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Abstract

Low rates of sequence evolution associated with purifying selection can be interrupted

by episodic changes in selective regimes. Visual pigments are a unique system in

which we can investigate the functional consequences of genetic changes, therefore

connecting genotype to phenotype in the context of natural and sexual selection pres-

sures. We study the RH2 and RH1 visual pigments (opsins) across 22 bird species

belonging to two ecologically convergent clades, the New World warblers (Parulidae)

and Old World warblers (Phylloscopidae) and evaluate rates of evolution in these

clades along with data from 21 additional species. We demonstrate generally slow evo-

lution of these opsins: both Rh1 and Rh2 are highly conserved across Old World and

New World warblers. However, Rh2 underwent a burst of evolution within the New

World genus Setophaga, where it accumulated substitutions at 6 amino acid sites

across the species we studied. Evolutionary analyses revealed a significant increase in

dN/dS in Setophaga, implying relatively strong selective pressures to overcome long-

standing purifying selection. We studied the effects of each substitution on spectral

tuning and found they do not cause large spectral shifts. Thus, substitutions may

reflect other aspects of opsin function, such as those affecting photosensitivity and/or

dark–light adaptation. Although it is unclear what these alterations mean for colour

perception, we suggest that rapid evolution is linked to sexual selection, given the

exceptional plumage colour diversification in Setophaga.
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Introduction

The rate at which proteins evolve is often associated

with particular selective regimes. Low rates of evolution

are often the product of purifying selection interspersed

with episodes of accelerated evolution that result from

either positive selection or relaxation of purifying selec-

tion. It is generally believed that proteins are under

strong constraint and evolve slowly (Dayhoff 1978), but

some examples have been documented of proteins

exhibiting a sudden burst of evolution, which results in

clades accumulating many substitutions after otherwise

slow rates of evolution (Wallis 1996, 2001). In most

cases, evolutionary rates are studied at the sequence

level and no attempt is made to link sequence evolution

to underlying functional changes. However, a thorough

understanding of evolutionary processes and adaptation

requires connecting DNA substitutions underlying pro-

tein function to an organism’s phenotype and fitness

(Dean & Thornton 2007; Barrett & Hoekstra 2011).

Visual pigments are a system where such a synthetic

approach can be employed: after obtaining gene
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sequences, the spectral sensitivity of visual pigments

can be measured in vitro, thereby connecting genotype

to phenotype. Tracing evolutionary trajectories allows

us to dissect changes in evolutionary rates across spe-

cies and investigate factors that may be responsible for

their evolution.

Visual pigments mediate the first step of the visual

transduction cascade in the eye (Baylor 1987, 1996).

They consist of an opsin protein bound to a light-sensi-

tive chromophore, which in vertebrates can be 11-cis-

retinal or 3,4-dehydroretinal (see Bowmaker 2008 for a

review). Vision starts when a photon hits and activates

a visual pigment molecule, thereby isomerizing the

associated chromophore. This results in a series of con-

formational changes in the opsin protein (Imai et al.

2007), resulting in a metarhodopsin II form that acti-

vates the next protein in the phototransduction cascade,

the G protein transducin, which ultimately leads to a

signal that light has been perceived. In addition to rho-

dopsin (Rh1), responsible for scotopic ‘dim-light’ vision,

birds have a cone opsin from each of the four spectrally

distinct vertebrate opsin classes involved in colour

vision: a cone opsin maximally sensitive to long wave-

lengths (Lws), a medium-wavelength-sensitive opsin

(Rh2) and two types of short-wavelength-sensitive op-

sins (Sws2 and Sws1). In birds, visual pigments are

always associated with an 11-cis-retinal chromophore,

and thus, the only factor determining their wavelength

of peak absorbance is the interaction between the chro-

mophore and key amino acids residues of the opsin

protein (Chang et al. 1995; Yokoyama 2000).

Many evolutionary studies of opsins have compared

divergent taxa, coupled with statistical analysis to iden-

tify the residues responsible for the large spectral sensi-

tivity differences among visual pigments (Shi et al.

2001; Yokoyama & Radlwimmer 2001; Yokoyama 2003;

Hunt et al. 2009; Hauser et al. 2014). The functional and

adaptive significance of different sites has sometimes

been evaluated using site-directed mutagenesis to mea-

sure the spectral shifts caused by each mutation (e.g.

Yokoyama 2000; Yokoyama & Radlwimmer 2001; Bic-

kelmann et al. 2012; van Hazel et al. 2013; Bloch et al.

2015). Such studies have contributed greatly to our

understanding of visual pigment function and in some

cases provided evidence for adaptability of the visual

system to diverse environments (Seehausen et al. 2008;

Yokoyama et al. 2008; Bickelmann et al. 2012). However,

an important complementary approach lies in compara-

tive analyses among closely related species, in which

adaptive changes are more easily identified (Seehausen

et al. 2008; Coyle et al. 2012). Here, we study sequence

and functional evolution in the avian middle-wave-

length-sensitive visual pigments Rh2 and Rh1 within

and between two clades of ecologically convergent bird

families. These two opsins are the product of the most

recent vertebrate opsin duplication (Lagman et al. 2013).

