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Abstract

We applied high-throughput sequencing to eye tissue from several species of basal vertebrates (a hagfish, two species of
lamprey, and five species of gnathostome fish), and we analyzed the mRNA sequences for the proteins underlying
activation of the phototransduction cascade. The molecular phylogenies that we constructed from these sequences
are consistent with the 2R WGD model of two rounds of whole genome duplication. Our analysis suggests that agnathans
retain an additional representative (that has been lost in gnathostomes) in each of the gene families we studied; the
evidence is strong for the G-protein a subunit (GNAT) and the cGMP phosphodiesterase (PDE6), and indicative for the
cyclic nucleotide-gated channels (CNGA and CNGB). Two of the species (the hagfish Eptatretus cirrhatus and the lamprey
Mordacia mordax) possess only a single class of photoreceptor, simplifying deductions about the composition of cascade
protein isoforms utilized in their photoreceptors. For the other lamprey, Geotria australis, analysis of the ratios of
transcript levels in downstream and upstream migrant animals permits tentative conclusions to be drawn about the
isoforms used in four of the five spectral classes of photoreceptor. Overall, our results suggest that agnathan rod-like
photoreceptors utilize the same GNAT1 as gnathostomes, together with a homodimeric PDE6 that may be agnathan-
specific, whereas agnathan cone-like photoreceptors utilize a GNAT that may be agnathan-specific, together with the
same PDE6C as gnathostomes. These findings help elucidate the evolution of the vertebrate phototransduction cascade
from an ancestral chordate phototransduction cascade that existed prior to the vertebrate radiation.
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Introduction
A striking feature of vertebrate phototransduction is that rod
and cone photoreceptors, used respectively for night and day
vision, utilize distinct isoforms of most of the protein com-
ponents of the transduction cascade. This is illustrated in fig. 1
for the four principal proteins that mediate activation of the
light response. In each case, the distinct rod or cone isoform is
encoded by a distinct gene, and alternative splicing is not in-
volved. Similarly, for many of the additional protein compo-
nents mediating response shut-off and adaptation, rods and
cones likewise express different isoforms. Phototransduction
therefore represents a unique evolutionary system, where the
same process (photon capture and signal transduction)
utilizes a different set of genes in different classes of cell.

For many of the components of phototransduction in
jawed vertebrates (gnathostomes), it has been possible to
use synteny analysis to show that the distinct rod and cone

isoforms represent two remaining members from the qua-
druplicate genes that arose during two rounds of whole ge-
nome duplication (2R WGD) during early vertebrate
evolution (Nordström et al. 2004; Larhammar et al. 2009;
Lagman et al. 2012, 2013; reviewed in Lamb 2013). What is
not clear, though, is whether isoform specializations of the
same kind occurred in jawless vertebrates (agnathans), from
which gnathostomes diverged around 500 My ago. Nor, in-
deed, is it clear whether the retinal photoreceptor cells of
agnathan species fall neatly into the same two classes of
rods and cones as do the retinal photoreceptors of
gnathostomes.

Although there is a vast amount of data on the genes for
the proteins of phototransduction in jawed vertebrates, there
is scant information about the corresponding genes and the
presence of isoforms in the jawless branch of vertebrates, of
which the only extant representatives are lampreys and
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hagfish. For lampreys, rhodopsin has been sequenced from
the arctic lamprey Lethenteron camtschaticum (Hisatomi et
al. 1991) and the marine lamprey Petromyzon marinus (Zhang
and Yokoyama 1997), and five visual opsins have been se-
quenced from the southern hemisphere pouched lamprey
Geotria australis (Collin, Knight, et al. 2003). In addition, for
P. marinus, two transducin a subunits, one PDE6 catalytic
subunit, and two inhibitory PDE6c subunits have been se-
quenced and studied by Muradov et al. (2007, 2008).
Although a preliminary genome assembly exists for P. mar-
inus, it has not yet proved suitable for investigating synteny
relationships of phototransduction genes, for reasons dis-
cussed recently by Lagman et al. (2016). One of the problems
is that P. marinus and other northern hemisphere lampreys
have lost a number of the relevant phototransduction gene
isoforms; for example, they retain only two of the five visual
opsins, and only a single PDE6 isoform.

In order to investigate the origin of the unique “duplex”
arrangement of vertebrate phototransduction, we have
analyzed the corresponding genes in agnathan species: hag-
fish and lampreys. Our first aim was to determine which
protein isoforms are employed in agnathan photoreceptor
cells. Our second aim was to elucidate the relationships

between the genes employed in agnathan species and in
gnathostome species. Our third aim was to determine the
evolutionary origin of the specializations in the phototrans-
duction cascades of jawed and jawless vertebrates, especially
in relation to the origin of rod versus cone phototransduction.

In the present study, we used RNA-Seq libraries from eye
tissue to construct eye transcriptome assemblies, for one spe-
cies of hagfish (Eptatretus cirrhatus), two species of lamprey (G.
australis and Mordacia mordax), and five basal species of fish,
comprising three species of cartilaginous fish (two sharks and a
ray) and two species of basal bony fish. For members of the
gene families of phototransduction illustrated in fig. 1, we con-
structed and analyzed phylogenetic trees, to determine which
isoforms were present. For two of the components, transducin
a (GNAT) and cGMP phosphodiesterase (PDE6), we found
compelling evidence that phototransduction in agnathan cells
utilizes an isoform that appears to be distinct from its gnathos-
tome counterparts. In addition, for both components of the
ion channel (CNGA and CNGB), there is suggestive (though
weaker) evidence for at least one isoform distinct from the
gnathostome isoforms. This indicates that, for each of these
four components (GNAT, PDE6, CNGA and CNGB), agnathans
may retain an additional representative that arose during 2R

FIG. 1. Schematic of proteins involved in activation of vertebrate phototransduction. The four principal proteins involved in activation of the light
response in vertebrate photoreceptors are depicted schematically. The cytoplasmic surface of the lipid membrane is shown uppermost, and the
illustrated arrangement is for the sac/plasma membrane of cone photoreceptors; in rods the first three proteins (Rh, G, PDE) are located in the disc
membrane that has become pinched-off from the plasma membrane. Rh: rhodopsin, or its cone equivalent. G: heterotrimeric G-protein, transducin. PDE:
tetrameric cGMP phosphodiesterase, PDE6. CNGC: tetrameric cyclic nucleotide-gated ion channel. cG: cytoplasmic messenger, cGMP. Boxes list the
HGNC gene names of the human isoforms. Blue denotes isoforms expressed primarily in rods, and red denotes isoforms expressed primarily in cones.
Lower line in the Rh box lists the names used for the five isoforms found in nonmammalian vertebrates. When Rh absorbs a photon, its retinaldehyde
ligand is isomerized from its 11-cis configuration to the all-trans isomer, which triggers a structural change in the protein, converting Rh to its active form.
The single molecule of activated Rh sequentially activates numerous molecules of transducin, G. The a subunit of each activated transducin, Ga, then
partly activates a molecule of PDE, by binding to its inhibitory c subunit, thereby relieving the inhibition; for full activation of the PDE, bothc subunits need
to have bound a molecule of Ga. The activated PDE hydrolyzes the cytoplasmic messenger cGMP, and the resulting reduction in cytoplasmic cGMP
concentration causes closure of the CNGC ion channels. This reduces the influx of cations into the cell, making the interior more negative (hyperpo-
larization) and thereby generating the photoreceptor’s electrical response to light. For a description of the proteins, see Wensel (2008), and for a
quantitative description of the activation steps, see Lamb and Pugh (1992). Illustration � Chris Conway Lamb, with permission.
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WGD, that has been lost in gnathostomes. Finally, we combine
existing knowledge of photoreceptor types in the respective
agnathan species with quantitative measurements of transcript
levels, in order to draw conclusions about the likely composi-
tion of cascade isoforms in agnathan photoreceptors expressing
different opsin classes.

