWS2: 561–562 nm). In contrast to the phenotypic diversity displayed via color patterns and feeding ecology, there was
little amino acid diversity within the known opsin sequence tuning sites. However, gene duplications and differential
expression provide alternative mechanisms for tuning visual pigments, resulting in variable visual sensitivities among
labrid species.
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susceptible to photoxidative damage (Douglas and Marshall
1999); whereas others suggest reducing UV light may reduce
chromatic aberration (Thorpe et al. 1993; Douglas and
Marshall 1999; Siebeck and Marshall 2000); although UV
vision may be more related to function (Douglas and
Thorpe 1992). The distribution of the pigment may be
uneven across the cornea, with densely pigmented areas
often found toward the periphery, and a clear “window”
toards the central area. Therefore, the presence of a shortwavelength absorbing pigment in the cornea does not necessarily mean that no UV light can be transmitted, if the lens
is UV transmitting (Douglas and Marshall 1999; Siebeck and
Marshall 2000). Where seeing UV light is important for intraspecific communication or identifying prey, such as zooplankton, both the lens and cornea should be UV-transmitting
(Siebeck and Marshall 2001) and some wrasse species are
know to be potential planktivores and may reflect UV from
body colors (Marshall 2000). Therefore it is important to consider not only the spectral sensitivities of the photoreceptors
but also the optical properties of the whole eye when studying animal visual systems.
In this study of labrid visual sensitivities, we hypothesized
that there would be spectral sensitivity diversity within the
labrids that is related to their ecology and ethology (table 1).
To test this hypothesis, we utilized next-generation sequencing (NextGen RNA-Seq) of retinal transcriptomes of 12
different labrid species and took a molecular approach to
examining visual system diversity (fig. 1). We also used
opsin sequences and known data on spectral tuning sites
to estimate spectral sensitivities (max) for each opsin expressed in the individual species. We then related our results
to labrid behavioral ecology to assess to what extent visual
sensitivity variation is correlated with ecology. Comparative
opsin expression data within fish families have been used
previously to study the visual system diversity of both the
highly diverse freshwater cichlids (Cichlidae) and their
closest relatives within the coral reefs, the damselfish
(Pomacentridae) (Carleton et al. 2000, 2008; Carleton and
Kocher 2001; Hofmann et al. 2009, 2010, 2012; O’Quin et al.
2010; Smith et al. 2011).

Results
Assemblies
The RNAseq data obtained by multiplexing eight retinal samples in a lane provided sufficient data to assemble and quantify opsin transcripts. From the 12 labrid samples, we obtained
an average of 25.5  8 million paired end reads.
Approximately 80% of the pairs passed trimming, and after
assembly produced an average of 63,000 transcripts. Because
the opsins are some of the most highly expressed genes in the
retina, this was sufficient data to construct complete opsin
sequences for at least three cone opsins and the rod opsin per
species and quantify their expression. This multiplexing
approach makes RNAseq a new and affordable way to rapidly
survey visual systems and opsin diversity in new groups of
organisms.
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(Barry and Hawryshyn 1999; Losey and George 2003).
However, these studies do not provide a complete picture—in Bodianus bilunnulatus no MSP recordings were
taken from single cones, despite labrids having two different
classes of single cones in addition to double or twin cones as
is evident in both wholemounted and sectioned labrid retinas (Kawamura and Tamura 1973; Fineran and Nicol 1974;
Nicol 1975; Ali and Anctil 1976).
Visual sensitivities in many animals can now be described
to a first approximation with molecular techniques, and are
determined by the absorption of light by visual pigments
contained within retinal photoreceptors. Visual pigments
are composed of an opsin protein bound to a chromophore
that typically, but not always, is 11-cis-retinal (Wald 1968).
Variation in spectral sensitivities can therefore arise
from changes in opsin sequence, opsin expression, the
type of the retinal chromophore (11-cis-retinal [A1] or 11cis-3,4,didehydroretinal [A2]), and filtering mechanisms such
as transmission properties of the cornea and lens (Loew 1976;
Bowmaker 1995; Carleton and Kocher 2001; Siebeck and
Marshall 2001; Shand et al. 2008; Yokoyama 2008).
Additional diversity can arise from opsin gene duplications
or gene losses within a family or even genus (Hofmann and
Carleton 2009; Rennison et al. 2012; Meredith et al. 2013;
Cortesi et al. 2015). These mechanisms have been shown to
play a role in concert or individually, and may even occur
within a single aquatic group (i.e., Lake Malawi cichlids
[Hofmann et al. 2009; Hofmann et al. 2010]).
With a dichromatic visual system (Barry and Hawryshyn
1999), labrids might construct basic color vision, and be able
to discriminate particular colors from the background
(Lythgoe 1979; Marshall et al. 2003b). However from previous
studies on the visual systems of other reef fish and retinal
anatomy, it is likely that labrids are at least trichromatic with
spectrally distinct single and double or twin cones (Losey et al.
2003; Hart et al. 2004; Pignatelli et al. 2010; Cheney et al. 2013).
We might expect labrid visual sensitivities to vary between
species as they have diverse ecologies and related anatomy
(Loew and Lythgoe 1978; Levine and MacNichol 1979;
Marshall 1988; Ferry-Graham et al. 2002; Wainwright et al.
2004; Schmitz and Wainwright 2011). Spectral variation
could relate to the aquatic light environment, which changes
with depth and water quality (Lythgoe 1979; Bowmaker et al.
1994; Meredith et al. 2013), or could relate to the fishes’
behavioral ecology, for example, their diet or sexual selection.
(Ferry-Graham et al. 2002; Losey et al. 2003; Marshall et al.
2003b, 2015; Cronin et al. 2014).
In addition to the human-visible light spectrum (400–
700 nm), several reef fish species have the potential to see
ultra-violet (UV) light (<400 nm) with implications for private communication channels between individuals of the
same species (Siebeck et al. 2010). In species with UV vision,
the cornea and lens necessarily allow the transmission of UV
wavelengths of light. In many species of labrids, UV light is
filtered out by the lens and cornea by yellow carotenoidbased pigments that in fact allow little light below 500 nm
to pass. Some authors have suggested this may be to prevent
tissue damage via UV radiation as the retina is highly
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Table 1. A Brief Summary of Published Ecological and Visual Data on the Labrids in This Study, (Randall et al. 1997; Siebeck and Marshall 2001,
2007; Allen et al. 2003).
Species

Cornea T50
and Type

Gomphosus varius
Thalassoma lunare

433 (I)
431 (I)

348–445 (III)
386–489 (III)