The New World warblers (Parulidae) and the Old

World warblers (Phylloscopidae) occupy similar envi-

ronments and are ecologically convergent (Price et al.

2000) having last shared a common ancestor ~30 Ma

(�1.8MY 95% confidence limits from a Bayesian analy-

sis with fossil dates (Price et al. 2014; see Fig. 1). The

two clades differ strikingly in plumage patterns: the

New World warblers are colourful and often sexually

dimorphic, whereas the Old World warblers are dull

and monomorphic (e.g. Fig. 1). We sequenced the Rh2

and Rh1 opsin genes in multiple species from these two

clades, as well as additional species for use as out-

groups. We then evaluated the adaptive significance of

amino acid substitutions using evolutionary statistical

tests (Yang & Bielawski 2000; Yang 2007). Finally, we

assessed the functional consequences of the substitu-

tions through in vitro expression and direct measure-

ment of visual pigment spectral sensitivities (kmax). We

place our results in context by considering the other

species for which opsin sequence data have been previ-

ously obtained.

Materials and methods

Study system

Among the New World warblers, we consider 15 spe-

cies belonging to six genera (Cardellina, Geothlypis, Mnio-

tilta, Oreothlypis, Seiurus and Setophaga). Among Old

World warblers, we consider seven species that encom-

pass two genera, the Phylloscopus and Seicercus. We

sequenced complete opsin genes of several additional

species to use as outgroups. These species are the

white-throated sparrow (Zonotrichia albicollis) and the

indigo bunting (Passerina cyanea) as outgroups to the

New World warblers, the yellow-bellied fantail (Cheli-

dorhynx hypoxantha) as outgroup to the Old World war-

blers and the goldcrest (Regulus regulus), as outgroup to

both warbler clades combined. We also used the avail-

able avian opsin gene sequences in GenBank as addi-

tional taxa for comparison (summarized in the Table S1,

Supporting information). Bowerbirds (Ptilonorhynchi-

dae) are the only clade of birds for which these visual

pigments have been studied in a comparative frame-

work, although most species have only partial

sequences (Coyle et al. 2012; but see van Hazel et al.

2013; Table S1, Supporting information).

Tissue collection and opsin sequencing

Eye tissue was collected and preserved in RNAlater or

liquid nitrogen to extract total RNA from the retinas of
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individual birds, as described in Bloch et al. (2015). Total

RNA was extracted following TRIzol protocol (Life Tech-

nologies). In the five New World warbler species with

the highest RNA integrity, we synthesized adaptor-

ligated cDNA that was used in RACE-PCR (rapid ampli-

fication of cDNA ends; SMART RACE system – BD Clon-

tech) to obtain full coding sequences for all opsins in

these initial five species (Seiurus aurocapilla, Oreothlypis

ruficapilla, Geothlypis philadelphia, Setophaga pensylvanica

and S. palmarum). Based on an alignment of the resulting

sequences, we identified conserved regions and designed

primers located in the 50 and 30 gene ends and/or UTRs

of each opsin gene to amplify full coding sequences (pri-

mer sequences for every step are in Table S2, Supporting

information). For all warblers, we synthesized cDNA

from total RNA extracted from retinas using oligo-dT

primers (using Qiagen’s Omniscript RT kit) and used

these primers to amplify full coding sequences in the spe-

cies from this study. All sequences were deposited in

GenBank (Accession nos.: Rh2 KM977570-KM977595;

Rh1 KM977596-KM977621) and on the Dryad digital

repository at doi:10.5061/dryad.b2m1n.

Fig. 1 Time-calibrated phylogeny of the New World warblers, Old World warblers and bowerbirds used in this study. Branch

lengths are proportional to time. Males from a few species for each clade are illustrated. Species with names in grey are used as out-

groups in our analysis. Grey branches within the New World warblers indicate species belonging to Setophaga. Mean node ages and

corresponding 95% confidence intervals from the BEAST analysis are as follows: Setophaga warblers 6.62 Ma [5.41–7.78]; New World

warblers 10.89 Ma [9.28–12.66]; Old World warblers 16.77 Ma [14.30–19.51]; bowerbirds 21.22 Ma [17.69–24.58]; last common ancestor

to New World and Old World warblers 30.02 Ma [26.9–33.15]; last common ancestor to bowerbirds and the rest of the passerines

40.9 Ma [36.95–44.75]; split between passerines and Psittaciformes 67.63 Ma [64.44–72.42]; and root node (Black) 75.7 Ma [66.44–
86.71].
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In vitro regeneration of visual pigments and spectral
analyses

From the sequence data, we identified opsin variants

that are likely to differ in kmax and subjected them to

heterologous in vitro expression in mammalian cell cul-

ture, following detailed protocols in Bloch et al. (2015).