Results and Discussion
Information about the sequencing and assembly of the tran-
scriptome for the eight species is summarized in supplemen
tary table S1, Supplementary Material online. In the sequenc-
ing, the total read numbers obtained for the New Zealand
hagfish, E. cirrhatus, and for the pouched lamprey, G. australis,
were substantially greater than for the other species because
we sequenced five and three libraries, respectively, for these
species, but only a single library for each of the other species.
Following transcriptome assembly and BLASTing against
Uniprot sequences, we obtained 6,000–10,000 potentially
full-length open reading frames (ORFs) for each species. By
“potentially full-length ORFs”, we mean those contigs that
returned an acceptable hit against the UniProt database
and that included both a start and a stop codon; however,
we cannot be certain that the correct start codon was iden-
tified in all cases.

We used a custom program (see Materials and Methods)
to extract sequences that were good BLASTX hits against the
proteins that mediate the activation steps of phototransduc-
tion, as sketched in fig. 1. Supplementary table S2,
Supplementary Material online, provides a summary list of
the 82 protein sequences that we examined. Of these se-
quences, five were obtained by manually joining two or three
shorter sequences that appeared not to have been fully as-
sembled; for details of the manual joining, see Materials and
Methods. The 11 shorter sequences that were joined are also
listed, giving a total of 93 entries. Even after this process, eight
sequences remained incomplete; those that were <95%
complete are indicated “-Partial” in the figures and in supple
mentary table S2, Supplementary Material online. The CDS
sequences for all the transcripts examined have been depos-
ited in GenBank (KT749668–KT749760 and KU748578–
KU748581). Supplementary file S1, Supplementary Material
online, lists the CDS sequences and supplementary file S2,
Supplementary Material online, lists the protein sequences.

In the phylogenies for each of the GNAT, PDE6, CNGA and
CNGB families, we identified at least one branch in agnathans
that potentially represents a distinct member of the paralo-
gon, but confirmation of this interpretation will require ad-
ditional evidence, such as analysis of synteny once suitable
genomic data are available. For the time being, we identify
these potentially distinct clades using a suffix “X” (or “X” and
“Y”, in a case where there are two).

Ciliary Opsins
The molecular phylogeny of opsin classes has been studied
extensively; for reviews, see Terakita (2005), Bowmaker (2008),
Shichida and Matsuyama (2009), Davies et al. (2010), and
Porter et al. (2012). The opsins that mediate vertebrate
image-forming vision, the so-called vertebrate “visual opsins”,

fall into five classes (Rh1, Rh2, SWS1, SWS2, LWS), all of which
are ciliary opsins, or C-opsins. Here, we concentrate on the
transcripts that we obtained from agnathan species, because
sequences for numerous opsins from a wide range of gna-
thostome species are already available in NCBI and other
databases. Although just two visual opsins are present in
northern hemisphere lampreys, it has been shown that the
genes for all five classes are present in the southern hemi-
sphere lamprey, G. australis (Collin, Knight, et al. 2003), and
the sequences that we obtained from the transcriptome were
essentially identical to these (see supplementary fig. S1,
Supplementary Material online). To keep the tree manage-
able, we present only C-opsins; that is, the visual opsins listed
above, plus pinopsin, VAL (vertebrate ancient long), parapi-
nopsin, parietopsin, and OPN3 (encephalopsin); thus we ex-
clude R-opsins (melanopsin) and Group 4 opsins (RGR,
peropsin, neuropsin). To minimize imbalance in the phyloge-
netic tree, as a result of the absence of most of the nonvisual
C-opsins (pinopsin, VAL, parapinopsin and parietopsin) from
mammalian genomes, we opted to exclude all mammalian
sequences. In addition, to avoid complications associated
with the teleost 3R duplication, we opted to exclude all tel-
eost sequences.

Figure 2 presents the phylogenetic tree we obtained for
C-opsins, using maximum likelihood analysis with 1000 boot-
strap replicates. The three opsin sequences from amphioxus
(Vopalensky et al. 2012) serve to root the tree, and the two
Ciona sequences (from C. intestinalis and C. savignyi) repre-
sent the closest nonvertebrate sequences to vertebrate visual
opsins. Interestingly, for G. australis we identified a member
from every known class of C-opsin, apart from pinopsin. The
absence of pinopsin from eye tissue is not surprising, though
the presence of parapinopsin (two isoforms, with�50% iden-
tity) and parietopsin is unexpected, even at the very low
abundance that we observed (�0.1–0.2% of that for SWS1;
i.e., at RPKM transcript levels of 1.7–3.3 cf �1400; see supple
mentary table S2, Supplementary Material online), as these
opsins are usually considered to be restricted to the medial
eye (pineal, parapineal, parietal) complex.

The conventional gnathostome C-opsin clades are indi-
cated by the named brackets at the right. With the exception
of the Rh1, Rh2 and parapinopsin clades, which have support
levels of 94%, 80% and 95%, respectively, each of the other
C-opsin clades is supported unanimously. On the other hand,
there is lower support for the relative positions of the LWS,
pinopsin and VAL branches; note that support levels <50%
are not shown. Our interpretation is that the named classes of
C-opsin are indeed discrete, but that some uncertainty re-
mains with respect to the gene duplication patterns that led
to the emergence of these clades.

Alignments and Spectral Tuning of Agnathan Visual Opsins
For the hagfish and the two lamprey species that we se-
quenced, the alignment of the visual opsins against their
chicken counterparts is presented in supplementary fig. S1,
Supplementary Material online. For G. australis, it has been
shown that the five sequences form functional visual opsins
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FIG. 2. Molecular phylogenetic analysis of C-opsins. Phylogenetic tree for chordate C-opsins. Transcripts obtained in this study are shown in bold.
Red lines indicate “SWS” opsins, and the inset sketches how these could have arisen from a 2R WGD quadruplication. Analysis details (see Materials
and Methods): Maximum likelihood; 1000 replicates; 56 sequences; partial deletion 95%, leaving 304 residues; JTT model; nearest neighbor
interchange, with branch swap filter set to very strong. To minimize imbalance, as a result of the absence of pinopsin, VAL, parapinopsin and
parietopsin from mammalian genomes, we excluded all mammalian sequences. To avoid complications associated with the teleost 3R duplication,
we also excluded all teleost sequences.
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(Davies et al. 2007). For two of the newly reported sequences,
E. cirrhatus Rh1 and M. mordax LWS, the close sequence
similarity and the high read-count levels (RPKM-CDS, 976
and 1891, respectively) leave little doubt that they likewise
encode functional visual opsins. For one other sequence that
we found, a partial Rh1 in M. mordax, the situation is less
clear; its very low read-count level (RPKM-CDS, 5) and the
shortness of its sequence (186 residues are missing from the
N-terminus) suggest that it may not represent a functional
visual pigment.

