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Abstract Transducin is a heterotrimeric G protein that

plays a critical role in phototransduction in the rod and cone

photoreceptor cells of the vertebrate retina. Rods, highly

sensitive cells that recover from photoactivation slowly,

underlie dim-light vision, whereas cones are less sensitive,

recover more quickly, and underlie bright-light vision.

Transducin deactivation is a critical step in photoreceptor

recovery and may underlie the functional distinction between

rods and cones. Rods and cones possess distinct transducin a
subunits, yet they share a common deactivation mechanism,

the GTPase activating protein (GAP) complex. Here, we used

codon models to examine patterns of sequence evolution in

rod (GNAT1) and cone (GNAT2) a subunits. Our results

indicate that purifying selection is the dominant force shaping

GNAT1 and GNAT2 evolution, but that GNAT2 has addi-

tionally been subject to positive selection operating at mul-

tiple phylogenetic scales; phylogeny-wide analysis identified

several sites in the GNAT2 helical domain as having

substantially elevated dN/dS estimates, and branch-site ana-

lysis identified several nearby sites as targets of strong posi-

tive selection during early vertebrate history. Examination of

aligned GNAT and GAP complex crystal structures revealed

steric clashes between several positively selected sites and the

deactivating GAP complex. This suggests that GNAT2

sequence variation could play an important role in adaptive

evolution of the vertebrate visual system via effects on pho-

toreceptor deactivation kinetics and provides an alternative

perspective to previous work that focused instead on the effect

of GAP complex concentration. Our findings thus further the

understanding of the molecular biology, physiology, and

evolution of vertebrate visual systems.

Keyword G proteins � Vision � Rhodopsin � dN/dS �
Positive selection � Maximum likelihood � Codon

models

Introduction

The two primary photoreceptors of the vertebrate retina, the

rods and cones, mediate vision under dim and bright con-

ditions, respectively. Rods are more sensitive than cones,

but they deactivate much more slowly; consequently, rods

saturate under moderate light levels and trade off sensitivity

with temporal resolution (reviewed in Ebrey and Koutalos

2001; Walls 1942). Considerable efforts have been directed

toward understanding the molecular and biophysical pro-

cesses that mediate rod and cone functions (reviewed in

Fain et al. 2010; Yau and Hardie 2009). Visual photo-

transduction, the process by which light is converted into the

biochemical signals that ultimately underlie the visual sense,

begins with photon absorption by visual pigments in the

retinal photoreceptors. In vertebrates, photoactivated visual
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pigment binds and activates the a subunit of transducin

(GNAT), inducing GDP-GTP exchange and the dissociation

of GNAT from the transducin b and c subunits. Activated

GNAT then binds the inhibitory c subunit of membrane-

bound phosphodiesterase (PDE), permitting cGMP hydro-

lysis and, consequently, the closing of cGMP-gated cation

channels in the plasma membrane, membrane hyperpolar-

ization, and neurotransmitter release. The deactivation of

photoactivated visual pigments and the increased synthesis

of cGMP both contribute to the overall process of photo-

receptor deactivation, but deactivation of the GNAT appears

to be the rate-limiting step in rod response recovery

(reviewed in Burns and Pugh 2010). GNAT deactivates via

intrinsic GTPase activity, but this process is quite slow, and

a GTPase activating protein (GAP) complex is required to

elevate GNAT GTPase activity to physiologically relevant

levels (He et al. 1998; Hu and Wensel 2002; Makino et al.

1999).

Rods and cones possess several unique protein variants

adapted to their specific roles in rod or cone phototrans-

duction, such as the rod and cone visual pigment proteins

(opsins) (Nordstrom et al. 2004). Some phototransduction

components, however, are shared between rod and cone

photoreceptors. Notably, there are two copies of the

transducin a subunit, one for rods (GNAT1) and one for

cones (GNAT2) (Lerea et al. 1986; Lochrie et al. 1985b),

but the rod and cone photoreceptor cells appear to share a

single GAP complex (e.g., Cowan et al. 1998; Lyubarsky

et al. 2001; Zhang et al. 2003). Inactivation of divergent a
transducin subunits thus depends on the same complex in

the functionally distinct rods and cones. As cone photore-

ceptor cells have been shown to possess higher concen-

trations of the deactivating GAP complex with respect to

rods (Cowan et al. 1998; Lyubarsky et al. 2001; Zhang

et al. 2003), the faster deactivation of cone photoreceptors

may simply reflect more frequent interactions between

GNAT2 and the GAP complex (Burns and Pugh 2009).

However, the rate of rod deactivation is substantially faster

in transgenic mice expressing cone GNAT2 in place of

GNAT1 in the rod photoreceptor cells (Chen et al. 2010),

and this suggests that differences in protein–protein inter-

actions may also play an important role in explaining

variation in photoreceptor recovery rates.

The structural basis of the interaction between GNAT

and the GAP complex has been the subject of many years

of study. It is known that GNAT consists of two domains, a

GTPase domain and an a helical domain, between which

lies the nucleotide binding cleft; following GTP hydrolysis

and GNAT activation, several regions (‘switches’) of the

GTPase domain undergo conformational changes that

facilitate interactions with both PDE and the GAP complex

(reviewed in Oldham and Hamm 2008; Wittinghofer

1994). Within the GAP complex, the regulator of G protein

signaling (RGS) domain of the RGS9 protein is known to

play a central role in regulating GNAT GTPase activity

(He et al. 1998; Hu and Wensel 2002; Makino et al. 1999).

The 3D structures of several components of the GNAT–

GAP complex interaction have been solved, providing

important insights into the structural and functional roles

played by different regions of GNAT and the proteins of

the GAP complex (Cheever et al. 2008; Lambright et al.

1994; Noel et al. 1993; Slep et al. 2001; Sondek et al.

1994). These studies can also provide a framework for

evolutionary analysis of GNAT protein structure and

function.