Complete coding sequences for cone opsin genes were

subcloned into the p1D4-hrGFP II expression vector

(Morrow & Chang 2010), followed by transient trans-

fection into HEK293T cells. Cells were harvested 48 h

post-transfection, and opsins were regenerated through

incubation in 5 lM 11-cis-retinal generously provided

by Dr. Rosalie Crouch (Medical University of South

Carolina). Visual pigments were solubilized in 1% N-

dodecyl-D-maltoside (DM), and immunoaffinity puri-

fied using the 1D4 monoclonal antibody (Molday &

MacKenzie 1983). The dark and light-bleached absor-

bance spectra of expressed visual pigments were

recorded at 25 °C using a Cary4000 double-beam absor-

bance spectrophotometer (Varian) and quartz absorp-

tion cuvettes (Hellma). All kmax values were calculated

after fitting data from multiple absorbance spectra of

each visual pigment to a standard Govardovskii tem-

plate for A1 visual pigments (Govardovskii et al. 2000,

for further details on these methods, see Bloch et al.

2015). The kmax values we present correspond to the

average of three separate measurements of the absor-

bance spectrum for each pigment expressed. As substi-

tution D332E in the C-terminus is unlikely to impact

spectral tuning (Yokoyama et al. 2008), we did not

express the Rh2 pigment of Setophaga caerulescens and

Oreothlypis ruficapilla, which only differ by this substitu-

tion relative to the inferred ancestor and other warbler

species.

Phylogeny

We estimated a time-calibrated phylogeny for species in

this study in BEAST (Drummond & Rambaut 2007) fol-

lowing methods in Price et al. (2014). This phylogeny is

based on up to five nuclear and two mitochondrial

genes obtained from GenBank (see supplementary

information, Table S3, Supporting information for

details and accession numbers), with several other taxa

incorporated for the time calibration. The tree was

dated using seven fossil and three biogeographic cali-

brations (Table S4, Supporting information), which are

the subset of those used in Price et al. (2014) relevant to

our study. Bayesian inference of the time-calibrated

phylogeny was performed by running BEAST for 30

million generations, sampling every 3000 generations

for a total of 10 000 trees of which 2000 were discarded

as burn-in.

We used a separate analysis to estimate dates and

relationships within the New World warblers, which

have been generally difficult to resolve because of rapid

divergence early in the clade’s history. For this clade,

we used the tree published by Lovette et al. (2010),

which was based on additional genes and has higher

resolution. The date of insert of the New World clade

into the larger phylogeny was estimated from Price

et al. (2014), as in Bloch et al. (2015; Fig. 1), to incorpo-

rate the New World warbler phylogeny into the tree we

constructed. For the New World warblers, we estimated

the age of the most recent common ancestor to the spe-

cies in our study at ~11 Ma (Fig. 1). The Old World

warblers are older than the New World warblers, with

a root ~16 Ma (Price et al. 2014; Bloch et al. 2015).

Ancestral reconstructions

For the ancestral reconstructions and subsequent selec-

tion analyses, we considered two separate data sets.

First, we built a data set with New World and Old

World warbler Rh2 sequences, including all the passer-

ine outgroups we sequenced, for which we obtained

complete open-reading frame sequences, plus an addi-

tional seven complete Rh2 sequences available in Gen-

Bank. We refer to this data set as the ‘main data set’.

We also performed ancestral reconstructions and selec-

tion analyses on a larger set of species that includes 10

bowerbird species. Complete coding sequences are not

available for most bowerbirds so we were only able to

use 780 bases for these analyses, which means we had

to exclude some of the warbler variable sites. We refer

to this species set as the ‘limited sequence data set’. In

both cases, we used the budgerigar (Melopsittacus undul-

atus) and chicken (Gallus gallus) as outgroups to the

passerines (see Fig. 1).

We performed ancestral sequence reconstructions

with both parsimony, as implemented in Mesquite

(Maddison & Maddison 2001), and likelihood/Bayesian

approaches, as implemented in PAML, based on the

phylogenetic relationships we estimated. Different

reconstruction models are sensitive to different assump-

tions (Chang et al. 2002, 2012; Yang 2007), and thus, we

used nucleotide, codon-based and amino acid models

relying on, where applicable, likelihood ratio tests to

choose the best fitting models for each type of recon-

struction. Parameters for each model choice are summa-

rized in Table S5 (Supporting information). We

compared the ancestral reconstruction results to check

for the robustness across methods and used posterior

probabilities to determine the most likely opsin

sequence at each ancestral node (Chang et al. 2002,

2012; Yang 2007).
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Visual pigment molecular evolution

Selection tests. We relied on codon-based random sites

models as implemented in PAML (Yang & Bielawski

2000; Yang 2007), using the topology shown in Fig. 1, to

test for the presence of positively selected sites. Here,

estimates of x = dN/dS are calculated in a likelihood

framework using alternative models, which differen-

tially constrain x. The simplest M0 or ‘one-ratio’ model

assumes x is constant for all sites in the alignment. Sets

of nested models evaluate evidence for sites evolving

under positive selection, M1a (neutral) against M2

(selection) and M7 (beta distribution for variable selec-

tion categories) against M8 (b + x) (Shyue et al. 1998;

Yang et al. 2000). While there have been past criticisms

of PAML models (and other codon-based models) to

detect selection (Friedman & Hughes 2007; Suzuki 2008;

Nozawa et al. 2009), these criticisms have been largely

refuted, and the models shown to have robust statistical

properties (Yang et al. 2009; Yang & dos Reis 2011; Zhai

et al. 2012; Gharib & Robinson-Rechavi 2013). We used

likelihood ratio tests to evaluate whether the more

parameter-rich models (M2 and M8) fit the data better

than the simpler models (M1 and M7, respectively) and

used a Bayes Empirical Bayes (BEB) analysis to identify

those sites inferred to have evolved under positive

selection (Zhang 2005). To minimize the possibility of

reaching local optima, we ran all models with different

starting x values (x = 0.01, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0,

5.0).