The wavelength of maximal sensitivity (kmax) of visual op-
sins is determined by the interaction of the chromophore
with particular amino acids of the opsin protein. For LWS
pigments, the key residues for determining kmax are located
(in mammalian LWS numbering) at sites 180 (A or S), 197 (H
or Y), 277 (Y or F), 285 (T or A) and 308 (A or S), with specific
combinations of residues responsible for the location of the
kmax (Davies et al. 2012). The G. australis LWS pigment has
the combination SHYTA across these sites, and the A1 version
of this pigment has previously been predicted to have its kmax

at 560 nm (Davies et al. 2007). The LWS pigment that we find
in M. mordax has the combination AHYTS; the effects of
the residue differences at sites 180 and 292 will be to
cause shifts to shorter wavelength. In the case of the S180A
substitution, the shift would be around 10 nm, but the shift
generated by the A308S substitution would be more substan-
tial (Davies et al. 2012). The LWS pigments of a number of
marine mammals have identical residues at these sites, and
their kmax values range from 522 to 531 nm (Davies et al.
2012).

Residues at Sites 122 and 189
Work from Shichida’s group has shown that the residues
present at sites 122 and 189 (in bovine Rh1 numbering)
strongly affect the decay time of the metarhodopsin interme-
diates (Imai et al. 1997; Kuwayama et al. 2002) and the rate of
thermal isomerization (Yanagawa et al. 2015). For the species
illustrated in fig. 2, site 122 in the Rh1 sequences is occupied
by E in all cases, gnathostome and agnathan, with the single
exception of the lungfish (Bailes et al. 2007); this region is
missing from the partial M. mordax sequence. In addition,
site 122 is occupied by E in all the Rh2 sequences, with the
exception of coelacanth, chicken and lizard, where Q is pre-
sent. This suggests that the ancestral form was E122 in both
Rh1 and Rh2 opsins. For site 189, the residue is P for all species,
in all C-opsins from parapinopsin to Rh2, as well as in agna-
than Rh1 opsins. Only in gnathostome Rh1 opsins is this site
occupied by I (or V). This strongly suggests that the ancestral
form for all visual opsins (LWS and SWS) was P189, and that
the mutation to I189 did not occur until after the divergence
of gnathostomes and agnathans.

The “Shorter”-Wavelength Visual Opsins
The shorter wavelength visual opsins, “SWS” (i.e., those other
than LWS), appear as the uppermost four groups; they and
their root have been indicated by red lines. For these four
groups, the vast majority of previous studies have reported

that the branching pattern exhibits the same “nested” form
(SWS1, [SWS2, {Rh1, Rh2}]) as shown in fig. 2, and we con-
clude that the branching pattern that we observe for these
four isoforms has not been altered by our omission of mam-
malian sequences. In this and published trees (see, e.g., Collin
et al. 2009; Shichida and Matsuyama 2009), the phylogenetic
distance between the Rh1 and Rh2 branches is very short, and
the SWS1 branch is basal.

Despite the nested branching pattern, there is powerful
evidence from analysis of the paralogon arrangement of chro-
mosomes that these four opsin classes arose via two rounds
of whole-genome duplication (Nordström et al. 2004;
Larhammar et al. 2009; Lagman et al. 2013). The time interval
between those two duplications is thought to have been
relatively short, in comparison with the �500 My that has
elapsed subsequently, so that the paired duplications may
have effectively generated a quadruplication of genes. With
that concept in mind, the inset in fig. 2 sketches the manner
in which quadruplication of an ancestral SWS gene might
have generated the four extant classes of shorter wavelength
sensitive visual opsin.

Inspection of fig. 2 shows the branch lengths for the Rh1
and Rh2 clades to be shorter than those for SWS2 and SWS1.
As these lengths are scaled in proportion to the number of
substitutions per site, this indicates that the amino acid se-
quences of the Rh1 and Rh2 classes show fewer differences
than comparisons between the other classes. These differ-
ences are quantified in table 1, which shows that the number
of amino acid differences between Rh1 and Rh2 opsins
(0.266 6 0.003) is lower than between the other opsin classes,
which range from 0.475 6 0.004 for Rh2/SWS2 opsins to
0.608 6 0.002 for Rh1/LWS opsins.

To examine these differences in more detail, we used the
modified Nei–Gojobori method (Nei and Gojobori 1986;
Zhang et al. 1998), as implemented in MEGA6, to obtain esti-
mates for the mean number of nonsynonymous (dN) and
synonymous (dS) substitutions in codon-aligned nucleotide
sequences corresponding to all but one of the amino acid
sequences used to generate the tree in fig. 2; the omitted
sequence was the partial Rh1 for M. mordax. The calculations
took account of multiple substitutions at the same site. Table
1 shows that all the values of dS are around unity, both for
within and between classes, indicating a similar number of
synonymous substitutions, and suggesting that all five visual
opsins diverged at around the same time. In contrast, the
number of nonsynonymous substitutions is lower in all cases.
For within-class comparisons, dN is always <25% of dS, with
values ranging from 0.126 to 0.230. For all but one of the
between-class comparisons, dN is roughly half of dS, ranging
from 0.460 to 0.681. The one exception is the Rh1/Rh2 com-
parison, which has a considerably lower dN value of
0.204 6 0.003, well inside the range for the within-class dN

values. These results suggest that the rate of nonsynonymous
substitutions occurring during the evolution of the Rh1 and
Rh2 sequences has been substantially less than that for the
other classes. This would account for the shorter branch
lengths and higher degree of sequence identity for Rh1 and
Rh2.
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Graphical Representation of Inter-Class

Phylogenetic Distances
The inter-class phylogenetic distances between members (or
potential members) of paralogons are illustrated graphically
in fig. 3. The diameter of each sphere represents its within-
group distance, and the center-to-center distances between
the four spheres represent their net between-group distances
(see Materials and Methods for details). The numerical values
used in constructing these diagrams are listed in supplemen
tary table S3, Supplementary Material online.

Figure 3A, for the SWS opsins, provides the only case where
we have strong a priori grounds for presuming that all four
genes originated in 2R, and it therefore serves as a reference.
As anticipated from the previous section, the Rh1 and Rh2
spheres overlap substantially, even though analysis of synon-
ymous substitutions indicates that they diverged at the same
time as SWS1 and SWS2. Interestingly, the spheres for SWS1
and SWS2 provide the only cases in fig. 3 that do not overlap
with any other spheres; as a result the edges linking their
centers to each of the other spheres are visible. For both
SWS1 and SWS2, the diameter is <0.36, whereas the
between-group net distances to the other three opsins range
from 0.45 to 0.61 (supplementary table S3, Supplementary
Material online). These latter values are larger than the
between-group net distances for any of the other compo-
nents that we examine subsequently (the GNATs, PDE6s,
CNGAs, CNGBs); all of those other net distances are
<0.3, except for CNGB3/CNGBX at 0.32 and CNGBX/
CNGBY at 0.36.