Though rod and cone phototransduction proteins serve

well-defined functions in vision, the specific selection

pressures that these two sets of proteins experience will

likely vary among species depending on ecological

requirements or physiological constraints. Perhaps most

importantly, there can be considerable variation in ambient

light intensity across environments (e.g., between aquatic

and terrestrial or nocturnal and diurnal niches) (Lythgoe

1979). Because the interaction between GNAT and the GAP

complex is critical to photoreceptor recovery rate, which

affects key visual parameters such as absolute sensitivity

and temporal resolution, we carried out a comparative,

molecular evolutionary study of vertebrate rod and cone

GNAT sequences. Working with data sets composed of

newly derived and previously determined rod and cone

GNAT sequences, we applied codon substitution models

that, by estimating the nonsynonymous to synonymous

substitution rate ratio (dN/dS or x), provide insight into the

nature of selection operating on protein coding DNA

(reviewed in Anisimova and Liberles 2012). We focused our

sequencing efforts on ray-finned fishes, as it is a speciose

and ecologically diverse group that has been understudied at

the level of whole genomes (from which we obtained much

of our GNAT data). Our results suggest that positive

selection has shaped GNAT2 evolution at multiple evolu-

tionary scales, likely in ways that affect the interaction

between GNAT2 and the deactivating GAP complex.

Methods

GNAT1 and GNAT2 Data Sets

Data sets of 39 GNAT1 and 36 GNAT2 sequences were

obtained through a combination of (1) online database

searches and (2) targeted PCR and DNA sequencing.

Species names and accession numbers for the analyzed

sequences are provided in Supplementary Table 1. Previ-

ously determined GNAT1 and GNAT2 sequences were

obtained from NCBI Genbank and Ensembl via sequence

similarity and keyword searches; in a few cases, predicted/
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unannotated sequences were extracted from ongoing gen-

ome project databases. Degenerate PCR primers were

designed to match conserved gene regions following pre-

liminary alignments of these downloaded sequences; pri-

mer names and sequences are provided in Supplementary

Table 2. These primers were used to amplify GNAT1 and

GNAT2 sequences from eye cDNA libraries for 16 species

of ray-finned fish; all were obtained through the pet trade

save the Trinidadian pike cichlid (Crenicichla frenata),

which was wild-caught. Fish were killed following seda-

tion via ice baths or immersion in tricaine methanesulfo-

nate solution, after which eyes were either excised and

stored at -80 �C or preserved in RNALater stabilization

solution (Roche). cDNA libraries, prepared using the

SMART cDNA Library Construction Kit (BD Biosci-

ences), were used as template for degenerate PCR using

standard chemistry and thermal-cycling settings, with the

FastStart Taq polymerase (Roche). Purified PCR products

were ligated into TA-overhang plasmid vectors (Invitro-

gen), cultured in Escherichia coli, and multiple clones

sequenced using vector primers.

Alignments

GNAT1 and GNAT2 data sets were initially compiled and

aligned using ClustalW (Thompson et al. 1994) as imple-

mented in MEGA 4 (Tamura et al. 2007). Nucleotide

sequences were translated to amino acids prior to alignment.

As alignment errors can lead to false signature of positive

selection (Fletcher and Yang 2010; Jordan and Goldman

2012), we generated additional alignments using PRANK

(Loytynoja and Goldman 2005) and PAGAN (Loytynoja

et al. 2012), alignment methods that outperform ClustalW

over a wide range of divergence levels and indel rates

(Fletcher and Yang 2010; Jordan and Goldman 2012). As

before, alignments were conducted using amino acid trans-

lated sequences. We then estimated confidence in these

PRANK and PAGAN alignments in GUIDANCE, which

uses a bootstrapping approach to perturb the alignment guide

tree (Penn et al. 2010a, b). Manual inspection of the align-

ments revealed that results were identical regardless of

algorithm for both data sets. Moreover, GUIDANCE confi-

dence scores were effectively maximized (PRANK: 1.000

for both GNAT1 and GNAT2; PAGAN: 0.999 for GNAT1

and 0.998 for GNAT2). Translated alignments are displayed

in Supplementary Figures 1 and 2. The GNAT1 and GNAT2

alignments were each 187 codons long, spanning amino acid

(AA) positions 67–253 (AA numbering corresponds to

bovine GNAT1; Genbank ID NP_851365) with only a few of

the sequences truncated at the N- and/or C-terminal ends of

the alignment. There were no internal gaps in the GNAT1

alignment and only one internal gap in the GNAT2 align-

ment (a one codon deletion in the Tetraodon nigroviridis

GNAT2 sequence at AA position 73). The GNAT1 and

GNAT2 data sets were nearly but not entirely taxonomically

equivalent (a consequence of variation in sequence avail-

ability for each species); particular analyses were therefore

repeated using reduced data sets consisting of comparable

taxonomic sets.

Selection Analyses

In order to explore patterns of selective constraint across

alignments and/or phylogenies of GNAT1 and GNAT2

genes, a variety of codon substitution models were fit to the

aligned data sets using the CODEML program of the

PAML software package (Yang 2007). Codon substitution

models provide estimates of the nonsynonymous (dN) to

synonymous (dS) substitution rate ratio (x or dN/dS),

which describes the form and strength of selection oper-

ating on protein coding DNA; x[ 1 is indicative of

positive selection, x = 1 is consistent with neutrality, and

x\ 1 reflects purifying selection (Goldman and Yang

1994; Muse and Gaut 1994). Different codon substitution

models make different assumptions about whether and how

the x ratio varies across the alignment and/or the phylog-

eny (described below). The relative goodness-of-fit of

particular models was established by comparing complex

models against simpler, nested models via likelihood ratio

tests (LRTs), with twice the difference in log likelihood

scores compared against a v2 null distribution (Huelsen-

beck and Rannala 1997); unless otherwise noted, the

degrees of freedom for each LRT equaled the number of

additional parameters estimated in the more complicated,

alternative model. Recent estimates of species-level rela-

tionships were consulted to describe evolutionary rela-

tionships among the GNAT sequences for the rod and cone

transducin data sets (Maddison et al. 2007).

One common concern when analyzing highly divergent

sequences is the reliability of the parameter estimates (dN/dS,

distances, etc.) (Gojobori 1983; Maynard Smith 1994), as

synonymous substitutions may saturate over long timescales

and as extremely divergent sequences are often difficult to

align accurately. Fortunately, our alignments appear to be

sound (described above), and simulation results have shown

that the use of well-chosen codon models and maximum

likelihood (ML) estimation methods generally result in

accurate parameter estimates even when sequences are highly

divergent as long as the alignment is correct (Anisimova et al.