To test for positive selection along particular branches

(notably in this study along the terminal branch of the

New World warbler phylogeny leading to S. fusca), we

used branch models as implemented in PAML (Yang

1998; Yang & Nielsen 1998). Once more we used likeli-

hood ratio tests to evaluate whether the more parame-

ter-rich model with a category of sites evolving under

positive selection fits the data better than a simpler, null

model (Nielsen & Yang 1998; Yang 1998; Schott et al.

2014). Here, our alternative model was one where

S. fusca was assigned as the ‘foreground branch’ and

was therefore allowed to have a different x value than

the rest of the tree. We compared this model to the null

model, where all branches share the same x value to

ask whether x was significantly higher in the S. fusca

lineage than the background and whether it was signifi-

cantly higher than 1.0.

To test for divergence in selective regimes in the Rh2

genes of New World warblers, Old World warblers and

bowerbirds, we evaluated whether x differs among

clades using Clade model C (CmC) (Bielawski & Yang

2004; Yang et al. 2005; Weadick & Chang 2012). Clade

model C (CmC) accommodates divergent selection by

allowing x to vary in a clade selected as ‘foreground

clade’ independent of the rest of the tree or ‘back-

ground’. To determine whether this model is the best fit

for the data, we compared it against a recently

improved null model proposed by Weadick & Chang

(2012), M2a_rel, that does not allow among lineage vari-

ation, using a likelihood ratio test. If this likelihood

ratio test is significant, it implies the CmC model with

different rates of evolution for each clade fits the data

better than the null model in which x remains constant

across the tree. As for the models above, CmC models

consider three classes of sites: a category of sites evolv-

ing under purifying selection with 0 < x0 < 1, neutrality

x1 = 1 and a final category of sites that accounts for

sites under divergent or positive selection x2i, estimated

separately for each predefined clade, i.

Clade model C can allows for more than two clades

to be defined as separate partitions, estimating x sepa-

rately for each partition (Weadick & Chang 2012). This

comparison of the signatures of selection in multiple

clades allows for detection of more complex patterns of

divergence across a phylogeny. We used this approach

in a Clade model where both the Setophaga and the Old

World warblers were set as partitions separate from the

rest of the tree. Comparing this model against the sim-

pler nested models and the null model, M2a_rel pro-

vides a test of whether x differs between Setophaga and

Old World warblers, and between these clades and the

rest of the tree. Finally, we evaluated the robustness of

the parameter estimates and results of Clade model C

to slight changes in model assumptions by performing

a separate clade analysis using Clade model D (CmD)

(Bielawski & Yang 2004; Weadick & Chang 2012). These

clade models are very similar in that they model diver-

gent selection between clades assuming three site clas-

ses, but in model CmD, the x values are not

constrained to fall into one of three groups (0 < x < 1,

x = 1, x > 1). Once again, we ran all models with dif-

ferent starting x values to avoid local optima.

Results

Rh2 and Rh1 sequence variation in New World and
Old World warblers

Rh1 was highly conserved across warblers with only

one amino acid substitution in a subclade of the Old

World warblers (Fig. 2). Rh2 is completely conserved

across the 7 Old World warblers and that same

sequence is shared by 8 of the 15 New World warblers

we studied (Figs 2 and S1, Supporting information).

Remarkably, in the other 7 New World warblers, the

Rh2 sequence differs, with amino acid substitutions

occurring at 6 different sites (Figs 2 and S2, Supporting

© 2015 John Wiley & Sons Ltd
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information). With the exception of one substitution

along the lineage leading to Oreothlypis ruficapilla, all

the substitutions are within the genus Setophaga.

Ancestral reconstructions

Nucleotide, codon-based and amino acid models are in

agreement for the amino acid identities at all ancestral

nodes. Based on these reconstructions, the New World

and Old World warbler ancestors share the same Rh2

amino acid sequence with each other and many pres-

ent-day species, implying conservation over >30 million

years of evolution in branches leading to both warbler

clades (last common ancestor of New World and Old

World warblers is inferred to be at about 30 Ma; Figs 1

and 3 and S3, Supporting information). Moreover, this

shared ancestral sequence is inferred to date back at

least another 10 Ma (Fig. 3) as it was shared by the last

common ancestor of bowerbirds and the rest of the pas-

serine birds in the study (node labelled at 40.9 Ma in

Fig. 1).

Following this prolonged stasis, Rh2 underwent a

burst of evolution in the New World warblers (Figs 2

and 3 and S2, Supporting information). Three substitu-

tions, C85F, T284S and D332E, show both reversal and

parallel evolution within the New World warblers (Fig.