Interpretation of “SWS” Opsin Gene Duplications
We offer the following tentative interpretation for the origin
of the SWS family of visual opsins. After the SWS/LWS gene
duplication, it seems very likely that the SWS opsin had its
kmax at a wavelength no longer than 500 nm, and that its
subsequent quadruplication generated four opsins that ini-
tially had a common spectral peak in this shorter wavelength
region. For the four opsins used at daytime intensities in cone-
like photoreceptors, there would have been intense pressure
to utilize the entire range of the “visible” spectrum, leading to
separation of the spectral peaks for the SWS1, SWS2, Rh2, and
LWS opsins. But, as Rh1 was used in a separate class of pho-
toreceptor that became specialized for a different (night-
time) intensity regime, Rh1 would not have been subject to
those same pressures, and instead its spectral peak would
have been under pressure to adopt a position near the wave-
length of peak intensity in the night sky and in the deep
ocean; that is, near 500 nm. We further note that no SWS
visual opsins in any species appear to have achieved a kmax

longer than�510 nm. Hence it is inevitable that the kmax for
Rh1 must be near the kmax for whichever of the three cone
SWS opsins has the longest peak wavelength, and that one
has been named Rh2. On this basis, Rh1 and Rh2 have both
been under pressure to adopt a spectral peak somewhere
near 500 nm, and one would therefore expect closer sequence
similarity between Rh1 and Rh2 than between any other pair.
Thus, we argue that there were separate pressures on Rh1 and
Rh2 to each attain a peak wavelength near 500 nm, and that
those pressures contributed at least in part to the closeness of
their sequences. On the other hand, there would have been
considerable pressure on SWS1 and SWS2 to diverge from
Rh1/Rh2, so as to cover the shorter end of the spectrum.

GTP-Binding Protein Alpha Subunits, GNATs
The light-activated rod or cone opsin (Rh in fig. 1) activates a
heterotrimeric GTP-binding protein, transducin, that com-
prises a, b and c subunits. Of the a subunits, the GNAT1
isoform is expressed in rods, whereas the GNAT2 isoform is
expressed in cones. A third isoform, GNAT3 (gustducin), very
closely related to both of these, is expressed in taste receptor
cells as well as in photoreceptors of the parietal eye in lizard. A
series of studies that combined analysis of the paralogon ar-
rangement of human GNATs with phylogenetic analysis of
gnathostome GNATs (Nordström et al. 2004; Larhammar
et al. 2009; Lagman et al. 2012) and that took account of
exon-intron structure, provided powerful support for the no-
tion that GNAT1, GNAT2 and GNAT3 are three remaining
representatives from the 2R WGD quadruplication of an an-
cestral GNAT gene.

Figure 4 illustrates the maximum likelihood phylogenetic
tree that we obtained for the GNATs. For this analysis, we
included transcripts from gnathostome fish species (the two
sharks, the ray, the bowfin and the gar), as well as those from
the hagfish and the two lamprey species. The tree has been
rooted using representative members of the GNAI class of
inhibitory G-proteins. The branching pattern in fig. 4 indicates
the potential existence of a fourth GNAT clade. Apart from
the conventional gnathostome clades (GNAT1–GNAT3),

Table 1. Amino Acid and Nucleotide Substitutions for Visual Opsin
Classes.

n Amino Acids Nucleotides

Divergence
Mean6SE

dN Mean6SE dS Mean6SE

Within class
Rh1 36 0.17960.006 0.12660.006 0.99460.059
Rh2 21 0.19460.009 0.14560.009 1.07160.057
SWS2 15 0.28260.016 0.23060.016 1.09360.032
SWS1 15 0.27460.025 0.23060.023 1.14060.066
LWS 28 0.18460.007 0.14260.007 1.10460.054

Between class
Rh1/Rh2 63 0.26660.003 0.20460.003 1.09360.032
Rh1/SWS2 54 0.48560.004 0.46060.005 1.05360.038
Rh1/SWS1 54 0.53060.003 0.53260.006 1.06560.037
Rh1/LWS 72 0.60860.002 0.66560.003 1.01960.037
Rh2/SWS2 42 0.47560.004 0.46160.005 1.09760.042
Rh2/SWS1 42 0.52460.003 0.53260.006 1.19260.044
Rh2/LWS 56 0.59460.002 0.66960.004 1.11460.042
SWS2/SWS1 36 0.50560.005 0.51160.008 1.03860.042
SWS2/LWS 48 0.60560.002 0.68160.004 1.02160.047
SWS1/LWS 48 0.57060.002 0.62260.004 1.05660.045

NOTE.—The sequences used are those shown in fig. 2, after omission of the partial
Mordacia mordax Rh1. Amino acid divergence is the proportion of substitutions
per site, with no correction for multiple substitutions. Nonsynonymous (dN) and
synonymous (dS) substitutions were estimated by the modified Nei–Gojobori
method (Nei and Gojobori 1986; Zhang et al. 1998) with correction for multiple
substitutions, as implemented in MEGA6. The values shown are the mean and
standard error for comparisons within and between classes, and n is the number
of pairwise sequence comparisons.
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FIG. 3. Phylogenetic distances between potential members of paralogons. Each panel plots the four potential members of a paralogon as colored
spheres, with the color code defined above each plot. The diameter of each sphere is set to the respective within-group distance, and the centers of
the spheres are spaced at the net between-group distances; for details, see Materials and Methods. The 3D images have been rotated arbitrarily, so
as to provide a good view of each sphere. The centers of the spheres are joined by straight lines, although these are hidden by the spheres in all
panels except A. The grid lines on each axis, in all panels, are spaced at intervals of 0.1 amino acid substitution per residue. Distances were calculated
in MEGA6 using both the JTT model and p-Distances; the illustrated plots are for JJT in panels (A–D), and for p-Distance in (E), because the spheres
were then slightly more compact.
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there is an additional branch that we have labeled GNATX,
that clades basal to GNAT1 and GNAT2. Within each of
these four branches, the level of support is moderately high
to very high: GNAT1 (rod transducin) 92%; GNAT2 (cone
transducin) 86%; GNAT3 (gustducin) 99%; and GNATX
99%. All of the agnathan sequences fall into either of two
groups: one of these is the lowermost grouping within the
GNAT1 clade, and the other is the group we have denoted as
GNATX.

Muradov et al. (2008) named the two GNAT sequences
that they obtained from P. marinus as GatL and GatS, to
indicate their expression in photoreceptors with long (cone-
like) and short (rod-like) inner segments, respectively, and
here we have labeled them as GNATX and GNAT1. They
concluded that “GatL is equally distant from cone and rod
Gat-subunits, whereas GatS groups with rod transducins”.
Their conclusion is reinforced by the analysis of phylogenetic
distances in fig. 3B and supplementary table S3,
Supplementary Material online, where all the sequences
from fig. 4 have been used; thus there were eight agnathan
GNAT sequences: four from our study, two from P. marinus,
and two from the Japanese lamprey genome assembly. Figure
3B shows that the red sphere for GNATX exhibits little over-
lap with any of the three spheres for the conventional gna-
thostome GNAT clades, and that the centers of the four
spheres are roughly equidistant from each other. The num-
bers in supplementary table S3, Supplementary Material on-
line, confirm that the net between-group distances are all
quite similar, ranging from 0.085 to 0.11, and also show
that GNATX is very marginally closer to the cone isoform
GNAT2 than to the rod or gustatory isoforms. Hence, this
analysis of phylogenetic distances appears entirely consistent
with the hypothesis that GNATX represents a distinct clade
that could have arisen in 2R, and provides no reason for
rejecting the notion.