Coris gaimard
Halichoeres ornatissimus
Halichoeres chrysus
Halichoeres chloropterus
Labroides dimidiatus

430 (I)
426 (I)
—
—
414 (I)

347–393 (III)
392–513 (III)
—
—
361 (I)

Cirrhilabrus punctatus
Chlorurus sordidus
Epibulus insidiator

378 (I)
425 (I)
426 (I)

n/a (IV)
388 (II)
398–495 (III)

Choerodon fasciatus
Bodianus mesothorax

393–403 (I) 387–500 (III)
374 (I)
378–453

Diet

Depth (m)

Invertebrates
1–30
Fish eggs, small
1–20
fishes, invertebrates
Invertebrates
2–78
Invertebrates
4–15
Invertebrates
2–70
Invertebrates
 10
Zooplankton and
 40
parasitic crustaceans
Invertebrates
1–50
Algae and sand
 40
Invertebrates
1–42
and small fishes
Invertebrates
5–35
Zooplankton and
5–40 rarely
parasitic crustaceans
4 20

Opsins
SWS1 SWS2B SWS2A RH2B RH2A LWS RH1
—
1
—
—
2
1
1
—
1
—
—
1
1
1
—
—
—
—
—

1
1
1
1
1

—
—
—
—
—

—
—
—
—
—

2
1
1
1
1

1
1
1
1
1

1
1
1
1
1

1
—
—

—
1
1

—
—
—

—
—
—

4
1
2

1
2
2

1
1
1

1
1

1
1

—
—

—
1

1
2

1
1

1
1

NOTE.—Also noted is the number of opsin genes identified in this work.

Phylogenetic Trees
BLAST output using the opsin gene sequences from
Oreochromis niloticus (Spady et al. 2006) identified putative
opsins from all of the labrid species. All labrids expressed an
RH1 opsin and at least three cone opsins from the known
opsin classes (SWS1, SWS2B, RH2A or RH2B and LWS) with
the exception of SWS2A, which was not identified in any of
the species studied. For the majority of opsin genes, we
obtained full-length sequences (supplementary table S1,
Supplementary Material online), though there were a few
exceptions. For one species, Cirrhilabrus punctatus, there
were four versions of the RH2 opsin that were highly
expressed, with good E-values with highly similar coding
sequences (supplementary table S1, Supplementary
Material online). An additional four putative RH2 opsin sequences were also found in this species, although these had
low E-values and shorter lengths (726–757 bp) than known
RH2 opsins and so were excluded from further analysis. There
were similar results for other genes such as an SWS1 gene in
Chlorurus sordidus, and putative RH2B transcripts in Chl.
sordidus, Halichoeres chrysus, C. punctatus, and Choerodon
fasciatus (three potential genes). These transcripts had low
E-values, or were of a shortened length than expected and so
were discounted from the analysis.
Protein distance trees confirmed the identity of the opsins
as they grouped with well-known opsin classes defined by the
other fishes. Nucleotide trees determined by jModelTest were
consistent with the protein trees (fig. 2; supplementary figs.
S1–S4, Supplementary Material online) and both trees
grouped the labrid opsins together in a group that was
distinct and separate from the other fishes (i.e., Danio rerio
and O. niloticus). Labrid opsin phylogenetic trees agreed with
previously published phylogenies based on other genetic
information (Cowman et al. 2009; Price et al. 2011); figs. 1
and 2). The phylogenetic trees suggested potential gene

duplications for Epibulus insidiator and Chl. sordidus in the
LWS opsin class, whereas E. insidiator, Gomphosus varius, and
Coris gaimard all showed potential gene duplications in the
RH2A opsin class (fig. 2).

Gene Expression
The predominant labrid visual system is based on expression
of three cone opsin genes: SWS2B, RH2A, and LWS. The labrids
expressed mainly LWS and RH2A opsins with SWS1 and
SWS2B opsins making up a much smaller percentage of the
overall opsin expression. In all labrids except G. varius and
Halichoeres ornatissimus, RH2A was preferentially expressed
over LWS. In these two species, LWS was preferentially
expressed (fig. 3). There were some variations on this threegene system. Epibulus insidiator and Chl. sordidus expressed
two unique LWS copies (fig. 3). Two RH2A genes were
expressed in E. insidiator, G. varius, and Co. gaimard.
Bodianus mesothorax was the only labrid to express an
RH2B gene and express it at a similar level to RH2A opsin
expression in other species. Only three species significantly
expressed a copy of a full length SWS1 opsin (B. mesothorax,
C. punctatus, Cho. fasciatus) although expression levels were
lower than SWS2B for B. mesothorax and Cho. fasciatus. While
transcripts suggested C. punctatus expressed an SWS2B gene
in addition to SWS1, expression levels were so low that sequencing failed to obtain a full-length gene sequence.
Therefore, C. punctatus was the only wrasse to show significant SWS1 opsin expression rather than the SWS2B opsin
class.

Spectral Sensitivities
Between species, there was little variation at the known
tuning sites (supplementary figs. S5–S8, Supplementary
Material online), resulting in similar estimations of spectral
sensitivities across the family. All estimated spectral
3
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General Invert
Gastropod
Fish
Plankton
Herbivore
Cleaner
Forams
Excavator
Browsing
Scrapers
Coral Mucus

28.86

Labrichthyines
19.86

Pseudolabrines

Novaculines
53.97

Pseudocheilines
16.3

Scarines

58.78

28.76

12.01

19.81

48.94

Cheilines
52.95

62.74

Labrines

Odacines
Hypsigenyines
52.7

33.74

FIG. 1. Phylogeny of the Labridae modified to show the species in this analysis (modified from [Cowman et al. 2009; Kazancioglu et al. 2009; Price et al.
2011]). Where known, branches show the different feeding ecology of each species, and numbers at nodes show divergence estimates in time (Ma).
Filled circles represent the opsins that were expressed in each of the species sampled in this study. From L-R: SWS1, SWS2B, RH2B, RH2A, RH2Ab, LWS1,
LWS2.

sensitivities were well within the ranges reported for other
reef fishes (fig. 4; Losey et al. 2003; Hart et al. 2004; Cheney,
Skogh, et al. 2009; Cheney et al. 2013). Estimates for max are
reported below as ranges for all species analyzed; and in most
cases, are the same for individual species as there was low
amino acid variation between species at critical tuning sites
(fig. 4; supplementary figs. S5–S8, Supplementary Material
online).
4