S3) and two appear elsewhere: R. regulus, an outgroup

to the clade containing both the New World and Old

World warblers carries the T284S substitution (Figs S2,

Supporting information). D332E not only occurs twice

within the New World warblers but four additional

times in the branches leading to Z. albicollis, S. canaria,

T. guttata and C. hypoxantha (Figs S1 and S2, Supporting

information). Beyond the passerines, T284S is also

found in the budgerigar and the chicken branches

(Figs 1 and S2, Supporting information).

Selection tests

We identified four sites as having evolved under posi-

tive selection within New World warblers (sites 7, 85,

284 and 332; Table 1 and marked with an asterisk in

Fig. 2). We confirmed site 332 as being positively

selected across all the passerines included in the ‘lim-

ited sequence data set’ (Fig. S2, Supporting information,

Table 1), that is in an analysis that included the bower-

birds but was based on shorter Rh2 opsin sequences.

Using clade models and the main sequence data set,

we compared Rh2 evolution across the New World

warblers and the Old World warblers. We confirmed

the presence of divergent selection within the Setophaga

warblers. Estimates of x were significantly higher in

this clade than in the rest of passerines (when

Setophaga warblers were set as the foreground clade

xSetophaga = 2.26 vs. background xbkgd = 0.141;

2Dl = 4.80, df = 1, P = 0.028; Table 2). This is partly a

consequence of multiple substitutions along the lineage

leading to S. fusca (the x = dN/dS ratio along this lineage

(6.20) is significantly >1; LRT compared with the nested

null model, 2Dl = 24.57, df = 2, P = 0.000). Conversely,

divergence in Old World warblers was unusually low

relative to other passerines (xow = 0.000 vs.

xbkgd = 0.25; 2Dl = 7.0, df = 1, P = 0.008; Table 2).

The multiple foreground clade model, in which we

defined both Setophaga and the Old World warblers as

foreground clades, confirms the rate heterogeneity in

Fig. 2 Variable amino acid residues in the coding sequences of

Rh2 and Rh1 opsins in the New World warblers and the Old

World warblers. Numbers correspond to amino acid positions

standardized by the bovine rhodopsin (GenBank M21606). The

first 15 species are New World warblers and the following 7

are Old World warblers. All variable sites are shown relative

to the inferred ancestor, which is the same for both clades, as

obtained by Empirical Bayes methods (Yang et al. 2005). Dots

indicate the identity of the amino acids with the ancestor at

each site; thus, species that only have dots match the ancestral

amino acid sequence at all sites. Residues marked with an

asterisk (*) are inferred to evolve under positive selection by

maximum-likelihood methods. See Fig. S2 (Supporting infor-

mation) for comparisons across all passerines.
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Rh2 evolution, indicating Rh2 has evolved faster within

the Setophaga and slower within Old World warblers

(xSetophaga = 0.604, xow = 0.0001 vs. x bkgd = 0.226; LRT

compared to corresponding M2a_rel model 2Dl = 9.36,

df = 2, P < 0.009; Table 2).

Incorporating the bowerbirds using the limited

sequence data set indicates higher x in this clade than

background branches (xBW = 0.32 vs. xbkgd = 0.19), but

this difference is not statistically significant (Table 2).

Bowerbirds have similar numbers of nonsynonymous

substitutions as the Setophaga warblers (Fig. 4), but

more synonymous substitutions, presumably reflecting

their greater age (crown group ages ~21.2 Ma against

~6.6 Ma, Fig. 1).

Parameter estimates for all clade models reanalysed

under the CmD framework were broadly similar to

those obtained under CmC models (Table S6). The only

exception is the x2 estimates for the CmD model with

New World warblers as foreground, which were higher

than in the equivalent CmC model and also higher than

one (x2 = 1.27).

The acceleration in the rates of evolution we observe

is particular to Rh2 and not observed for Rh1 (Tables

S7, Supporting information). For Rh1, very low rates of

evolution are observed throughout passerines and there

are no episodes of accelerated evolution (Table S7, Sup-

porting information).

In vitro expression: Rh2 spectral tuning

The effects of the Rh2 substitutions we documented in

warblers on spectral tuning are unknown. Substitutions

observed at sites 227 and 332 have been previously

studied in other groups and not thought to impact spec-

tral tuning (Yokoyama et al. 2008). The effects of the

other substitutions on spectral tuning have never been

studied. To study the functional effects of the observed

Rh2 substitutions, we expressed reconstituted Rh2

visual pigments in vitro. The absorbance curves we

obtained were of high quality and allowed us to obtain

accurate values of kmax for each visual pigment (Fig. 5,

Table 3). Despite having accumulated multiple substitu-

tions, spectral sensitivities of RH2 pigments are largely

similar (point estimates of peak absorbance vary by

about 1 nm) and not significantly different from each

other (Table 3). Therefore, the observed substitutions in

the RH2 pigments of Setophaga warblers do not appear

to strongly impact spectral tuning, an unexpected find-

ing given 4 of these sites are inferred to have evolved

under positive selection.