The alignment of agnathan GNAT sequences against
human GNATs is presented in supplementary fig. S2,
Supplementary Material online, and shows a remarkable de-
gree of conservation. All gnathostome GNAT1 sequences are
known to have four residues deleted within the N-terminus
(residues 11–14 of human GNAT2; see Zhang et al. 2006).
However, residues are present at those four sites in all of the
other GNATs examined here, including agnathan GNAT1s
and GNATXs, and gnathostome GNAT2s and GNAT3s.
(This could not be examined for the partial GNAT1 sequence
for E. cirrhatus or the partial GNATX sequence for L. camt-
schaticum, as these were missing their N-termini.) We con-
clude that the loss of those four residues from GNAT1
sequences appears to have occurred only in the gnathostome
lineage.

In a recent study of gnathostome GNATs, Lin et al. (2012)
analyzed sequences from an extensive set of tetrapod and
teleost fish species. For the GNAT2 clade, their fig. 3 showed a
distinction between the tetrapod and teleost clades.
However, comparison of their result with ours is not straight-
forward because of the different taxa analyzed. For GNAT2,
they did not include any cartilaginous fish, gar, bowfin,
or agnatha, whereas we excluded teleosts, and as a result

there is no overlap in the groupings of fish used in the two
studies.

Interpretation of Transducin � (GNAT) Gene Duplications
Our interpretation of the phylogenetic tree for GNAT se-
quences in fig. 4 is that an ancestral GNAT gene became
quadruplicated during 2R WGD. We identify a branch that
we have denoted GNATX, containing only agnathan se-
quences, that is approximately equidistant from the three
recognized clades (as shown in fig. 3B). We propose that
this is potentially a distinct member of the paralogon, though
the absence of suitable synteny data from agnathan genomes
precludes certainty in this identification.

The tree in fig. 4 is consistent with the notion that an
ancestral GNAI/GNAT gene existed in the common ancestor
of protostomes and deuterostomes, and that the ancestral
GNAT arose in the chordate lineage, from a local duplication
of that gene. Nordström et al. (2004) and Larhammar et al.
(2009) have provided a detailed analysis of 2R duplications of
the GNAI and GNAT genes in the vertebrate ancestor, that
appear to explain the chromosomal “pairings” of GNAT1-
GNAI2, GNAT2-GNAI3, and GNAT3-GNAI1.

It appears that GNAT1 is utilized by all Rh1-expressing
photoreceptors: by gnathostome rods, by the short (rod-
like) photoreceptors of northern hemisphere lampreys, and
by hagfish photoreceptors, and our subsequent analysis of
transcript levels will suggest that GNAT1 is likewise utilized
in the Rh1-expressing cells of G. australis. In gnathostome
cone photoreceptors, GNAT2 is utilized with each of the
cone opsins (LWS, SWS1, SWS2 or Rh2), whereas in P. mar-
inus the LWS-expressing long cone-like photoreceptors utilize
GNATX; our subsequent analysis of transcript levels will sug-
gest that GNATX is likewise utilized in each of the cone-like
classes of photoreceptor in G. australis. Finally, GNAT3 is
utilized in gnathostome taste receptors, and currently we
have no information from agnathan taste cells.

GTP-Binding Protein Beta and Gamma Subunits,

GNBs and GNGTs
Although transducin is a heterotrimer, we will not analyze its
beta (GNB) and gamma (GNGT) subunits for the following
reasons. Firstly, the phylogeny and the paralogon arrange-
ment of gnathostome GNB1–4 have already been analyzed
by Nordström et al. (2004) and Lagman et al. (2012), with the
latter paper concluding “that the GNB paralogon originated
from a single chromosome block that was quadrupled in the
two rounds of genome duplication before the radiation of
vertebrates”. Secondly, as these beta subunits are used in
multiple types of G-protein cascade, we cannot assume
that any transcripts that we find in agnathan eye tissue are
necessarily the ones expressed in photoreceptors. Finally, with
regard to the gamma subunits, Lagman et al. (2012) have
aptly summarized the situation by stating that “Preliminary
phylogenetic analyses of the GNGT genes show that they give
unreliable phylogenetic trees, probably due to their short
length (about 70 amino acid residues long) in combination
with a relatively high sequence identity”.
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Phosphodiesterase, PDE6
The PDE6 holomer of gnathostome photoreceptors is tetra-
meric, comprising a pair of catalytic subunits (a0a0 in cones,
or ab in rods) and a pair of inhibitory c subunits. The a, b and
a0 catalytic subunits are encoded by the PDE6A, PDE6B and
PDE6C genes, respectively, whereas the inhibitory subunits are

encoded by the PDE6G (rod) and PDE6H (cone) genes. In the
quiescent state, each catalytic site is occluded by the
C-terminus of a c subunit, thereby preventing hydrolysis of
cGMP. Upon light activation, transducin alpha subunits (Ga)
bind to the PDE6c subunits, relieving the inhibition, so that
the PDE becomes activated and hydrolyses cGMP.

FIG. 4. Molecular phylogenetic analysis of GNATs. Phylogenetic tree for GNAT sequences shows the three conventional gnathostome clades,
GNAT1, GNAT2, GNAT3, together with a potentially distinct group, denoted GNATX, detected only in agnathan species. Analysis details (see
Materials and Methods for explanation): Maximum likelihood; 1000 replicates; 35 sequences; all 374 residues used; JTT model; nearest neighbor
interchange, with branch swap filter set to very strong. The outgroup comprises the three human GNAI members together with similar sequences
from two species of Ciona.
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The PDE6 is unique in being regulated by a c subunit, and
the co-evolution of these catalytic and inhibitory compo-
nents has been investigated by Muradov et al. (2007),
Zhang and Artemyev (2010), and most recently by Lagman
et al. (2016). In the marine lamprey (P. marinus), Muradov
et al. (2007) cloned a single isoform of PDE6 catalytic subunit,
roughly equally distant from the cone and rod isoforms of
jawed vertebrates, and their analysis of the PDE family indi-
cated that vertebrate PDE6 had arisen from a common PDE5/
6/11 ancestor in the chordate lineage. They identified a tuni-
cate PDE that grouped with vertebrate PDE6, but they could
find no other nonvertebrate sequences grouping with PDE6.
From the molecular phylogeny and paralogon arrangement
of the PDE6A, PDE6B and PDE6C genes, Nordström et al.
(2004) concluded that the three gnathostome isoforms arose
from an ancestral gene during 2R quadruplication.