The rod pigment, RH1 has an estimated max of between
486 and 499 nm which is within the range of MSP measurements made on other reef fish (RH1 = max of 477–502 nm;
(Losey et al. 2003). For the cone pigments, only three species
of labrid (B. mesothorax, C. punctatus, and Cho. fasciatus) expressed low levels of the SWS1 visual pigment (usually UVsensitive) with an estimated max of between 356 and 370 nm,
well within the UV range (<400 nm). The SWS2B opsin gene
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Julidines

Gomphosus varius
Thalassoma lutescens
Thalassoma bifasciatum
Thalassoma lunare
Stethojulis bandanensis
Stethojulis trineata
Halichoeres hartzfeldii
Leptojulis cyanopleura
Pseudojuloides atavai
Pseudojuloides cerasinus
Halichoeres bivittatus
Halichoeres radiatus
Halichoeres nicholsi
Halichoeres notospilus
Oxyjulis californica
Coris gaimard
Pseudocoris yamashiroi
Hologymnosus doliatus
Coris aygula
Coris julis
Halichoeres marginatus
Halichoeres argus
Halichoeres papilionaceus
Halichoeres solorensis
Halichoeres ornatissimus
Halichoeres chrysus
Halichoeres chloropterus
Macropharyngodon geoffroy
Macropharyngodon meleagris
Halichoeres hortulanus
Halichoeres scapularis
Anampses caeruleopunctatus
Anampses geographicus
Anampses neoguinaicus
Ophthalmolepis lineata
Hemigymnus melapterus
Labroides rubrolabiatus
Labroides bicolor
Labroides dimidiatus
Larabicus quadrilineatus
Diproctacanthus xanthurus
Labropsis australis
Labrichthys unilineatus
Austrolabrus maculatus
Pictilabrus laticlavius
Notolabrus gymnogenis
Pseudolabrus gayi
Cheilio inermis
Cymolutes praetextatus
Cymolutes torquatus
Iniistius aneitensis
Xyrichtys martinicensis
Novaculichthys taeniourus
Novaculichthys macrolepidotus
Malapterus reticulatus
Cirrhilabrus punctatus
Pseudocheilinus octotaenia
Pteragogus amboinensis
Pteragogus cryptus
Scarus dimidiatus
Scarus frenatus
Chlorurus sordidus
Hipposcarus longiceps
Bolbometopan muricatum
Cetoscarus bicolor
Cryptotomus roseus
Nicholsina usta
Sparisoma chrysopterum
Calotomus carolinus
Leptoscarus vaigiensis
Wetmorella nigropinnata
Cheilinus undulatus
Cheilinus fasciatus
Epibulus insidiator
Cheilinus oxycephalus
Oxycheilinus bimaculatus
Oxycheilinus celebicus
Oxycheilinus unifasciatus
Symphodus roissali
Centrolabrus caeruleus
Symphodus tinca
Symphodus ocellatus
Symphodus cinereus
Symphodus melanocercus
Tautoga adspersus
Ctenolabrus rupestris
Tautogolabrus onitis
Labrus merula
Labrus virdis
Choerodon anchorago
Choerodon fasciatus
Xiphocheilus typus
Neodax balteatus
Odax acroptilus
Bodianus mesothorax
Clepticus parrae
Bodianus rufus
Semicossyphus pulcher
Pseudodax moluccanus
Achoerodus viridis
Lachnolaimus maximus
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expressed by all other species (except C. punctatus) was calculated to have visual pigment with an estimated max of
between 421 and 451 nm. RH2A and RH2B pigments were
separated by a difference at amino acid 122 (RH2A = 122 E;
RH2B = 122Q) that shifts the RH2B visual pigment from B.
mesothorax into the blue-sensitive region with an estimated
max between 452 and 492 nm (Yokoyama et al. 1999). RH2A
visual pigments were estimated to have a max of between
516 and 528 nm. We calculated narrow spectral sensitivities
for the LWS visual pigments for all labrids. The majority of
labrids expressed one LWS opsin (LWS2) with an estimated
visual pigment max of 561–562 nm. Interestingly, the

estimates for the LWS2 visual pigment max fall outside the
range of max recorded from double cones from a range of
Hawaiian coral reef fishes: 457–548 nm (Losey et al. 2003).
In E. insidiator and Chl. sordidus where two LWS genes were
expressed; the two pigments (LWS1 and LWS2) are estimated
to be spectrally distinct, with LWS1 estimated to have a
spectral sensitivity of between 554 and 555 nm compared
with the LWS2 pigment that is estimated to have a spectral
sensitivity of between 561 and 562 nm (fig. 4). The significant
difference at a known tuning site between LWS1 and LWS2
(bovine rhodopsin site A164S) in both E. insidiator and Chl.
sordidus strongly suggests a gene duplication event within the
5
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FIG. 2. Maximum likelihood trees showing phylogenetic relationships between (A) RH1, RH2A, and RH2B, (B) SWS1 and SWS2B, and (C) LWS opsin
genes of the labrids used in this study. Trees were created using Phyml based on 100 bootstrap samples. Filled circles represent a 95% confidence at that
node.

MBE

Phillips et al. . doi:10.1093/molbev/msv213

Gomphosus varius
Thalassoma lunare
Coris gaimard
Halichoeres ornatissiumus
Halichoeres chrysus
Halichoeres chloropterus
Labroides dimidiatus
Cirrhilabrus punctatus
Chlorurus sordidus
Epibulus insidiator
Choerodon fasciatus
Bodianus mesothorax
300

350

400

450

500

550

600

650

700

FIG. 4. Ranges for the spectral sensitivities of the labrid family, as estimated from opsin amino acid sequences (nm; bold bars). Solid filled rectangles
represent the different opsin classes: from L-R = SWS1, SWS2B, RH2B, RH2A, LWS1, LWS2. Lightly shaded regions show the range of spectral sensitivities
from MSP and ERG recordings of single cones from a range of coral reef fishes. Readings from double cones and twin cones in that same study range
from 457 to 548 nm and the dotted rectangular outline represents these values (Losey et al. 2003).

labrid family (bovine rhodopsin site A164S; supplementary
fig. S7, Supplementary Material online).
It is important to note that estimating max from sequence
data alone may be inaccurate due to a lack of knowledge of all
6

tuning sites within the opsin sequences. Additionally, experimental mutations at particular sites may cause different
changes in max depending on the animal model or in vitro
background (Yokoyama 2012). As such, we have presented
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FIG. 3. Opsin expression levels (% of expressed cone opsins) for each species of labrid in this study. Opsins are sorted into the common vertebrate opsin
classes. Where putative gene duplications are suggested in E. insidiator, Co. gaimard, G. varius, and Chl. sordidus, relative percentage expression levels for
each gene are plotted separately. SWS2A was omitted from the graph, as it is not expressed in any members of the labrids in this study. For each species,
n = 1.
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Table 2. Number of Sites with Amino Acid (AA) Differences within the Transmembrane and Retinal Binding Pocket Regions for the Opsin Classes
and Number of Positively Selected Sites Identified Using PAML.
Sites with Amino Acid Differencesa