Fig. 3 Evolution of Rh2 amino acid

sequences inferred by ancestral recon-

struction. Substitutions are shown above

the branch where they occur. Numbers

above branches correspond to the num-

ber of amino acid substitutions; for

clades, this number indicates the number

of mutation events that caused the

observed substitutions. For details on the

identity of the substitutions, refer to

Figs 2 and S2 (Supporting information).

Posterior probabilities for variable amino

acid sites at every node from Empirical

Bayes ancestral reconstructions are

shown in parentheses. We show results

for nucleotide Empirical Bayes models,

which always had the most conservative

posterior probabilities compared to

codon and amino acid models. Melo-

psittacus undulatus (budgerigar) and Gal-

lus gallus (chicken) were used as out-

groups in ancestral reconstructions. Iden-

tity for variable residues at the root and

the corresponding posterior probabilities:

L56 (0.998) – F85 (0.999) – I108 (0.961) –
V139 (0.995) – A158 (0.998) – F165 (0.998)

– M179 (1.00) – Y198 (1.00) – V217 (0.998)

– V218 (0.995) – I227 (0.998).
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Table 1 Results of PAML random sites models for Rh2 in New World warblers, Old World warblers and across passerines, based

on the main data set, consisting of full opsin sequences. Likelihood ratio tests (LRT) were performed to test whether two more

parameter-rich models, M2 and M8, that allow for a category of positively selected sites fit the data better than their nested, simpler

counterparts, M1a and M7, respectively. The resulting test statistic was compared to a v22 distribution both in the M2-M1a and M8-

M7 comparison (Yang et al. 2000). Positively selected sites identified by Bayes Empirical Bayes factors (BEB) are shown. M0: One-

ratio model; M1a: neutral model, M2a: selection model; M7: Beta; M8: Beta + x (Yang et al. 2000). x = dN/dS, values highlighted in

bold are significant P-values (< 0.01)

Clade Model lnL np Parameter estimates

Sites identified

by BEB P-value (LRT)

New World warblers M0 �1891.15 31 x0 = 0.055 —
M1a �1876.65 32 p0 = 0.9999, xo = 0.00001 — NS (0.14)

M2a �1874.68 34 p0 = 0.978, xo = 0.000, p2 = 0.022, x2 = 2.731 7 85 284 332

M7 �1879.64 32 p = 0.0097, q = 0.163 — 0.006

M8 �1874.68 34 p0 = 0.978 (p1 = 0.022), x = 2.731 7 85 284 332

Old World warblers M0 �1705.44 17 x0 = 0.0086 —
M1a �1705.44 18 p0 = 0.9999, xo = 0.0086 — NS (0.99)

M2a �1705.44 20 p0 = 1.00,xo = 0.0086, p2 = 0.00, x2 = 1.00 none

M7 �1705.48 18 p = 0.90, q = 99.0 — NS (0.99)

M8 �1705.49 20 p0 = 0.999 (p1 = 0.001), x = 1.00 none

Passerines (Main data set) M0 �3459.64 66 x0 = 0.017 —
M1a �3428.71 67 p0 = 0.979, xo = 0.01 — NS (0.99)

M2a �3428.71 69 p0 = 0.979,xo = 0.01, p2 = 0.021, x2 = 1.00 332

M7 �3419.74 67 p = 0.06, q = 2.07 — 0.001

M8 �3412.92 69 p0 = 0.0994 (p1 = 0.006), x = 1.64 332

NS, nonsignificant; Np, number of parameters.

lnL the log value of the model’s likelihood score given the data and phylogeny.

pi is the proportion of sites in each category.

p and q are shape parameters for the beta distribution.

Table 2 Parameter estimates for passerine Rh2 clade models (CmC). CmC: Clade model C, a model that allows for different x
between the clade(s) set as foreground and the rest of the tree. In each case, the clade associated with each test was set as foreground

clade. x3,4 are the ratios for the ‘foreground’ clade(s). M2a_rel is the improved test for use as a null model in the LRT proposed by

Weadick & Chang (2012). Values highlighted in bold correspond to parameter estimates for foreground clades and significant

P-values (< 0.05)

RH2

Tree

length j

Purifying selection

site class

Neutral

site class

Divergent selection

site class

lnL np

P-value

LRT vs.

M2a_rel (df)Model: Foreground clade x0 p0 x1 p1

x2

x3

x4 p2

CmC: Setophaga warblers 1.77 6.02 0.006 0.976 1.0 0.008 0.141

2.26

0.016 �2718.09 89 0.028 (1)

CmC: New World warblers 1.71 5.99 0.005 0.956 1.0 0.000 0.207

0.401

0.044 �2720.23 89 0.471 (1)

CmC: Old World warblers 1.70 5.99 0.004 0.949 1.0 0.000 0.250

0.000

0.052 �2716.97 89 0.008 (1)

CmC: Bowerbirds* 1.69 5.73 0.004 0.949 1.0 0.000 0.187

0.323

0.051 �2720.39 89 0.65 (1)

CmC: Setophaga + Old

World warblers*

1.71 5.99 0.004 0.954 1.0 0.000 0.233

0.604

0.0001

0.046 �2715.81 90 0.009 (2)

M2a_rel 1.74 5.96 0.0036 0.936 1.0 0.008 0.133 0.056 �2720.49 88 —

j (kappa) transition/transversion rate

pi refers to the proportion of sites inferred to be in each selection category.