The maximum likelihood phylogenetic tree that we ob-
tained for the PDE6 catalytic subunits is presented in fig. 5. For
this analysis, we again included our transcripts from agnathan
species and basal fish, as well as database sequences for other
selected taxa; the outgroup (not shown) comprised human
PDE5A and PDE11A. The branching pattern in fig. 5 indicates
the potential existence of a fourth PDE6 clade. Apart from the
conventional gnathostome clades (PDE6A, PDE6B and
PDE6C), there is an additional branch that we have labeled
PDE6X. Within each of these four branches the level of sup-
port is moderately high to very high: PDE6A (rod a) 97%;
PDE6B (rod b) 85%; PDE6C (cone a0) 96%; and PDE6X 99%.
The two rod branches clade together with unanimous sup-
port, whereas the PDE6X branch has been placed basal to the
other three, though with low support. With altered tree-
building parameters, the PDE6X clade was sometimes placed
as sister to PDE6C, though again with low support (not
shown).

Two further observations support the notion that PDE6X
is distinct from PDE6C. First, and importantly, G. australis
possesses both a PDE6X and a PDE6C, and inspection of fig.
5 gives strong grounds for thinking that this duplication was
not a local one within G. australis but was instead an ancient
one, that we suggest occurred during 2R. Second, fig. 3C
shows graphically that the phylogenetic distance of the
PDE6X group from the PDE6C group is similar to the distance
of either of them from PDE6A or PDE6B. Thus, the red sphere
for PDE6X shows only slight overlap with the green sphere for
PDE6C. The numbers in supplementary table S3,
Supplementary Material online, show that the net between-
group distances for all pairs except A–B are comparable,
ranging from 0.19 to 0.26, whereas the A–B distance is
around one-third of these, at �0.07; the numbers further
show that PDE6X and PDE6C are only marginally closer to
each other than to either of the rod isoforms. Hence, the
phylogenetic tree in fig. 5 and the distance data in fig. 3C
and supplementary table S3, Supplementary Material on-
line, are entirely consistent with the hypothesis that the
PDE6X grouping represents a distinct clade that origi-
nated in 2R. Nevertheless, without additional evidence
(such as intron arrangement or synteny relationships),
the hypothesis remains unproven.

The alignment of the agnathan PDE6 catalytic sequences
against human PDE6s is presented in supplementary fig. S3,
Supplementary Material online. PDE6 contains two large GAF
domains, A and B, that correspond to residues 64 to 221
and residues 248 to 431 in the human sequence (Schultz
2009). Both domains are present in our agnathan sequences,
with GAF-B showing a higher level of conservation than
GAF-A. GAF domains are thought to be highly conserved
in nature (Martinez, Beavo, et al. 2002). Their function in
PDEs is related to nucleotide binding (Martinez, Wu, et al.
2002), with binding causing an activation of catalytic ac-
tivity. Most GAF domains possess a signature sequence
NK/RXnFX3DE that makes an important contribution to
the allosteric binding of cGMP (Zoraghi et al. 2004). We
found this motif in both GAF domains of each of the
agnathan sequences.

Interpretation of PDE6 Gene Duplications
Our interpretation of the phylogenetic tree for PDE6 catalytic
subunit sequences in fig. 5, in conjunction with the phyloge-
netic distances presented in fig. 3C and supplementary table
S3, Supplementary Material online, is that an ancestral PDE6
gene became quadruplicated during 2R WGD. By analogy
with the situation in gnathostome rods and cones, we pre-
sume that in all cases the functional PDE6 protein comprises a
dimer of catalytic subunits. In rods, PDE6A and PDE6B func-
tion as a heterodimer, whereas in cones a pair of PDE6C
subunits functions as a homodimer.

It is notable that we did not find a member of either the
PDE6A or the PDE6B clade in any of the agnathan species.
Our proposed explanation is that, in gnathostomes some
kind of advantage has been achieved in the phototransduc-
tion cascade of rods by the use of a heterodimer rather than a
homodimer, and that such an advantage has either not been
achieved, or else has been achieved in some other way, in the
rod-like photoreceptors of agnathans. An obvious candidate
specialization here would be the great stability of the quies-
cent state, manifested as the very low basal “dark” rate (as a
proportion of the activated “light” rate) of cGMP hydrolysis
that has been achieved by rods but not by cones.

Instead, we found that all the agnathan sequences grouped
either within the PDE6C clade or as a new group that we
denote as PDE6X. In two of the lamprey species and in the
hagfish, we find only a single member to be present—either a
PDE6C or a PDE6X. Given that gnathostome cones utilize
PDE6C to form an a0a0 homodimer, that the only isoform
found in M. mordax is a PDE6C, and that M. mordax photo-
receptors express the LWS cone-type opsin, it would seem
highly probable that their photoreceptors likewise utilize the
PDE6C isoform as an a0a0 homodimer. Similarly, as PDE6X is
the only isoform to have been detected in both P. marinus
and E. cirrhatus, it seems reasonable to assume that the pho-
toreceptors in these species utilize the PDE6X as a homo-
dimer. In the case of G. australis, we find both isoforms to
be present, and although we cannot rule out the possibility of
the use of a heterodimer, other arguments that we present
below suggest that, in this species, the PDE6C and the PDE6X
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each form homodimers, but in different classes of
photoreceptor.

It might seem surprising that two of the isoforms (PDE6A
and PDE6B) clade together with extremely high support.
Although the same was found for Rh1 and Rh2 (fig. 2),
such close similarity of any pair of presumed quadruplicate
members was not seen for the GNATs (fig. 4) or for the
CNGAs or CNGBs (fig. 6). We propose that the heterodimeric

specialization of the rod PDE6 catalytic units may have con-
tributed to the closeness of this grouping, through co-
evolution of the PDE6A and PDE6B genes; thus, changes in
the two subunits may to some extent have been correlated,
because of the need for the complex to function as a whole. In
descriptive terms, we envisage that on at least some of the
occasions when a residue substitution occurred in one of the
twinned subunits, there may have been a greater probability

FIG. 5. Molecular phylogenetic analysis of PDE6 catalytic units. Phylogenetic tree for PDE6 catalytic sequences shows four distinct vertebrate
clades, PDE6A, PDE6B, PDE6C, and a new group denoted PDE6X that was detected only in agnathan species. The tree was rooted using human
PDE5A (NP_001074) and PDE11A (NP_058649); not shown. Analysis details (see Materials and Methods for explanation): Maximum likelihood;
1000 replicates; 35 sequences; partial deletion 90%, leaving 824 residues; JTT model; nearest neighbor interchange, with branch swap filter set to
moderate. The vertical bar within the B group indicates the sequences for cartilaginous fish (see text). supplementary fig. S7, Supplementary
Material online, shows the tree recalculated after omitting these three sequences.
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of continued (or improved) performance if some kind of
matching change subsequently occurred in its twin. In
more general terms, when two proteins are closely inter-
dependent upon each other, then the assumption of inde-
pendence of the mutations in their genes, that is used in the
tree-building algorithm, cannot necessarily be taken for
granted. Thus, if there is a suspicion that the evolution of
two genes has been interdependent, then care needs to be
taken in the interpretation of the observed branching pattern.