RH1
RH2A
LWS
SWS2B

Total

Transmembrane
Regions

34
65
97
106

22
36
48
55

Retinal
Binding
Pockets
3
3
13
15

Sites under Selection:
P 4 0.95a

Known Tuning
Sites for
Specific Opsin
2 (292 and 299)
0
1 (177)
4 (52, 115, 122, and 275)

Significant PAML Result
(P 4 0.95) at Known Tuning
Sites for Specific Opsina

PAML
Model 1/2a

PAML
Model 8/8a

PAML
Model 1/2a

PAML
Model 8/8a

3
3
7
9

6
13
17
19

1 (292)
0
0
0

1 (292)
0
0
1 (122)

max data as ranges for individual labrid species in order to
generate hypotheses about the role of spectral sensitivities.

Phylogenetic Analysis by Maximum Likelihood
(PAML)
As only three species expressed SWS1, and one expressed a
full length RH2B gene, PAML analysis was not carried out on
these opsins. Of the other expressed opsins, when comparing
codeml models 1a and 2, all opsins were under positive selection (SWS2B: P = 9.62 e  10; RH2A: P = 5.40 e4; LWS:
P = 4.43 e13; RH1: P = 3.37 e4; supplementary tables S2
and S3, Supplementary Material online). Similarly, when comparing codeml models M8 and M8a, all expressed opsins were
under positive selection (SWS2B: P = 1.94 e9; RH2A:
P = 3.81 e4; LWS: P = 1.22 e12; RH1: P = 4.89 e3; supplementary tables S2 and S3, Supplementary Material online).
The PAML model 1/2a identified several sites under positive
selection in RH1 (three), RH2A (three), LWS (7), and SWS2B
(9), whereas model 8/8a identified more sites than model 1/
2a (RH1 = 6; RH2A = 13; LWS = 17, and SWS2B = 19; table 2).
Although both the PAML model 1/2a and 8/8a comparisons
identified several sites within each opsin that were under
positive selection (P  0.95), only one in RH1 (labrid and
bovine site 292) and one in SWS2B (bovine site 116/labrid
site 122) agreed with known tuning sites as described previously (table 2; supplementary figs. S5–S8, Supplementary
Material online) (Yokoyama 2008).

Discussion
All labrids we studied express at least three classes of visual
opsins: one SWS opsin, one RH2 opsin, and one LWS opsin. A
comparison of opsin expression data across labrid genera
suggests that labrid genomes contain SWS1, SWS2B, RH2B,
RH2A, and LWS opsin genes, with species varying in which
genes are expressed. This includes likely duplications of the
RH2A and LWS opsins in several lineages (figs. 1 and 2). Our
phylogenetic trees of opsins fit with previously published
phylogenies of the labrid family—see figure 1 (Kazancioglu
et al. 2009; Price et al. 2011). Our results also suggest that older

lineages (Hypsigenyines, Odacines, Cheilines, Labrines, and
Scarines) express multiple visual opsin classes (SWS1,
SWS2B, RH2A, RH2B, and at least one LWS gene) whereas
more recent lineages (Pseudocheilines, Novaculines,
Pseudolabrines, Labricthyines, and Julidines) express predominantly three opsin classes—SWS2B, RH2A, and LWS.
The molecular sequences of each opsin class are relatively
similar between labrid species, and only differ by a few amino
acid substitutions within the critical transmembrane and
retinal binding pocket regions (table 2). At known tuning
sites there are few differences between species, with 2
(RH1), 0 (RH2A), 1 (LWS), and 4 (SWS2B) amino acid substitutions at known tuning sites between the 12 species studied
(table 2). The overall sequence differences between species are
much higher than those observed in cichlids, where expressed
opsins were found to be essentially identical, with no differences at known tuning sites (Carleton and Kocher 2001). This
result is consistent with the older age of the labrid genera. The
greater difference in opsin sequence diversity in labrids compared with cichlids may predict greater visual pigment diversity within this family, as a change in the opsin sequence at
novel spectral tuning sites can have dramatic effects on the
spectral sensitivity of the visual pigment within the photoreceptor (Carleton and Kocher 2001; O’Quin et al. 2010;
Hofmann et al. 2012). This result would be very different to
that found in cichlids, where gene expression was shown to
drive spectral sensitivity diversity (Carleton and Kocher 2001).
We also found diversity in both opsin gene duplications and
opsin gene expression, suggesting visual pigment spectral sensitivity diversity should be higher in the labrids than that seen
in other fish, including the well-studied cichlids.

PAML
To identify whether the diversity seen between opsin
sequences is being positively selected for, we ran PAML
analyses on the labrid opsins. Both the PAML model 1/2a
and 8/8a comparisons identified several sites within each
gene that were under positive selection (P  0.95), but
there was little overlap between PAML-identified sites that
7
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NOTE.—These results show that SWS2B has the highest number of sites with amino acid differences between the labrid species, followed by LWS, then the RH2A and RH1 opsins.
The PAML models find similar results (Sites under selection: P 4 0.95) although there were only two known tuning sites that were under positive selection as determined by the
PAML models (where P 4 0.95).
a
AA sites based on labrid sequence numbers. Please refer to amino acid alignments (supplementary figs. S5–S8, Supplementary Material online) for corresponding bovine
rhodopsin (RH1) amino acid site numbers.
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Gene Duplications
Our study found putative gene duplications in both the
LWS and RH2 genes. The RH2A gene duplication we
found in the labrids may have occurred up to 59 Ma, based
on phylogenetic data from previous studies (node where
Labrines, Scarines, and Cheilines branch away from the
Pseudocheilines, Novaculines, Pseudolabrines, Labricthyines,
and Julidines [Cowman et al. 2009]). Based on our phylogenies, the new RH2A gene duplication in labrids (RH2Aa and
RH2Ab) is likely to have been lost by some groups, while being
retained or even reduplicated in others (fig. 2). We found that
RH2Aa and Rh2Ab nucleotide sequences differed by 10%, 6%,
and 10% in E. insidiator, G. varius, and Co. gaimard, respectively, and amino acid sequence differences were similar: 10%,
5%, and 9%. These differences were found throughout the
length of the sequences, suggesting misassembly is unlikely
(supplementary fig. S6, Supplementary Material online, for
amino acid alignments). All RH2A genes were situated far
enough apart on our phylogenetic trees (fig. 2), to support
them being real genes and not alternate alleles.
Duplications of the RH2 gene have occurred several times
in fish and are probably more common than we think. For
example, the zebrafish D. rerio has four separate RH2 genes
whereas the Pacific bluefin tuna (Thunnus orientalis) has five
RH2 genes, the most reported of any fish yet (Chinen et al.
2003; Rennison et al. 2012; Nakamura et al. 2013). Similar gene
8