*Based on ‘limited sequence data set’. Tree length is defined as the sum of the branch lengths along the tree in substitutions per codon.
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Discussion

We traced sequence and functional evolution of the Rh2

visual pigments in two clades of warblers and found

strong conservatism over much of the ~60 million years

of evolution that separate species in these two clades.

This conservatism was mirrored in the rod pigment,

Rh1, used in dim-light vision, during diversification

within the clades. While Rh2 was generally conserved

in our data set and subject to purifying selection

(x � 0.2), it experienced an increase in its rate of evolu-

tion in Setophaga, exhibiting evidence for positive selec-

tion (x = 2.26 in clade models, Table 2). Ten

substitutions occurred at the six variable sites among

the New World warbler species we studied. Some sub-

stitutions in distantly related clades parallel those in the

New World warblers. Parallel evolution and evolution-

ary reversal are not uncommon in the opsins (Yokoy-

ama & Yokoyama 1990; Yokoyama 2008; Hofmann et al.

2012; Bloch et al. 2015).

The generally slow evolution of the Rh2 visual pig-

ment extends beyond the passerines. Sequences of 44

avian genomes across the bird tree, representing all

major clades, indicate slow rates of Rh2 evolution, with

mean x values below 0.25 (Zhang et al. 2014). The only

exception was in the penguins (Sphenisciformes), in

which two species show fast rates of evolution, appar-

ently due to relaxed selection after loss of function of

the Rh2 gene (Zhang et al. 2014). Slow opsin evolution

may be explained in two complementary ways. The first

is that many sites are subject to purifying selection for

functional reasons (Jordan et al. 2002; Wall et al. 2005;

Zhang et al. 2006). Evolutionary constraints associated

with the function and complexity of the visual system

could result in purifying selection across the entire mol-

ecule. Opsin evolution may be constrained by multiple

selective pressures imposed by the environment and an

organism’s ecology (diet, predators, etc.), in addition to

discrimination of conspecific colours during social inter-

actions. Further, spectral tuning is only one aspect of

(a) (b)

Fig. 4 Variation in Rh2 nonsynonymous rates of evolution (dN) across passerines. Gene tree for Rh2 where branch lengths are scaled

by dN rate (substitutions per codon) estimated along that branch by a free-ratio model as implemented in PAML (parameters speci-

fied in Table S8, Supporting information for the best fitting codon model; Yang 2007). (a) The limited sequence data set including

bowerbirds for which incomplete coding sequences were used and (b) the main data set. Bars next to clades are coloured following

the scheme in Figs 1 and 3 to highlight the position of each clade on the tree. Scale bar indicates value of dN and is the same in both

trees. Species names are abbreviated as the first letter of the genus and the first three letters of the species (i.e. Setophaga castanea is

Scas, see Figs 1 and 2 for full species names).
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opsin function. The spectral sensitivity of visual pig-

ments therefore may not be able to shift in response to

one selection pressure without becoming maladaptive

for another aspect of vision.

The second factor that may contribute to slow opsin

evolution is high expression levels in the retina. High

expression is a generally strong correlate of slow pro-

tein evolution (Pal et al. 2001; Drummond et al. 2005).

The most widely accepted explanation is that mutations

affect protein folding, thereby causing cell toxicity and

toxicity increases in proportion to quantity of misfolded

protein. For highly expressed proteins, selection may be

sufficiently strong that adjustments in the cell machin-

ery come to make one or a few related sequences

evolve to fold particularly efficiently (Drummond et al.

2005; Serohijos et al. 2012). In consequence, any muta-

tions in highly expressed proteins are strongly selected

against. All opsins are very highly expressed in the bird

retina (Bloch 2015). Hence, slow evolutionary rates in

the opsins may be partly a result of this basic con-

straint.

Accelerated evolution of Rh2 in the New World war-

bler genus Setophaga indicates constraints on opsin gene

evolution, associated with either visual pigment func-

tion or protein folding, have to some extent been over-

come in this clade. The Setophaga warblers are

particularly colourful and sexually dimorphic species

(Fig. 1), suggesting they are subject to relatively strong

Fig. 5 Absorbance spectra of the regenerated New World warbler and Old World warbler Rh2 visual pigments. Main figure shows

dark spectra and insets correspond to dark–light difference spectra for Rh2. The x-axis for insets has the same range as the main

graph in all cases. Wavelengths of maximum absorbance (kmax) shown are the average of 3 different absorbance measurements. In

addition to the ancestral RH2 pigment present in most species, we expressed all the RH2 visual pigments that had substitutions,

except for D332E, which is not thought to affect spectral tuning (Yokoyama et al. 2008). RH2 variant V1 corresponds to the one pres-

ent in Setophaga pensylvanica, RH2 variant V2 corresponds to that in S. fusca and RH2 variant V3 is in S. castanea, S. petechia and S.