Because of the asymmetry in the phylogenetic distances
computed using the amino acid sequences, we additionally
examined the nucleotide substitutions (table 2). For synony-
mous substitutions (dS), there is little sign of asymmetry, ei-
ther for between-class values (ranging from 0.557 to 0.652) or
for within-class values (ranging from 0.446 to 0.598). For
nonsynonymous substitutions (dN), on the other hand, the
between-class value for PDE6A/PDE6B of 0.185 is substantially
lower (P< 0.0001) than for any of the other combinations,
which are each close to 0.26. Likewise, the within-class
nonsynonymous substitutions are significantly lower (P val-
ues from 0.013 to<0.00001) for PDE6A and PDE6B than for
the other two classes. These results are consistent with the
notion that all four classes diverged at the same time.
Furthermore, they provide no evidence to suggest that the
PDE6X grouping actually represents a mis-classification of any
of the other three groups.

Although the majority of gnathostome species utilize the
heterodimeric PDE6Aþ PDE6B, this cannot be the case for all
species. For example, birds and reptiles lack the PDE6A iso-
form, and it would seem likely that their rods utilize the
PDE6B as a homodimer, as has been proposed previously in
the case of chicken by Huang et al. (2004). In what might
represent a similar phenomenon, we noticed that the PDE6B
of the three species of cartilaginous fish that we examined
(indicated by the vertical bar in fig. 5) appeared to occupy an
uncertain position in the phylogeny. Thus, with altered tree-
building parameters and/or different selection of taxa, these
three sequences sometimes grouped with the PDE6A clade
(not shown). Supplementary fig. S7, Supplementary Material
online, shows that omission of these three sequences led to
the support for all four of the potential paralogon clades
climbing to at least 95%. One possible explanation might
be that an ancestral cartilaginous fish lost its PDE6B and ex-
perienced a local duplication of its PDE6A, one copy of which
eventually diverged to show some resemblance to the PDE6B
of other species. Such a scenario might conceivably also help
explain the observation that in some species of cartilaginous
fish (e.g., skates) the rods have evolved a cone-like ability to
avoid saturation in bright light (Dowling and Ripps 1972).

Phosphodiesterase Inhibitory Subunits, PDE6�
Because of the short length and the high degree of conserva-
tion of PDE6 inhibitory subunit sequences, we found it diffi-
cult to obtain alignments that were convincing. We present a
provisional alignment for the sequences from our agnathan
and basal fish species, along with a number of PDE6G and
PDE6H sequences from NCBI, in supplementary fig. S6,

Supplementary Material online. For the PDE6G (rod) se-
quences in the upper part of the figure, the alignment appears
reasonably secure, but for the PDE6H (cone) sequences in the
lower part of the figure, the N-termini proved difficult to align,
and we regard the illustrated alignment as quite tentative. As
a result, it was not possible to construct meaningful phylo-
genetic trees for the PDE6 inhibitory subunits.

In the marine lamprey, P. marinus, Muradov et al. (2007)
cloned two isoforms of the inhibitory PDE6c subunits and
found one to be cone-like and the other to be intermediate
between cone and rod sequences. They found no sign of
similar sequences in tunicate databases. Their evidence sug-
gested that these inhibitory subunits arose in the stem ver-
tebrate lineage, and that the common ancestor of lampreys
and jawed vertebrates was likely to have already possessed
two isoforms.

In the present work, we have identified four agnathan
transcripts of PDE6 inhibitory subunits, two from G. australis,
and one each from M. mordax and E. cirrhatus (supplemen
tary fig. S6, Supplementary Material online). Together with
the two sequences from P. marinus, these six PDE6 inhibitory
subunits appear to fall into two groups, that we have tenta-
tively labeled “G” and “H”. The “G” isoform from G. australis is
identical to that from P. marinus at all but 3 of 89 residues,
and the “H” isoform from G. australis is identical to those
from P. marinus and M. mordax at all but 8 and 7 residues,
respectively, out of 85. However, we note that the three
agnathan “G” sequences also bear close similarity to the newly
discovered “I” isoform in spotted gar (see next paragraph),
and so we stress that the naming of these agnathan isoforms
is indeed tentative.

Very recently, Lagman et al. (2016) applied synteny analysis
to gnathostome genes for the PDE6 inhibitory subunits, and
found a third form that they named PDE6I; this is indicated as
“PDE6I Spotted gar DLagman-LG13” in supplementary fig. S6,
Supplementary Material online. They found all three mem-
bers (PDE6G, PDE6H and PDE6I) to be present in the genome
of the spotted gar (Lepisosteus oculatus). Interestingly, in the
eye of the Florida gar (L. platyrhinchus), we find transcripts for
PDE6I (LEPPL_c30259_g1_i1) and PDE6G (LEPPL_c30259_g1_
i3) but not for PDE6H. In light of these findings, it is conceiv-
able that some other “H” sequences (both gnathostome and
agnathan) might need to be reclassified as “I”. Although there
is as yet no clear-cut phylogenetic evidence for more than
two isoforms of PDE6c, the evidence from the synteny anal-
ysis of three isoforms would suggest that the gene for the
PDE6 inhibitory subunit also underwent quadruplication dur-
ing 2R.

Cyclic Nucleotide-Gated Channel Subunits,
CNGA and CNGB
Cyclic nucleotide-gated ion channels, CNGCs, form the ion
pathway of the photoreceptor outer segment through which
the light-modulated current flows. In darkness, the cytoplas-
mic concentration of cGMP is relatively high (a fewmM) and a
proportion of the channels are open; in light, activated PDE6
lowers the cGMP level, so that these channels close, reducing
the influx of cations, and thereby reducing the circulating
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current and hyperpolarizing the cell. CNGC is a relatively
nonselective cation channel that has high permeability to
divalent cations; the reduced influx of Ca2þupon channel
closure turns out to play an important role in response re-
covery and light adaptation.

The CNGC comprises a heterotetramer of closely related a
and b subunits, encoded by CNGA and CNGB genes, respec-
tively. In mammals, there are four a variants, a1–a4, and two
b variants, b1 and b3. Nordström et al. (2004) found strong
evidence that the duplication that gave rise to the a and b
divisions took place prior to the divergence of protostomes
and deuterostomes, and they also reported suggestive evi-
dence that the multiple versions of a and b subunits may
have arisen in the 2R duplications. In gnathostomes, the
CNGCs of photoreceptors comprise two a3 and two b3
subunits in cones, but three a1 subunits and a single b1
subunit in rods; the corresponding channel in olfactory re-
ceptor cells comprises two a2, one a4 and one b1 subunit.