2001; Fletcher and Yang 2010; Gharib and Robinson-Rech-

avi 2013; Jordan and Goldman 2012). Moreover, by

employing a phylogenetic rather than pairwise approach, we

avoid directly estimating evolutionary distances between

extremely divergent sequences; instead, branches leading to

internodes and other sequences repeatedly bisect these long

distances. To confirm that synonymous sites are not saturated
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in our data sets, we conducted a preliminary investigation

using the simple M0 codon substitution model, which

assumes that x is invariant across both sites and branches

(Goldman and Yang 1994). These results suggest that our data

sets are not strongly affected by synonymous saturation. For

GNAT1 (x = 0.023, j = 2.178, lnL = -6,509.116, num-

ber of parameters = 73), branch-specific estimates of dS (the

number of synonymous substitutions per synonymous site)

ranged from 0.00 to 1.57, with a median of 0.18. For GNAT2

(x = 0.062, j = 1.815, lnL = -7,019.283, number of

parameters = 67), branch-specific estimates of dS ranged

from 0.00 to 0.90, with a median of 0.17. Critically, dS values

were well below 1 along the branches connecting the fish and

tetrapod clades in the two data sets.

Codon Models

Random-sites models allow for variation in x among sites in

the alignment but not among branches of the phylogeny. Two

different random-sites LRTs were employed to test for site-

specific positive selection: M8 versus M7 and M8 versus M8a

(Swanson et al. 2003; Yang et al. 2000). The M8, M8a, and

M7 models accommodate among-site x variation across the

range 0 \x\ 1 by using a continuous probability distribu-

tion (a b distribution); M8a and M8 expand on the simpler M7

model by including either a neutral site class (x2 = 1) or a

positively selected site class (x2 [ 1), respectively. For each

model, ML was used to estimate the x ratio parameters

(including p and q, the b distribution shape parameters), the

sizes of the site classes (data set proportions; p), the transition-

to-transversion nucleotide substitution rate ratio (j), and

branch lengths. Stationary codon frequencies were estimated

using the F394 approximation method. We opted to use the

F394 method, rather than the Fcodon method, as the latter

approach would involve the estimation of 61 sense codon

frequencies from an alignment only 187 codon long. How-

ever, we note that codon frequencies estimated under the two

methods were positively correlated (GNAT1: Spearman’s

q = 0.66, P \ 0.001; GNAT2: Spearman’s q = 0.58,

P \ 0.001). In order to detect and avoid local optima, models

were fit to the data sets multiple times from different initial

parameter values. Alignment gaps were treated as ambiguous

characters and retained in analyses.

Branch-site and clade models allow for variation in x both

among sites and among branches, with variation accommo-

dated through the a priori partitioning of the phylogeny into

‘foreground’ and ‘background’ lineages (Yang and Nielsen

2002). Numerous ecological and physiological factors could

conceivably result in lineage-specific patterns of GNAT

sequence evolution (e.g., diurnal activity pattern, physiolog-

ical temperature); here, partitioning schemes were designed

to contrast evolutionary patterns within the primarily terres-

trial tetrapod clade and the aquatic ray-finned fish clade.

Branch-site and clade models were carried out as described

above for random-site models. For clade models, we

employed the model C approach (CmC) of Bielawski and

Yang (2004), the multi-clade extension of Yoshida et al.

(2011), and the null model (M2a_rel) of Weadick and Chang

(2012). CmC assumes three site classes, which account for

pervasive purifying selection (0 \x0 \ 1), pervasive neu-

trality (x1 = 1), and divergent selection (x2 [ 0 and x3 [ 0

for two prespecified partitions of a phylogeny). The M2a_rel

null model is similarly constructed, but removes divergent

selection through the constraint x2 = x3. The multi-clade

CmC extension allows for the designation of multiple fore-

ground partitions (x2 [ 0, x3 [ 0, x4 [ 0, etc.). Five mod-

els were fit to each data set (Fig. 1): (1) a multi-clade CmC

with separate partitions for the fish clade, the tetrapod clade,

and the ancestral branch connecting the two clades; (2, 3)

simpler clade models that united the ancestral branch with

either the fish (CmC-v1) or tetrapod (CmC-v2) clade,

respectively; (4) a simple clade model that united the fish and

tetrapod clades in a common partition to the exclusion of the

ancestral branch (CmC-v3); and (5) an M2a_rel null model.

The branch-site model A (test 2) approach of Zhang et al.

(2005) was used to test for positive selection along the

branch connecting the tetrapod and ray-finned fish GNAT

clades. The alternative model for this test assumes four site

classes: pervasive purifying selection (0 \ x0 \ 1), perva-

sive neutrality (x1 = 1), purifying-to-positive selection

(x2 [ 1 along the foreground branch, 0 \ x0 \ 1 other-

wise), and neutral-to-positive selection (x2 [ 1 along the

foreground branch, x1 = 1 otherwise). The null model is

similarly constructed but does not permit positive selection

(x2 = 1). The branch-site model of Zhang et al. (2005)

assumes that selection within the background partition of the

phylogeny is constant across branches and not affected by

positive selection; as such, the recently proposed Branch-site

REL method of Kosakovsky Pond et al. (2011), which

relaxes both of these assumptions, was employed as well (via

the Datamonkey web server) (Delport et al. 2010). As with

Zhang et al.’s method, the LRT for the branch-site REL

method compares the fit of models that either do (x? [ 1) or

do not (x? = 1) allow for positive selection on the branch of

interest. Finally, we also applied Zhang et al.’s (2005)

branch-site test to entire clades (fishes or tetrapods) in a

manner analogous to the clade models. As this model only

allows for a single-foreground partition, and as the analyses

are conducted on unrooted trees, analyses were conducted

twice, with the ancestral branch assigned to either the fore-

ground or background partition.

Structural Analyses

Following random-site and branch-site analyses, codons

were identified as ‘positively selected’ through Bayes
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empirical Bayes (BEB) assignment of codons to site clas-

ses with x2 [ 1 (Yang et al. 2005). Ancestral amino acid

character states were inferred by ML using CODEML

(Yang et al. 1995) and assuming the JTT ? G4 amino acid

substitution model (Jones et al. 1992; Yang 1994), which

was selected for use following preliminary investigation

using ProtTest (Abascal et al. 2005). 3D structures of

ancestral proteins were then inferred via homology mod-

eling using Modeller (Sali and Blundell 1993); for each

model, the Modeller objective function was minimized 25

separate times, and the run with the lowest DOPE score

(Shen and Sali 2006) was selected for assessment and

visualization. Model quality was first assessed using Pro-

Check (Laskowski et al. 1993), which showed that overall

G-factors were positive, indicating that main-chain bond

lengths and main- and side-chain bond angles were gen-

erally in high-probability stereochemical conformations

(results not shown). Model quality was then assessed using

ProSA-web (Wiederstein and Sippl 2007), which showed

that the model and template structures had comparable z-

scores (a measure of how a structure’s total energy com-

pares to that expected by random chance), standardized for

the number of residues (results not shown). The template

structure for GNAT homology modeling was a chimeric G

protein a subunit solved in complex with the RGS domain

of bovine RGS9 (protein data bank ID 1FQJ) (Slep et al.