duplication events have happened within other fish lineages,
including coral reef fishes where several duplications of the
SWS2 opsin have occurred (Cortesi et al. 2015). Despite the
knowledge that many fish, and indeed other animals express
several versions of the same opsin gene, there is still little
understanding of the function of expressed opsin gene duplications (Marshall et al. 2015).
The RH2Aa and RH2Ab genes in this study have phylogenetically distinct sequences, although they show no differences at known tuning sites (supplementary fig. S6,
Supplementary Material online). These results could suggest
that there are additional tuning sites within these genes that
we do not know about. Or, if expression of RH2Aa and RH2Ab
produces visual pigments that are spectrally sensitive to similar wavelengths (through future protein expression analyses),
these pigments may be found in different photoreceptors
across the retina, contributing to inter-retinal variation in
opsin expression. For example, RH2Aa may be found in
single cones or one member of a double cone, whereas
RH2Ab may be coexpressed with the LWS gene or found in
the other member of a double cone. Many animals, including
fish have been shown to have differential expression of opsins,
or cone cells with differing spectral sensitivities in particular
areas of the retina, suggesting that the retina is organized to
optimize the visual system (for review, see [Temple 2011]). To
understand whether the RH2A genes that we have found in
the labrids are spectrally distinct, or expressed in different
photoreceptors across the retina, site-directed mutagenesis
of expressed proteins and in situ hybridization would need
to be carried out to test potential spectral tuning sites.
Slightly less common among fishes is duplication in the
LWS gene, although this may be because the longer wavelengths are of greater visual importance to the labrids compared with Pseudochromids where SWS duplication occurs
(Cortesi et al. 2015). Only E. insidiator and Chl. sordidus
expressed two LWS opsin genes, LWS1 and LWS2. From the
existing labrid phylogenies, it is likely that this LWS gene duplication occurred around 53 Ma when the Scarines (Chl.
sordidus) and Cheilines (E. insidiator) split from the Labrines
(fig. 1). Individuals in the Hypsigenyines (an older order of
labrids) do not have this gene duplication, suggesting it is a
derived feature of the Cheilines and Scarines.
Interestingly, the LWS2 gene duplicate in E. insidiator and
Chl. sordidus suggests these species could be specializing in
longer wavelength vision (Losey et al. 2003; Marshall et al.
2003b). Previous research into labrid RPE has identified a
unique red pigment within the RPE, not found in other fish
families, that strongly absorbs light at wavelengths less than
600 nm (Fineran and Nicol 1974). This compound has been
suggested to act as a filter on labrid-specific long single cones,
suggesting longer wavelength vision may be possible in this
family than for other coral reef fishes (Fineran and Nicol 1974;
Nicol 1975; Ali and Anctil 1976; Lythgoe 1979; Marshall et al.
2003b). Recent work has also confirmed the presence of fluorescent body patterns (with reflectance spectra peaks
4 600 nm) that may be involved in territoriality and intraspecific communication in labrids (Michiels et al. 2008). Long
wavelength vision may also be useful in the detection of algae
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were undergoing positive selection and known spectral
tuning sites, the transmembrane region or the retinal binding
pocket regions (thought to be important in tuning vertebrate
opsin spectral sensitivity (table 2). In fact, there were two such
sites (bovine/labrid site 292 in RH1 and bovine 116/labrid 112
in SWS2B; table 2) where PAML-identified sites overlapped
with known tuning sites. Of particular interest was the lack in
finding many of the known tuning sites (e.g., bovine sites: 164,
261, 269, and 292 in LWS) that have a significant effect on the
spectral tuning properties of those opsins. Similar to results in
another reef fish family, the Pomacentrids (damselfish), many
of the positively selected sites identified by PAML were found
in the transmembrane regions and not the retinal binding
pocket where it is assumed that variations in amino acids will
have a greater effect on spectral tuning (Chang et al. 1995;
Hofmann et al. 2012). In this study, many of the PAMLselected sites were found close to or adjacent the retinal
binding pocket (supplementary figs. S5–S8, Supplementary
Material online) suggesting either the tuning sites are shifted
in labrids or the binding pocket regions are highly conserved
and differences in amino acids outside this pocket have little
effect on spectral tuning. In fact, changes in amino acids in the
transmembrane region may have indirect effects on spectral
tuning, or may be important for other aspects of visual pigment function and not spectral tuning (Schott et al. 2014).
Therefore, at least for coral reef fish visual pigments, PAML
appears to miss several spectrally important amino acid sites,
and so is unlikely to provide definitive information on spectral
tuning, until we know more about the functions of specific
amino acids sites within labrid visual pigments.
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Gene Expression Diversity
There was considerable diversity within the labrids in terms of
both the opsins expressed within the retinal tissue, and the
relative levels of each opsin that were expressed by different
species (fig. 3). The majority of species expressed predominantly LWS and RH2 opsins with only a small percentage of
SWS opsin expressed (mean LWS + RH2% expression:
90.2%  4.26 SD; mean SWS % expression: 9.77%  4.26 SD).
Most species expressed greater levels of RH2 than LWS, with
exceptions being Halichoeres spp. and Chl. sordidus, the latter
with duplication in the LWS gene. Of the three species that
expressed SWS1, only one, C. punctatus expressed relatively
high levels of the gene (15% of expressed opsins cf. 0.9% and
1.42% for B. mesothorax and Cho. fasciatus, respectively),
suggesting functionality of UV-vision may not be present in
the other two species. As in previous work on cichlids
(Carleton and Kocher 2001; Carleton 2009; Hofmann et al.
2009; O’Quin et al. 2010), we find considerable variation in
relative opsin expression, which, in turn leads to diversity in
relative visual pigment levels across the retina, suggesting
visual diversity stems from gene expression diversity. The
lack of a full-length SWS2B gene in C. punctatus and RH2B
gene in several species, and the low levels of expression of the

partial-length gene could suggest presence of an expressed
copy of both SWS2B and RH2B in a different ontogenetic
phase, (i.e. larval phases) or expression in only a few cone
cells across the retina, suggesting subsequent in situ hybridization experiments would be interesting in this species. NextGen sequencing using a multiplexing approach may have
biased our results to only highly expressed opsins within
the retina, so subsequent investigations into the species in
this study and other labrids may find full-length SWS2B and
RH2B genes if less barcoding is used.