striata (see Fig. 2 and Table 3).
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sexual selection pressures. Bowerbirds are known to be

strongly sexually selected, using colour in their displays

in plumage and/or bower decorations (Uy & Borgia

2000; Endler et al. 2005). The bowerbirds have also accu-

mulated multiple nonsynonymous substitutions in the

Rh2 gene, albeit over a longer time period than the

New World warblers. By comparison, the dull and

monomorphic Old World warblers, which are of inter-

mediate age, show no substitutions in the Rh2 opsin at

all, at least among those species, we have been able to

study. Considering the multiple hypotheses linking the

visual sensory system to colour pattern evolution that

have been developed (Lande 1981; Boughman 2002;

Bradbury & Vehrencamp 2011), we suggest accelerated

rates of Rh2 opsin evolution are related to sexual selec-

tion pressures.

The most obvious way in which colour perception

should vary as a result of opsin sequence changes is by

altered spectral tuning. However, our results imply tun-

ing differences among the Rh2 opsins of warblers are

small. Rh2 spectral tuning is relatively invariant across

the passerine birds as a whole: kmax measurements,

mostly based in microspectrophotometry of whole reti-

nas, range between 499 and 504 nm in other species

(Hart & Hunt 2007), except for bowerbirds where it is

estimated at around 510 nm (Coyle et al. 2012). The

long-wavelength shift in the bowerbirds could be a

result of the unique A158V substitution that occurred in

the branch leading to this clade (Fig. 3), but this needs

to be tested.

In Setophaga warblers evidence for positive selection,

and differences from the pattern of stasis across long

timescales, suggests that some aspects of opsin function

are affected, aside from spectral sensitivity. To date,

characterization of visual pigments for functions other

than spectral tuning has been limited to a few model

species (Sakmar et al. 2002; Sugawara et al. 2005; Bickel-

mann et al. 2012; Morrow & Chang 2015). Molecular

genetic studies have shown that substitutions at certain

amino acid residues are responsible for changes in the

efficiency of transducin activation, and/or rate of chro-

mophore release when photoactivated (Yan et al. 2002;

Sugawara et al. 2005; Bickelmann et al. 2012). Recent

studies examining the evolution of cichlid fish rhodop-

sins identified a number of positively selected sites that

were attributed to aspects of function other than spec-

tral tuning (Schott et al. 2014). These changes could con-

tribute to visual adaptation to different environments,

but how they feedback on to colour perception and

other aspects of sexual selection, such as distinguishing

subtle difference in male displays, is completely

unknown. Bloch (2015) found that opsin expression lev-

els in the retina vary greatly among Setophaga species.

One possible impact of high opsin expression is altered

optical density, which changes the shape of the cone’s

spectral sensitivity function, and thus is likely to affect

colour perception (Thomas et al. 2011). Similar princi-

ples may apply to opsin structure, and opsins may also

evolve directly in response to new selection pressures

resulting from altered expression levels.

Whatever the causes of the sudden burst of Rh2 evo-

lution in the New World warblers, it is not a phenome-

non common to all opsins in this clade. Rh1 evolution

remains very slow throughout passerines (Table S7; Fig.

S4, Supporting information) and shows no evidence of

accelerated evolution in Setophaga. On the other hand,

the Sws2 opsin diverged significantly between the New

World and Old World warblers, accumulating several

substitutions that lead to small spectral shifts (Bloch

et al. 2015). The Sws2 opsin has also evolved within

both the New World and Old World warblers (Bloch

et al. 2015).

In summary, examining RH2 sequence and spectral

tuning evolution in New World and Old World war-

blers shows this visual pigment experienced an episode

of accelerated evolution in the especially colourful, sex-

ually dimorphic, Setophaga warblers. The period of long

stasis followed by a burst of evolution together with

evidence for positive selection implies that even highly

expressed proteins subject to strong selective constraints

can rapidly evolve when selective regimes are changed.

This change in selective constraints may be associated

with changes in the intensity of sexual selection on col-

our patterns. Increased understanding of the way in

which alterations in the opsin protein translate into col-

our perception should lead to much better understand-

ing of the co-evolution of female preferences for male

Table 3 Spectral sensitivities for RH2 visual pigments

expressed in vitro. Substitutions and spectral shifts are relative

to the ancestral sequence, which is common to many species in

both the New World warblers and the Old World warblers.

Positive shifts correspond to changes in kmax towards longer

wavelengths. All the observed shifts are small, and spectral

sensitivities of RH2 pigments are not significantly different

from each other. Residues in bold are inferred to have evolved

under positive selection

Substitutions

Estimated*

kmax (nm)

Shift

(nm) Species†

503.5 � 0.4 – Ancestor

I7V; C85F; T284S 504.2 � 1.0 +0.7 Spen

I7V; C85F; V227I; S340G 504.3 � 0.1 +0.8 Sfus

T284S 504.6 � 0.4 +1.1 Scas, Spet, Sstr

*Standard errors are calculated from curve fits of three differ-

ent absorbance measurements.
†Species that carry the sequence variant (see Fig. 2 for abbrevi-

ations).
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colour and the colours themselves, the essential compo-

nents of many models of sexual selection.
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