2001); this chimeric protein was based primarily on bovine

GNAT1 (92 % identical), but with a small portion of the

GTPase domain replaced with the equivalent region a

homologous a subunit from the inhibitory G protein sub-

family (GNAI). Using MacPyMol (Delano Scientific), the

GNAT model was then docked onto a GAP complex by

aligning this RGS domain with the equivalent portion of a

solved crystal structure of RGS9 and GNB5 (protein data

bank ID 2PBI), following Cheever et al. (2008). It should

be noted that the interaction between these proteins could

also be examined using more sophisticated approaches that

explicitly account for factors such as residue charge/

polarity and backbone flexibility. Such analyses may pro-

vide more subtle insights into the protein–protein interac-

tions within the GAP complex, but they are beyond the

scope of the present paper.

Results

The results of random-sites analyses of the GNAT1 and

GNAT2 data sets are provided in Table 1. Overall, esti-

mated dN/dS was lower and less variable across alignment

sites for GNAT1 than for GNAT2. For the GNAT1 data

set, the M8 model failed to improve on either of its null

models (M7 or M8a; P = 1.000 in both cases). The ML

parameter estimates obtained under these models indicate

that dN/dS was skewed strongly toward zero (b distribution

parameter estimates: p = 0.118, q = 2.446, p0 = 1.000),

and no sites were assigned to the ‘positively selected’ site

class by BEB analysis. For the GNAT2 data set, however,

the M8 model did improve on the M7 null model

(P \ 0.001), and the LRT for the M8 versus M8a com-

parison approached significance (P = 0.117 assuming a v2
1

null distribution, or P = 0.059 assuming a 50:50 mixture

distribution of 0 and a v2
1 distribution that accounts for a

boundary condition in the LRT) (Goldman and Whelan

2000). Parameter estimates obtained under the M8 model

suggest that dN/dS is less strongly skewed toward dN/

dS = 0 than was observed for the GNAT1 data set

(p = 0.201, q = 3.502, p0 = 0.979, x2 = 1.257). More-

over, parameter estimates indicated that a small fraction of

the data set evolved with dN/dS [ 1, with four sites

identified by BEB analysis as members of the ‘positively

selected’ site class (sites 94, 95, 96, and 117, given bovine

GNAT1 amino acid numbering). These sites are all located

in the protein’s helical domain (sites 94–96 in helix B and

site 117 in helix C). Site-by-site posterior mean estimates

of dN/dS for GNAT1 and GNAT2 are provided in Fig. 2;

Clade model

Site class

Divergent

Purifying

Neutral

Tetrapods

Fishes

Ancestral
branch

CmC
v2

0 < ω0 < 1

ω1 = 1

ω2 > 0

= ω2

ω3 > 0

Multiclade
CmC

0 < ω0 < 1

ω1 = 1

ω2 > 0

ω3 > 0

ω4 > 0

CmC
v1

0 < ω0 < 1

ω1 = 1

ω2 > 0

ω3 > 0

= ω3

CmC
v3

0 < ω0 < 1

ω1 = 1

ω2 > 0

ω3 > 0

= ω2

M2a_rel

0 < ω0 < 1

ω1 = 1

ω2 > 0

= ω2

= ω2

Fig. 1 Phylogenetic

partitioning scheme employed

in clade model analysis of the

GNAT1 and GNAT2 data sets.

Three partitions were assumed:

the tetrapod clade, the ray-

finned fish clade, and the

ancestral branch connecting the

two clades. The models differ in

whether and how x (= dN/dS)

diverges across the three

partitions. All models possess

similar purifying and neutral

site classes, which apply to all

phylogenetic partitions
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the higher average site-specific dN/dS for GNAT2 com-

pared to GNAT1 and the ‘positively selected’ sites are both

readily apparent. Furthermore, site-specific dN/dS esti-

mates were, on average, higher in the helical domain than

in the GTPase domain for both data sets. Qualitatively

similar results were obtained from random-sites analyses of

reduced data sets comprised only of species for which we

possessed both GNAT1 and GNAT2 sequences (results not

shown).

Ancestral GNAT2 amino acid sequences were inferred

in order to reconstruct the evolutionary history of the sites

identified as positively selected by random-site BEB ana-

lysis. Overall confidence in the reconstructions was high,

with the posterior probability of the most probable residue

averaging 0.994 across all sites and nodes; the across-node

average for the four positively selected sites ranged from

0.937 to 0.986. Counting changes between adjacent node

reconstructions within the GNAT2 phylogeny revealed an

average of 1.7 changes per site (range 0–15; mode = 0).

Over half of the sites in the helical domain changed at least

once (68 of 109 sites), but only a small minority of sites

within the GTPase domain likewise varied (11 of 78 sites).

The four positively selected sites were highly variable,

changing, at minimum, 11–15 times across the phylogeny,

with 6–7 amino acid residues implicated throughout the

history of each site (Fig. 3); ten or fewer changes were

inferred for all other sites, save one (site 162, 12 changes, 5

residues). Note that these estimates of the number of sub-

stitutions at each site are likely underestimates owing to

repeated substitutions at a single site. Considering the four

positively selected sites, substitutions were inferred along

32 of the GNAT2 phylogeny’s branches (12 within the

Table 1 Random-site results for the GNAT1 and GNAT2 data sets

Data set Model (n.p.)a lnLb Parameter estimates LRT P values Positively selected sites (PP)c

GNAT1 M7 (74) -6,322.26 j = 2.213, p = 0.118, q = 2.446 – –

M8a (75) -6,322.26 j = 2.213, p0 = 1.000 – –

p = 0.118, q = 2.447

M8 (76) -6,322.26 j = 2.213, p0 = 1.000, x2 = 1.000 Versus M7: P = 1.000 None

p = 0.118, q = 2.447 Versus M8a: P = 1.000

GNAT2 M7 (68) -6,706.93 j = 1.783, p = 0.142, q = 1.070 – –

M8a (69) -6,692.42 j = 1.782, p0 = 0.978 – –

p = 0.201, q = 3.598

M8 (70) -6,691.19 j = 1.780, p0 = 0.979, x2 = 1.257 Versus M7: P \ 0.001 94 (0.99), 95 (0.58)

p = 0.201, q = 3.502 Versus M8a: P = 0.117 96 (0.90), 117 (0.95)

a Refer to main text for explanation of models and tests. ‘n.p.’ = number of estimated parameters
b ‘lnL’ = log likelihood score
c Site numbering follows that of bovine GNAT1. ‘PP’ = posterior probability
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tetrapod clade, 19 within the fish clade, plus the ancestral

branch uniting the two clades), and co-occurring changes at

more than one of these sites were observed along 14

branches (Fig. 3).