Spectral Sensitivities
From the diversity we found in gene sequence, gene expression, and the highly positive selection suggested by PAML
models, we expected spectral sensitivities for the labrids to
be diverse too. Our estimates of labrid spectral sensitivity are
broad; however, there appears to be little variation between
species (fig. 4), with all species fitting into similar max ranges.
There were few amino acid substitutions at key tuning sites;
LWS amino acid sequences were the same for all species
except in E. insidiator and Chl. sordidus where the S164A substitution is predicted to shift the visual pigment max to
shorter wavelengths (7 nm). The SWS1 sequence was also
identical between species at known tuning sites, except in
B. mesothorax where the substitution Y265W is likely to shift
the visual pigment max to longer wavelengths (+10 nm). The
most variation was seen in the SWS2B amino acid sequence,
with many substitutions seen over four main tuning sites. E.
insidiator is predicted to have a longer wavelength SWS2B
pigment than the other labrids in the study as it did not
contain the substitutions S97C (17 nm, A109G (2 nm),
or I116T (7 nm); supplementary table S4, Supplementary
Material online) (Chang et al. 1995; Yokoyama 2008).
Our estimates of labrid spectral sensitivities fit well with,
and extend the two known previous studies of labrid visual
ecology, suggesting our methods provide reasonable estimates of max for different photoreceptor types in the
retina (Barry and Hawryshyn 1999; Losey et al. 2003).
Although our max estimations for the visual pigments in
labrids are close to previous work, our calculations for the
max of all opsins in the labrids were based on predictions
from only two fish species, O. niloticus and Oryzias latipes.
Neither of these fish species is a coral reef fish, as there is a lack
of information on both opsin sequence and corresponding
max in reef fishes. We calculated max estimations based on
amino acid substitutions being additive, for simplicity. There
is literature to suggest that substitutions at key tuning sites
may not always be additive (Asenjo et al. 1994; Hauser et al.
2014) and so these estimates should be taken as a first
approximation, until MSP or behavioral work can confirm
spectral sensitivities for labrids.

UV Vision
Both our estimates of max and gene expression data identified three species with potential for UV vision: C. punctatus,
Cho. fasciatus, and B. mesothorax. Two of these species, Cho.
fasciatus and B. mesothorax expressed SWS1 at such low levels
9
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or other chlorophyll containing substances, for example in
foraging, as they have reflectance spectra peaks greater than
600 nm.
There are three known cone cell types in labrids (long
single cones, short single cones, and unequal double cones
[Fineran and Nicol 1974]). In vertebrates, LWS opsins are
normally expressed within double cone cells, along with a
proportion of the RH2A opsins (Cheng and Flamarique
2007; Palacios et al. 2010; Novales Flamarique et al. 2012). A
LWS gene duplication in labrids suggests either that each
member of the double cone is expressing a different LWS
opsin or that they are both expressed within the same
double cone cell member, with an RH2A opsin. For example,
LWS1 may be found in one member of the labrid double
cone, whereas the other member expresses an LWS2 opsin.
Alternatively, LWS1 and LWS2 could be coexpressed in specific single, double, or twin cones across the retina, either with
RH2A or another opsin gene (Dalton et al. 2014).
Coexpression of two spectrally unique visual pigments
within the same photoreceptor would help to broaden the
sensitivity of a particular cone, by increasing the range of
wavelengths that the individual cone is sensitive to, thereby
establishing broadband sensitive photoreceptors (Temple
et al. 2010; Dalton et al. 2014). Opsin coexpression may also
allow for better contrast detection, which may be useful for
fish trying to identify potential prey or even the early detection of predators through the water column (Dalton et al.
2014). Confirmation of these hypotheses awaits in situ labeling or other more cell-specific techniques. Clearly, the
Labridae show diversity within both the gene sequence and
in gene duplications, which may, in turn lead to spectral
sensitivity diversity within the family, as not all labrids express
the same complement of opsins.
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FIG. 5. (A) Spectral reflectance of specific color patches on Cho. fasciatus. Wavelengths less than 400 nm (marked by the solid vertical black line) are
considered to be UV. (B) Putative visual pigment absorption curves for Cho. fasciatus based on the median calculated max from specific cone opsin
sequences (from L-R: SWS1, SWS2B, RH2A, LWS). Curves are based on the A1 visual pigment template (Bowmaker et al. 1994). The dotted line

that it was barely measurable (fig. 3). One of the reasons for
low SWS1 expression in labrids as a family could be individual
variation (we only sampled single individuals), or for the one
species where we subsampled the retina, inadvertently
sampling from an area of the retina with a low density of
SWS cone cells. Additionally, as the expression levels of this
opsin class were so low, it may be that there is no functional
significance for UV sensitivity at this particular life stage, although UV cones may be present in the juvenile retina. In
other reef fish, such as damselfish (Pomacentridae), potential
UV vision is only likely in the adults, with juvenile fish possessing the violet sensitive SWS2B visual pigment, whereas adults
are UV sensitive (McFarland and Loew 1994; Braun et al.
2014).
UV vision in reef fish may be implied based on transmission by the ocular media (Siebeck and Marshall 2000, 2001).
For most reef fish, there has been little research on UV vision,
the pomacentrids being the best-studied family from MSP,
transmission, body patterns, and behavior (Losey and George
2003; Losey et al. 2003; Siebeck 2004; Siebeck and Marshall
2007; Siebeck et al. 2010). There are many suggested functions
for UV vision in fishes and at least for B. mesothorax and C.
punctatus, planktivory appears to be the most obvious
(Schmitz and Wainwright 2011). UV vision has been hypothesized to increase the contrast between UV-absorbing zooplankton, and the scattered UV background of a coral reef,
therefore increasing the prey detection ability of the zooplanktivore (Bowmaker and Kunz 1987; Douglas and
Hawryshyn 1990; Loew et al. 1993; Browman et al. 1994;
McFarland and Loew 1994). Choerodon fasciatus is not
known to be planktivorous as an adult (table 1) and so expression of SWS1 was particularly interesting, as piscivorous
coral reef predators are not thought to be UV-sensitive
(Siebeck and Marshall 2001). SWS1 expression therefore
may be nonfunctional in the adult, but used in the
10