The results of clade model analyses of the GNAT1 and

GNAT2 data sets are provided in Tables 2 and 3, respec-

tively. A few general patterns emerged from these analy-

ses. For both data sets and regardless of partitioning

strategy, parameter estimates indicated that dN/dS was

very low (x0 & 0) for the majority of the data (p0 [ 0.7).

Furthermore, in both cases, the multi-clade model signifi-

cantly improved on the M2a_rel null model (LRT P \ 0.01

in each case), with parameter estimates indicating that dN/

dS was highest along the ancestral branch and lowest

within the tetrapod partition. However, additional LRTs

revealed differences between the two data sets in the effect

of particular partitioning schemes. For GNAT1, treating

the fish and tetrapod clades as separate partitions signifi-

cantly improved model fit, and this was true regardless of

whether an additional partition was included for the

ancestral connecting branch (all P \ 0.01; LRTs: multi-

clade CmC vs. CmC-v3, CmC-v1 vs. M2a_rel, and CmC-

v2 vs. M2a_rel). Including an additional partition for the

ancestral connecting branch did not significantly improve

model fit, regardless of whether the fish and tetrapod clades

were united or considered as independent partitions (all
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P [ 0.08; LRTs: multi-clade CmC vs. CmC-v1, multi-

clade CmC vs. CmC-v2, and CmC-v3 vs. M2a_rel). For

GNAT2, as for GNAT1, treating the fish and tetrapod

clades as separate partitions led to significant (or nearly

significant) improvements in model fit (all P \ 0.06;

LRTs: multi-clade CmC vs. CmC-v3, CmC-v1 vs.

M2a_rel, and CmC-v2 vs. M2a_rel). However, contrary to

what was observed for GNAT1, including an additional

partition for the ancestral connecting branch did signifi-

cantly improve model fit (all P \ 0.01; LRTs: multi-clade

CmC vs. CmC-v1, multi-clade CmC vs. CmC-v2, and

CmC-v3 vs. M2a_rel). The clade model analyses thus

indicated (1) that dN/dS was higher in the fish clade than in

the tetrapod clade for both the GNAT1 data set and the

Table 2 Clade model C (CmC) results for the GNAT1 data set

Model (n.p.)a lnL Parameter estimates LRT P values

Multi-clade (78)

Partitions

RFF, T, AB

-6,327.68 j = 2.303, p0 = 0.805, p1 = 0.013

x0 = 0.003

xRFF = 0.130, xT = 0.069, xAB = 0.476

Versus M2a_rel: P = 0.007,

Versus CmC-v1: P = 0.225

Versus CmC-v2: P = 0.085,

Versus CmC-v3: P = 0.004

CmC-v1 (77)

Partitions

RFF ? AB, T

-6,328.42 j = 2.309, p0 = 0.802, p1 = 0.015

x0 = 0.003

xRFF?AB = 0.129, xT = 0.069

Versus M2a_rel: P = 0.003

CmC-v2 (77)

Partitions

T ? AB, RFF

-6,329.17 j = 2.305, p0 = 0.801, p1 = 0.016

x0 = 0.003

xT?AB = 0.071, xRFF = 0.125

Versus M2a_rel: P = 0.008

CmC-v3 (77)

Partitions

T ? RFF, AB

-6,331.90 j = 2.257, p0 = 0.802, p1 = 0.017

x0 = 0.003

xT?RFF = 0.100, xAB = 0.392

Versus M2a_rel: P = 0.202

M2a_rel (76)

Partitions

N/A

-6,332.71 j = 2.265, p0 = 0.801, p1 = 0.017

x0 = 0.003

x2 = 0.101

–

T tetrapod clade, RFF ray-finned fish clade, AB ancestral branch. Refer to Table 1 for additional definitions
a Refer to main text and Fig. 1 for explanation of models and tests

Table 3 CmC results for the GNAT2 data set

Model (n.p.)a lnL Parameter estimates LRT P values

Multi-clade (72)

Partitions

RFF, T, AB

-6,689.11 j = 1.787, p0 = 0.695, p1 = 0.022

x0 = 0.005

xRFF = 0.192, xT = 0.1300, xAB = 0.976

Versus M2a_rel: P \ 0.001,

Versus CmC-v1: P = 0.001

Versus CmC-v2: P \ 0.001,

Versus CmC-v3: P = 0.012

CmC-v1 (71)

Partitions

RFF ? AB, T

-6,694.81 j = 1.800, p0 = 0.704, p1 = 0.024

x0 = 0.006

xRFF?AB = 0.213, xT = 0.134

Versus M2a_rel: P = 0.002

CmC-v2 (71)

Partitions

T ? AB, RFF

-6,697.69 j = 1.800, p0 = 0.705, p1 = 0.025

x0 = 0.006

xT?AB = 0.149, xRFF = 0.199

Versus M2a_rel: P = 0.059

CmC-v3 (71)

Partitions

T ? RFF, AB

-6,692.27 j = 1.777, p0 = 0.697, p1 = 0.022

x0 = 0.005

xT?RFF = 0.161, xAB = 0.972

Versus M2a_rel: P \ 0.001

M2a_rel (70)

Partitions

N/A

-6,699.47 j = 1.791, p0 = 0.703, p1 = 0.025

x0 = 0.006

x2 = 0.173

–

T tetrapod clade, RFF ray-finned fish clade, AB ancestral branch. Refer to Table 1 for additional definitions
a Refer to main text and Fig. 1 for explanation of models and tests
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GNAT2 data set and (2) that dN/dS was significantly ele-

vated for the GNAT2 ancestral branch but not for the

GNAT1 ancestral branch.

Branch-site analyses confirmed that dN/dS was elevated

along the ancestral branch in the GNAT2 data set, but

yielded mixed evidence for the GNAT1 data set (Table 4).