juvenile—when zooplanktivory may be an important factor
for foraging, similar to the situation in rainbow trout (Cheng
and Flamarique 2007). Alternatively, expression may be
upregulated should long-term ecology require it, for example
in salmonids, SWS1 expression is turned off in the adults but
the functionality is available, should conditions change (Loew
et al. 1993; Browman et al. 1994)
Relating spectral sensitivities to aspects of labrid ecology
may provide greater insight into why they have the visual
systems that they do. For example, studies on damselfish
have suggested that UV vision may be beneficial for discriminating individuals using UV-reflecting body patterns (Siebeck
2004; Siebeck et al. 2010). Although Cho. fasciatus has several
UV reflective patches on its body, including its blue teeth, the
transmission of the cornea and lens (T50 lens = 397 nm; T50
cornea = 387–500 nm; table 1; fig. 5) and the low expression
of the SWS1 gene suggest it is unlikely that UV vision is of
considerable importance to this species, at least in adult
phase. Instead, it may be that the orange stripes (peak reflectance ~600 nm; fig. 5) may be more relevant for signaling
(Braun et al. 2014). For any ecological comparisons, however,
we would need to incorporate data from several individuals of
each species for robust quantitative and statistical comparisons, and therefore utilize techniques such as quantitative
polymerase chain reaction.
Important future steps include modeling reflectance
spectra of labrid color patterns though the eyes of the fish
themselves in the putative color space of these animals
(Vorobyev and Osorio 1998), thus highlighting any potential
communication or camouflage patterns. In, addition, a
greater understanding of the visual acuity of the species in
question would highlight which of the beautiful and
intricate labrid patterns are visible to conspecifics, and
which are visible to interspecifics (Marshall 2000; Marshall
et al. 2003b).
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As such, there remains much to learn about both the
spectral sensitivities and opsin expression in labrids, as in
other coral reef fish families. Future work will concentrate
on linking spectral sensitivities of individual photoreceptors
with opsin sequences, and potential additional tuning sites
within them using protein expression. Additionally, MSP, in
situ hybridization, and further RNA-Seq will allow us to
explore various theories on the evolution of visual systems,
such as the idea of neutral drift or relaxed adaptation in which
several spectral sensitivity combinations might perform
equally well (Marshall et al. 2015).

Conclusions

Materials and Methods
Species Chosen
We examined the retinal transcriptomes of 12 species of labrid
fish. These were chosen from across the labrid phylogeny
(Cowman et al. 2009; Price et al. 2011; fig. 1). The majority
were wrasses and included C. punctatus, Co. gaimard, E. insidiator, G. varius, Halichoeres chloropterus, H. chrysus,
H. ornatissimus, Labroides dimidiatus, and Thalassoma lunare.
We also included B. mesothorax, Cho. fasciatus, and a parrotfish, Chl. sordidus. These species include a variety of foraging
styles and habitats (table 1). To ensure good transcriptome
assemblies we included only one individual per species.
Fish were collected either at Lizard Island Research Station
(14 400 800 S, 145 270 3400 E) or from nearby locations on the
Great Barrier Reef via Cairns Marine. Fish were euthanized
according to ethics (The University of Queensland Animal
Ethics Council Approval No. QBI/192/13/ARC) using a 2 mg
/ ml solution of clove oil in methanol and seawater. Retinas
were dissected out and preserved in RNAlater within 15 min
of euthanasia to prevent RNA degradation. RNA was isolated from one or two whole retina for all species except
E. insidiator, whose large retina was cut in half. Total RNA
was extracted with an RNeasy kit (Qiagen) and quantified and
quality checked on an Agilent 2100 Bioanalyzer. RNAseq libraries were made using the TruSeq RNA Sample kit
Preparation Kit v.2 (Illumina, San Diego) by the Genomics
Facility of the Queensland Brain Institute and sequenced on
an Illumina HiSeq 2000 (chemistry v.3). Individual species
were barcoded and multiplexed eight to a lane to generate
100 bp paired end sequences.
The demultiplexed data was checked with FastQC version
0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/, last accessed October 17 2015). Data were trimmed

using Trimmomatic version 0.32 (Bolger et al. 2014) to
remove overrepresented sequences and to retain sequences
with a minimum quality score of 20 and a minimum length of
80 bp. Only paired sequences were included in the final assembly, which was completed using Trinity version r20140413
(Grabherr et al. 2011; Haas et al. 2013) with a minimum coverage of two to join contigs.
To test the pipeline and confirm the parameters used in
trimming and assembling the data, we also assembled paired
end reads from a retinal transcriptome of the cichlid fish,
Metriaclima zebra which was sequenced to a comparable
depth by the Broad Institute (Brawand et al. 2014). For this
species, we had previously mapped the reads to the M. zebra
genome and counted the reads with Cufflinks (Schulte et al.
2014). This enabled us to compare the transcript sequences as
well as their expression level obtained using a de novo
approach based on Trinity with a genome guided approach
based on the Tuxedo suite (Trapnell et al. 2010, 2012).

Phylogenetic Trees
To accurately group new labrid opsin sequences into ancient
vertebrate visual opsin classes, we constructed nucleotide
trees using opsin sequence information from various vertebrate species. First, labrid opsin genes were identified from the
resulting FASTA files, by querying transcripts with the cichlid
opsin genes of O. niloticus (Spady et al. 2006). Using TBLASTx,
we identified transcripts that were rod and cone opsins as
well as other opsins including vertebrate ancient opsins,
melanopsins, and pinopsins. Both full and some partial
sequences were returned, with partial sequences typically
having few reads. To ensure accurate results in the rest of
the analysis, we only used full-length sequences in further
analyses. Amino acid sequences were derived from nucleotide
sequences using DNAtranslate at the Swiss Institute of
Bioinformatics (ExPASy DNA Translate Tool, (Artimo et al.
2012).
Each transcript was then assigned to a particular opsin
class based on the phylogenetic relationships of their
coding sequences with opsin genes from Ory. latipes, O. niloticus, M. zebra, and Lucania goodei, sourced from GenBank
(Benson et al. 2005). We used nucleotide or amino acid sequences to construct maximum likelihood trees using PhyML
using the web-based bioinformatics interface Mobyle (Neron
et al. 2009). To construct the most likely tree, we used DNA
models that were analyzed using jModelTest 2.1.4 (Posada
2008; Darriba et al. 2012). The best tree was then selected
using Aikaike Information Criteria (Akaike 1973). Bootstrap
analyses (100 bootstrap sets) quantified the significance of
the nodes (P  0.95; fig. 2). These final trees allowed us to be
confident that the genes we had found were real, and allowed
us to identify potential gene duplications (fig. 2). All labrid
sequences were deposited in GenBank (supplementary table
S5, Supplementary Material online).

PAML
To look for evidence of selection on the opsin sequences, we
first constructed nucleotide trees using jModelTest (Guindon
11

Downloaded from http://mbe.oxfordjournals.org/ at University of Queensland on November 17, 2016

In conclusion, labrid visual system diversity is likely to be
influenced by multiple mechanisms: opsin sequence variation, changes in gene expression between species, and gene
losses and duplications over a number of as yet poorly understood timescales. As labrids are one of the reef fish groups that
undergo sex-change, it would be particularly interesting to
examine this in context of any retinal changes. These mechanisms are likely to shape the possible visual pigments that
can be utilized by labrids to function and perform their many
visual tasks. Such diversity warrants further investigation.

MBE

MBE

Phillips et al. . doi:10.1093/molbev/msv213

Gene Expression
To estimate gene expression, reads were mapped back to the
assembled transcripts using RSEM, part of the Trinity package
(Li and Dewey 2011). Some of the transcripts were longer
than expected for opsin genes (2–5 kb cf. 1.5–2 kb). The segments beyond those that aligned with the opsins blasted to
nonopsin genes in Genbank and were therefore likely chimeric. These transcripts were trimmed to lengths comparable to
the other labrid cone opsins (1.5–2 kb) and then replaced
prior to read mapping. This included the SWS2B gene for
Co. gaimard, L. dimidiatus, H. chrysus, and T. lunare and the
LWS gene for G. varius and H. ornatissimus. The read counts
for each of the opsin genes were extracted from the RSEM
output (quantified as fragments per kilobase of transcript per
million reads). Cone opsin read counts were normalized by
dividing by the sum of all the cone opsin genes to get the
fraction of each opsin expressed. Specific opsin expression
levels were compared with total opsin expression within
the retina as this difference reflects potential differences in
color sensitivity (Fuller et al. 2003, 2004; Shand et al. 2008).
Opsins are some of the most highly expressed genes, and
expressed at comparable levels to housekeeping genes such
as beta-actin.

Spectral Sensitivities
In order to estimate spectral sensitivities from the opsin
sequences, we aligned the labrid sequences in each opsin
12

class with bovine rhodopsin (GenBank Accession No.:
NP_001014890.1). This allowed us to identify specific spectral
tuning sites as outlined by Yokoyama (2008). For the LWS and
RH2 genes, these sites are particularly well studied and we
know that the individual amino acid site changes are approximately additive (Chang et al. 1995; Yokoyama and
Radlwimmer 2001; Yokoyama and Takenaka 2004;
Yokoyama and Tada 2010). For the SWS1, SWS2A, and
SWS2B visual pigments, some of the tuning sites have been
characterized, however the sites in these pigments are
thought to act epistatically rather than additively making estimates of spectral sensitivities more difficult (Cowing et al.
2002; Shi and Yokoyama 2003; Yokoyama et al. 2007; Goujon
et al. 2010).
To estimate putative spectral sensitivities, we used two
well-studied fishes, Ory. latipes and O. niloticus with known
spectral sensitivities that were estimated using absorption
spectroscopy on expressed opsin proteins (Matsumoto
et al. 2006; Spady et al. 2006). These two fish were chosen
as the closest related species for which there was both max
data and opsin sequence data. In preliminary analyses, two
other species of fish were included in estimates (M. zebra
and L. goodei), however the opsin sequences of these fish
introduced new sites and only served to complicate max
estimates, and so were omitted from final calculations. For
each of the opsin sequences, if the labrid sequence differed
from either Ory. latipes or O. niloticus sequences at known
tuning sites, the change in max was estimated by applying
approximate site effects (Takahashi and Ebrey 2003;
Yokoyama et al. 2007; Yokoyama 2008). This provided us
with two estimates of spectral sensitivity, inside which the
labrid spectral sensitivity should lie. We then compared these
estimates to known values for spectral sensitivities within the
labrid family, and other reef fish from previously published
work (Barry and Hawryshyn 1999; Losey et al. 2003). To
simplify estimates, all sequence changes were applied additively. We calculated all spectral sensitivities assuming an A1
template as this has been shown to be the most likely retinal
pigment found in reef fishes (Wald 1936; Toyama et al. 2008).

Transmission Properties of the Eye
To complete this first analysis of the labrid visual systems, we
included previously published information on the light transmission properties of the eye (lens T50 and cornea transmission curves) to our opsin expression findings for specific
species (Siebeck and Marshall 2000; table 1). In animals
where UV light is important for their behavioral ecology,
that is, feeding or individual recognition, UV transmissible
lenses and corneas are necessary. Previous work has theorized
that UV vision is likely when the lens and cornea transmit
light <400 nm. However, often there has not been additional
data on the spectral sensitivity of the photoreceptors to confirm functional UV vision. In this article, we hypothesize that
fishes with UV transmissible lenses and corneas will express
the UV-sensitive opsin class (SWS1) for functional UV vision
to be a possibility. These fishes are: B. mesothorax,
C. punctatus, and Cho. fasciatus.
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and Gascuel 2003; Darriba et al. 2012) from sequences aligned
using the Clustal Omega alignment tool from the EMBL-EBI;
and subsequently ran the codeml program from PAML 4.8 on
these labrid sequences (Yang 2007; Goujon et al. 2010; Sievers
et al. 2011; McWilliam et al. 2013). (supplementary figs. S1–S4,
Supplementary Material online). Only labrid sequences were
used in the PAML analysis, and no other outgroups. The
codeml program calculates the ratio of nonsynonymous
(dN) to synonymous (dS) substitution rates using the
codon-based model of sequence evolution (Goldman and
Yang 1994). Site specific models M1a versus M2a and M8a
versus M8 were used that allow dN/dS ratios to vary among
codon sites of the proteins. M1a and M8a were neutral
models that do not allow for positive selection while M2a
and M8 added an additional class of sites where dN/dS could
be greater than 1 and so positively selected. This enabled us to
determine whether any of the opsin genes were under selection and if so, which amino acid sites selection was acting on.
We performed likelihood ratio tests (LRT) by comparing twice
the difference in the log-likelihoods (2‘) between models
M1a and M2a and also between models M8a and M8. These
comparisons were made against a 2 2 with two degrees of
freedom for M1a versus M2a (critical values of 5.99
(P 4 0.95) and 9.21 (P 4 0.99)) and a 1 2 with critical
values of 2.71 (P 4 0.95) and 5.41 (P 4 0.99) for M8a versus
M8 (Yang 2007). If LRT were significant, sites inferred to be
under positive selection were identified using the Bayes
Empirical Bayes method, which is employed by the codeml
program under models M2a and M8 (Yang et al. 2005).
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Supplementary Material
Supplementary figures S1–S8 and tables S1–S5 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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