For GNAT2, the branch-site alternative model of Zhang

et al. (2005) significantly improved on its null model

(P = 0.0022), with the ML parameter estimates indicating

that approximately 10 % of the data set evolved with dN/

dS � 1 along the ancestral branch (p2 = 0.106,

x2 = 11.697). Using the branch-site REL method of

Kosakovsky Pond et al. (2011) yielded qualitatively similar

results (x? = 17.76, p? = 8.0 %, P \ 0.001), and results

from both methods were effectively unchanged if we

instead analyzed the taxonomically reduced GNAT2 data

set described above (data not shown). By contrast, results

from similar analyses of the GNAT1 data set were incon-

sistent. For GNAT1, the branch-site alternative model of

Zhang et al. (2005) failed to improve on its null model

when the full data set was used (P = 1.000), but approa-

ched significance when the taxonomically reduced data set

was considered (P = 0.086 assuming a v2
1 null distribution,

or P = 0.043 assuming a 50:50 mixture distribution of 0

and a v2
1 distribution that accounts for a boundary condition

in the LRT) (Goldman and Whelan 2000). Similar results

were obtained using Kosakovsky Pond et al.’s (2011)

branch-site REL approach; the LRT was significant when

the reduced data set was analyzed (P = 0.001) but not

when the full data set was analyzed (P = 1.000). As some

of the GNAT1 sequences removed from the full data set

derived from basal fish lineages, their removal slightly

altered the phylogenetic interpretation of the ancestral

branch connecting the tetrapod and fish clades. Specifi-

cally, in the reduced data set, the ancestral branch was

longer and connected tetrapods to a neopterygiian fish

clade rather than a larger actinopterygiian fish clade. This

may indicate that patterns of GNAT evolution in basal fish

lineages are variable. Additionally, removing these

sequences resulted in a longer ancestral branch, and the

difference among test results may in part be due to dif-

ferences in statistical power. Regardless, these results

provide strong and consistent evidence for increased dN/dS

along the ancestral branch for GNAT2 but not for GNAT1.

Applying Zhang et al.’s branch-site models to the entire

fish and tetrapods clades (rather than just to the ancestral

branch connecting these two clades) did not yield evidence

for clade-wide site-specific positive selection (P = 1.000

in all cases, for both data sets). However, parameter esti-

mates did reveal patterns qualitatively consistent with our

other analyses: (1) higher dN/dS in GNAT2 than in

GNAT1; (2) higher dN/dS in the fish clade than in the

tetrapod clade; (3) elevated dN/dS along the ancestral

branch in the GNAT2 data set but not in the GNAT1 data

set (see Supplementary Table 3 for more details).

Ancestral reconstructions and branch-site BEB analysis

were used to gain further insight into early GNAT2 evolu-

tion. Twenty-five AA differences were identified between

the inferred sequences at the bases of the tetrapod and ray-

finned fish clades. The posterior support probabilities for the

reconstructed sequences at these nodes were 0.972 and

0.977, respectively, when averaged over all 187 sites;

unsurprisingly, support probabilities were lower for the 25

variable sites, ranging from 0.545 to 1.000 (mean = 0.894)

at the ancestral tetrapod node and from 0.402 to 0.999

(mean = 0.848) at the ancestral fish node. Sixteen of these

25 variable AA sites were identified by branch-site BEB

analysis as ‘positively selected’ along the branch uniting the

tetrapod and fish clades with posterior probability [0.50

(Table 4). Two additional sites identified as positively

Table 4 Branch-site results for the GNAT1 and GNAT2 data sets

Data set Model

(n.p.)a
lnL Parameter estimates P value Positively selected sites (PP)

GNAT1 Alt (76) -6,432.55 j = 2.320,

p0 = 0.922, p1 = 0.033, x0 = 0.017, x2 = 1.000

P = 1.000 None

Null (75) -6,432.55 j = 2.320,

p0 = 0.922, p1 = 0.033, x0 = 0.017

– –

GNAT2 Alt (70) -6,839.41 j = 1.923,

p0 = 0.829, p1 = 0.065, x0 = 0.038, x2 = 11.697

P = 0.0022 77 (0.98), 85 (1.00), 91 (0.76),

92 (0.61), 93 (0.51), 96 (0.55),

97 (0.66), 101 (0.83), 102 (0.79),

104 (0.90), 120 (0.70), 130 (0.69),

135 (0.89), 166 (0.73), 183 (1.00),

187 (0.69), 242 (1.00), 253 (0.71)

Null (69) -6,844.08 j = 1.902,

p0 = 0.794, p1 = 0.064, x0 = 0.038

– –

a Refer to main text for explanation of models and tests. Refer to Table 1 for additional definitions
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selected did not vary between the reconstructed AA

sequences; these two discrepancies resulted from (1) the AA

and codon analyses favouring different yet equally parsi-

monious reconstructions at position 92, and (2) the codon

analysis highlighting multiple nonsynonymous changes that

yielded no net AA change at position 242, which is fixed for

serine, a sixfold degenerate AA. The spatial positions of the

positively selected sites and the ancestral AA differences

within the GNAT protein are displayed in Fig. 4. The

majority of the identified sites were found to reside within the

helical domain, and of those, most were found in the region

spanning a helices A–C; this spatial clustering strongly

suggests that selection is primarily targeting a function

specific to the a helical domain. Visual inspection of
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Fig. 4 GNAT snake plot showing the location of ‘positively selected’

sites identified by random-site and branch-site BEB analyses of the

GNAT2 data set. Filled circles indicate AAs that differ between the

ancestral sequences inferred for the tetrapod and ray-finned fish clades,

tildes indicate random-site BEB sites, and asterisks indicate branch-site

BEB sites. a Helices and b strands are color coded red and blue,

respectively. The snake plot is drawn according to the GNAT1/GNAI

crystal structure of Slep et al. (2001) (protein data bank ID 1FQJ). Site

numbering follows that of bovine GNAT1, and the start and end points

for the analyzed fragment are labeled (Color figure online)

Fig. 5 GNAT2 homology

model (orange) aligned with the

previously determined

structures of GAP complex

proteins RGS9 (gray) and

GNB5 (red). Structures are

shown in cartoon format.

‘Positively selected’ sites

identified by random-site (blue)

and branch-site (green) BEB

analyses are shown in stick

format, as are RGS9 and GNB5

sites found to be within

approximately 5 Å of positively

selected sites 101, 102, 104, and

117 by in silico protein structure

alignment. Details on model

construction are provided in the

main text. Site numbering

follows that of bovine GNAT1

(Color figure online)

J Mol Evol

123

Author's personal copy



homology models constructed for the two reconstructed

sequences revealed only minor differences involving slight

displacement of individual amino acids rather than gross

structural rearrangements (backbone root mean square

deviation = 0.399 Å). Docking the homology model con-

structed using the tetrapod sequence onto a GAP complex

crystal structure (following Cheever et al. 2008) revealed

that several of the positively selected sites sterically clash

with components of the GAP complex and that several other

such sites are situated nearby (Fig. 5). Most prominently,

positively selected sites 101, 102, and 104 were all found to

be within 5 Å of a five amino acid stretch of the GGL domain

(RSG9 residues 233–237) and three amino acids of the

GNB5 N-terminal extension (GNB5 residues 29, 32, and 33).

Interestingly, similar measurements revealed that BEB site

117, identified through random-site analysis of the GNAT2

data set, also resides within 5 Å of the RGS9 protein’s GGL

domain (sites 239, 241, and 242) (Fig. 5).

Discussion

Our molecular evolutionary analyses of vertebrate rod

(GNAT1) and cone (GNAT2) transducin a subunits

revealed interesting and distinct patterns of selection in the

two data sets. Here, we summarize our findings in light of

past studies of GNAT biochemistry and speculate on the

possible adaptive relevance of cone transducin sequence

variation in vertebrates.

Purifying selection has been the dominant force shaping

the evolution of both GNAT1 and GNAT2 proteins; for

both data sets and under all three-model frameworks

(random-site, clade, and branch-site), dN/dS estimates are

near zero for the majority of the data. This result is not

surprising considering the key role vision plays for most

vertebrates (Lythgoe 1979; Walls 1942), and the slow

evolutionary rates seen for G protein a subunits in general

(Yokoyama and Starmer 1992). However, for both genes,

but especially for GNAT2, the degree of constraint varies

nonrandomly across the gene; within the GTPase domain,

the signature of purifying selection dominates, with most

sites having dN/dS estimates near zero, but within the

helical domain purifying selection is much weaker, with

many sites having relatively high dN/dS estimates. While

this pattern could simply indicate relaxed constraint in the

helical domain, it seems likely that positive selection is

playing a role, at least for GNAT2, as (1) site-specific dN/

dS estimates are particularly high at clustered sites, and (2)

branch-site analysis revealed the signature of strong posi-

tive selection early in vertebrate history. This pattern is

consistent with different functional roles for the two GNAT

domains. The GTPase domain is an evolutionarily ancient

functional domain distantly related to single-domain small-

GTPase Ras proteins (Leipe et al. 2002; Lochrie et al.

1985a). Notably, regions of critical functional importance,

such as the three ‘switch’ regions and sites implicated in

GTP or PDE binding (Noel et al. 1993; Slep et al. 2001),

are highly conserved and have dN/dS estimates of effec-

tively zero, indicating strong purifying selection. Com-

pared with the GTPase domain, the helical domain is a

relatively recent evolutionary innovation, and its function

is less well characterized (reviewed in Sprang 1997); pro-

posed roles include modulating the GTPase domain’s

affinity for GTP or its catalytic activity or contributing to

downstream effector binding. Our results suggest that one

or more of those functions may have been targeted by

positive selection at various points throughout GNAT2

history.

Several recent studies have highlighted a role for the

helical domain in mediating GAP complex binding. Using

chimeras of GNAT1 and GNAI, a homologous a subunit

from the inhibitory G protein subfamily, Skiba et al. (1999)

showed that the helical domain strongly influences the

affinity of the RGS domain for the G protein a subunit.

Moreover, Skiba et al. (1999) identified helix aB of the

helical domain as a promising candidate for explaining this

effect. Cheever et al. (2008) solved the 3D crystal structure

of the GAP complex and reported that the helices aB and

aC of the GNAT helical domain likely sterically clash with

the GAP complex’s RGS9 (specifically, the GGL domain)

and GNB5 subunits. Finally, Soundararajan et al. (2008)

examined the structural interaction between a diverse suite

of isolated RGS domains and G protein a subunits and

reported considerable heterogeneity in contact points; from

this, they argued that the helical domain contacts play a key

role in ensuring GAP specificity and potency. Given these

findings, it is interesting to note that several sites within

helices aA–aC of GNAT’s helical domain were high-

lighted as positively selected and that some of these posi-

tively selected sites reside at Cheever et al.’s (2008)

proposed GNAT–GAP complex interface; branch-site BEB

sites 101, 102, and 104, and random-sites BEB site 117,

reside within 5 Å of sites within the RGS9 protein’s GGL

domain and the GNB5 protein’s N-terminal extension. The

inferred amino acid substitutions at these sites are generally

nonconservative; our ancestral reconstruction results indi-

cate that two of the branch-site BEB sites underwent

charge-changing substitutions along the ancestral GNAT2

branch (Q101R and K102Q), while the third underwent a

polarity-changing substitution (N104S). Random-site BEB

site 117, meanwhile, is represented by six AAs across the

phylogeny (P, S, T, A, Q, and K); while some of the

inferred substitutions at this site are conservative (e.g.,

S117T), others are decidedly not (e.g., P117Q). In vitro

assays have confirmed that the GGL domain and the GNB5

N-terminal extension play an important role in ensuring
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GAP complex specificity by its affinity for GNAT (Skiba

et al. 2001). Our findings, which build on those of Cheever

et al. (2008), indicate that this is likely due to specific

interactions between key residues in the GGL domain and

in GNB5 with key residues in GNAT helices aB and aC.

Though it is currently difficult to speculate confidently on

the direction of effect of specific substitutions, we predict

that biochemical analysis of GNAT proteins with muta-

tions at these sites will have altered GAP complex-medi-

ated GTPase activity and, consequently, that

photoreceptors harboring mutant GNAT proteins will have

altered response recovery rates. Previous studies of rod and

cone physiology have largely concluded that variation in

photoreceptor deactivation kinetics reflects variation in

GAP complex concentration (Burns and Pugh 2009, 2010);

our findings suggest that variation at amino acid sites

involved in the GNAT–GAP complex interaction likely

plays an important role as well.

On this point, we note four caveats, some statistical and

some biological. First, the identification of positively

selected sites is an exercise in statistical inference, and the

methods employed in this paper are not universally sup-

ported (Hughes 2007; Nozawa et al. 2009). However,

simulation studies have validated the false-positive rates of

these methods under a variety of conditions, and a number

of studies have successfully used these methods to guide

biochemical analyses (Yang and dos Reis 2011; Yang et al.

2009; Zhai et al. 2012). Likewise, the ancestral sequences

are inferred, not known, and a full biochemical investiga-

tion of resurrected proteins should consider alternative

ancestral sequences by sampling from the posterior distri-

bution of ancestral states (Williams et al. 2006). Second,

these methods cannot distinguish between positive selec-

tion that leads to novel biochemical phenotypes and posi-

tive selection that counteracts the effects of previously

fixed deleterious mutations (i.e., compensatory evolution).

Though such cases might not be considered ‘adaptive

evolution’ in the typical sense, they would be indicative of

regions or amino acid sites of functional importance. Third,

the effects of individual substitutions may be subtle and

difficult to detect using current in vitro methods. For

example, Chen et al. (2010) found that replacing rod with

cone transducin significantly affected response recovery in

transgenic mouse rod photoreceptor cells, but Mao et al.

(2013) did not, a difference that likely reflects variation in

GNAT2 expression levels (GNAT2 levels were compara-

ble to wild-type GNAT1 levels in the former study but less

than 35 % of wild-type GNAT1 levels in the latter study).

Fourth, in vitro GTPase assays that consider only the effect

of the RGS domain will overlook important contributions

made by the GGL domain, the GNB5 subunit, and the PDE

c subunit (Skiba et al. 2001). This may explain why a

recent study by Gopalakrishna et al. (2012) reported no

significant difference in RGS domain-mediated GTPase

activity between GNAT1/GNAI and GNAT2/GNAI pro-

teins despite the two chimeric proteins possessing diver-

gent helical domains (helical domain sequence

identity = 66 %). Future studies that examine the sites

highlighted by our analyses will have to take these points

into consideration when designing and interpreting

experiments.

The codon models we employed—probabilistic methods

applied to multiple sequences united by a phylogeny—

have their roots in approximate, pairwise methods that

often fail to accurately estimate synonymous distances

when sequences are highly divergent (Li et al. 1985;

Miyata and Yasunaga 1980; Nei and Gojobori 1986; Perler

et al. 1980; Yang and Nielsen 2000). Tetrapods and ray-

finned fishes diverged approximately 425–430 Ma (Alfaro

et al. 2009) and a large number of synonymous differences

have accumulated between tetrapod and fish GNAT

sequences over this time (sum of dS branch lengths

between human and fugu = 3.4 for GNAT1 and = 2.9 for

GNAT2 under the M0 codon model). Unfortunately, there

are no concrete guidelines for establishing whether these

data sets are too divergent to be analyzed reliably by

modern codon models. We employed a simple rule-of-

thumb, ensuring that branch-specific estimates of dS were

always well below 2.0 synonymous substitutions per syn-

onymous site. Alternatively, simulation studies can provide

useful insights into the limits of codon models. Although

we did not conduct such analyses here, two recent studies

(Gharib and Robinson-Rechavi 2013; Studer et al. 2008)

are particularly relevant to our analyses, as both condi-

tioned their simulations on preliminary analyses of verte-

brate-wide data sets and both applied the branch-site test to

the branch connecting the tetrapod and fish clades. These

studies, in brief, demonstrated that the branch-site test is

conservative and that the test remains so even when branch

lengths are artificially lengthened, when GC-content is

varied either across the alignment or across the phylogeny,

or when positive selection occurs elsewhere in the phy-

logeny (in violation of branch-site model assumptions).

Studer et al. (2008) highlighted the role of dense phylo-

genetic sampling in obtaining reliable test results, and it is

notable that these simulation studies used data sets com-

prised of fewer sequences than present in our GNAT data

sets. Of course, these simulation results were obtained

using error-free alignments, and it is known that alignment

errors can results in false signatures of positive selection

(Fletcher and Yang 2010; Jordan and Goldman 2012);

fortunately, this seems unlikely to affect our analyses due

to the highly conserved primary and tertiary structures of G

protein a subunits. Together, these findings suggest that our

GNAT data sets should provide no major problems for

codon model analyses in spite of the considerable
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evolutionary distances involved. We note here that codon

models have been used to study even more ancient evo-

lutionary events than the ones we considered here [e.g.,

gene duplications that predate the vertebrate radiation:

(Carretero-Paulet et al. 2013; Weadick and Chang 2009)].

Extending the work of Studer et al. (2008) and Gharib and

Robinson-Rechavi (2013) to consider such data sets will

provide useful insights into the effective limits of codon

model analyses. In this context, it will be useful to

explicitly consider the effects of protein structure so that

more reliably analyzed data sets—such as those based on

proteins with highly conserved tertiary structures—can be

distinguished from those likely to produce misleading

results.

In addition to the dramatic increase in dN/dS reported by

branch-site analysis of the GNAT2 data set, our clade model

analysis indicates that patterns of sequence evolution varied

between the fish and tetrapod clades, with dN/dS lower in the

tetrapod clade. A similar pattern of phylogenetic variation is

present for GNAT1, as well, even though our GNAT1 anal-

yses failed to provide convincing evidence for positive

selection. The fact that many fish species have well-developed

visual systems and complex visual ecologies (Lythgoe 1979;

Walls 1942) argues against a simple ‘relaxed constraint’

explanation for this difference. Alternatively, the severity of

the trade-off between absolute sensitivity and temporal res-

olution may be heightened in the underwater environment due

to lower light levels; this could impose diversifying selection

on GNAT2 sequences as different species balance the trade

off in different ways, given each species’ visual niche (i.e.,

depth, activity patterns). Physiological differences may play a

role as well, as the tetrapods that comprise our data sets are

primarily homeotherms, and in these species, phototrans-

duction will occur under fairly consistent thermal conditions.

Fish, by contrast, are generally poikilotherms, and tempera-

ture can have large effects on photoreceptor response and

recovery (Fritsches et al. 2005; Lamb 1984). By demon-

strating variation in GNAT selective constraint between tet-

rapods and fishes, our results provide a foundation for further

study of ecologically driven GNAT evolution in vertebrates.

Targeted examination of relatively closely related species that

have repeatedly invaded different niches may be particularly

informative, as has been shown for the rod opsins of deep and

shallow water cichlids (Nagai et al. 2011). At larger phylo-

genetic scales, the inclusion of GNAT sequences from key

taxa such as lampreys and coelacanths (Lagman et al. 2012;

Muradov et al. 2008) may yield interesting insights into key

transition in vertebrate history, such as the origin of rod

photopigments (Trezise and Collin 2005) and the transition

from water to land by early tetrapods (Long and Gordon

2004). Such studies will further enhance our understanding of

the importance of sequence-level variation in GNAT proteins.

Furthermore, by employing a comparative approach in order

to identify particularly unusual or divergent sequences, such

efforts may help direct future biochemical analyses of GNAT

structure and function.
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