Figure 6 presents the maximum likelihood phylogenetic
tree that we obtained for the CNGCs, where for compactness
the conventional gnathostome branches have been collapsed.
Supplementary fig. S8, Supplementary Material online, shows
the same tree with all branches expanded. This tree is con-
sistent with the standard view that duplication of the a and b
genes from a common ancestral CNGC gene occurred prior
to the split between protostomes and deuterostomes (see
also Nordström et al. 2004). In addition, it suggests that the
a4 olfactory subunit diverged relatively early in deuterostome
(or even bilaterian) evolution, as indicated by the basal posi-
tion of the A4 clade. Furthermore, this tree suggests that
during 2R WGD the other a gene and the b gene both
underwent quadruplication, as indicated by the brackets
AQ and BQ. Interestingly, of the nine agnathan CNGC se-
quences (our six transcripts and three sequences from the L.
camtschaticum genome), none were placed within the con-
ventional gnathostome clades (indicated A1–A4 and B1, B3),

FIG. 6. Molecular phylogenetic analysis of CNGCs. Phylogenetic tree for CNGC sequences shows five groupings of vertebrate alpha subunits and
four of beta subunits. The conventional gnathostome genes are A1–A4, B1 and B3; the agnathan-only groups are denoted AX, BX and BY. AQ and
BQ indicate the presumed quadruplications in one alpha gene and the beta gene. Analysis details (see Materials and Methods for explanation):
Maximum likelihood; 1000 replicates; 50 sequences; partial deletion 85%, leaving 510 residues; JTT model; nearest neighbor interchange, with
branch swap filter set to strong. The tree with all branches expanded is shown in supplementary fig. S8, Supplementary Material online. One
sequence for a partial CNGA from Mordacia mordax that was of doubtful validity has been omitted (see notes to supplementary table S2,
Supplementary Material online); two partial sequences for L. camtschaticum CNGA4 have been omitted because of the substantially reduced
coverage of residues that was caused by their inclusion when using the partial deletion protocol.
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and instead the agnathan sequences were placed into sepa-
rate branches, labeled here as AX, BX and BY.

Within the proposed AQ quadruplicate clade, bootstrap
support for each of the three gnathostome groups is very
high, at 100% (A1), 99% (A2) and 96% (A3). The three agna-
than A sequences were placed as a separate group within AQ,
which we denote as AX; within this group, internal support
was moderate (75%), and the group was placed as the sister
to A1 with equivocal support (51%). For the proposed BQ
quadruplicate clade, the bootstrap support is unanimous, and
within this grouping the level of support for the two conven-
tional gnathostome clades is very high for B1 (99%) and high
for B3 (87%). The six agnathan sequences were placed sepa-
rately from the gnathostome clades, in two groups that we
have denoted BX and BY; group BX has unanimous internal
support, whereas group BY has only 70% support. The relative
positions of the four clades within BQ had low support (val-
ues <50% are not shown).

The phylogenetic distances between the four potential
members of 2R quadruplication for CNGA and CNGB are
illustrated in fig. 3D and E. Here the results are less clear-cut
than for the components considered previously, because
there is greater overlap between all the spheres as a result
of larger within-group distances, especially for B1 and B3. In
panel D, the red sphere for AX appears to be approximately as
separate from the other spheres as they are from each other;
in numerical terms, supplementary table S3, Supplementary
Material online, shows AX to be nearly equidistant from each
of the three conventional isoforms. Hence, this analysis shows
distances that appear consistent with the hypothesis that AX
represents a distinct isoform, and it provides no grounds for
rejecting that hypothesis.

For the BQ groups, fig. 3E shows that the purple and red
spheres for BX and BY overlap extensively with the other two
spheres; in particular, the purple sphere for BX appears almost
buried within the blue sphere for B1. Hence, in this case the

analysis does not provide any obvious support for the hy-
pothesis that either BX or BY is a distinct isoform, but nor
does it rule out the possibility. The numbers in supplemen
tary table S3, Supplementary Material online, show that both
BX and BY are marginally closer in phylogenetic distance to
B1 than they are to B3. On the other hand, examination of the
sequences forming these BX and BY groups (supplementary
fig. S5, Supplementary Material online; and see below) shows
that each of them lacks an N-terminal glutamic acid rich part
(GARP) that is present in all the B1 sequences, including the
new sequences that we obtained for shark, ray, bowfin and
gar. Hence, in this respect, both the BX and BY sequences are
more similar to B3 than to B1.

Alignment of Agnathan CNGCs and Functional

Regions Present
Supplementary figs. S4 and S5, Supplementary Material on-
line, show the alignments of our agnathan CNGA and CNGB
sequences to human A3 and B3, respectively, and there is a
remarkable degree of conservation. The functional domains
of CNGCs have been reviewed by Kaupp and Seifert (2002).
As illustrated in their figs. 6 and 16, those domains include six
membrane-spanning S1–S6 segments, a pore region, and a
cyclic nucleotide binding region. In addition, in some variants
(A2, A3 and B1 in human) the S1 helix is preceded by a
calmodulin-binding region.

For the CNGA sequences in supplementary fig. S4,
Supplementary Material online, the G. australis sequence
and the E. cirrhatus partial sequence match closely from res-
idues 159 to 666 (human A3 numbering), without any inser-
tions and with only a single residue deletion (in the hagfish
sequence); this encompasses S1–S5, the pore, S6, and the
whole of the cyclic nucleotide binding region. The third se-
quence, the partial M. mordax CNGA, is missing the first three
transmembrane segments S1–S3, but thereafter aligns closely
over residues 271 to 620, from the S4 segment through at
least a substantial part of the third helix of the cyclic nucle-
otide binding region. Likewise, the four agnathan CNGB se-
quences in supplementary fig. S5, Supplementary Material
online, appear to contain all the expected domains. The
four sequences match the human B3 sequence quite closely
from its beginning, although the pair of BY agnathan se-
quences have several insertions not present in the human
B3. The degree of conservation is very strong from residues
203 to 646 (in human B3 numbering; from 351 to 794 in
supplementary fig. S5, Supplementary Material online), en-
compassing S1–S5, the pore, S6, and most of the cyclic nu-
cleotide binding region.

CNGB1 channels possess a calmodulin binding site
and show regulation by Ca2þ. The key motif
(LQELVKLFKERTEKVKEKLI) is present in the N-terminal re-
gion (Trudeau and Zagotta 2003) and shows a high level of
conservation across the shark, ray, bowfin and gar sequences
reported here. However, this motif is absent from the agna-
than CNGBX and CGNBY sequences, indicating that the
channels in these species should not show Ca2þ sensitivity.

Table 2. Amino Acid and Nucleotide Substitutions for PDE6 Classes.

n Amino Acids Nucleotides

Divergence
Mean6SE

dN Mean6SE dS Mean6SE

Within class
PDE6A 36 0.22460.009 0.15160.007 0.58160.017
PDE6B 45 0.21960.006 0.14960.004 0.59460.009
PDE6C 55 0.29460.010 0.20660.008 0.59860.011
PDE6X 10 0.28660.045 0.21260.038 0.44660.043

Between class
PDE6A/PDE6B 72 0.26360.002 0.18560.002 0.61060.004
PDE6A/PDE6C 80 0.37060.003 0.26560.003 0.55760.004
PDE6B/PDE6C 90 0.35560.003 0.25960.002 0.62060.004
PDE6A/PDE6X 32 0.36260.006 0.26560.006 0.61960.013
PDE6B/PDE6X 36 0.34060.005 0.25560.005 0.64160.013
PDE6C/PDE6X 40 0.34860.007 0.25960.005 0.65260.007

NOTE.—The sequences used are those shown in fig. 5. Amino acid divergence is the
proportion of substitutions per site, with no correction for multiple substitutions.
Nonsynonymous (dN) and synonymous (dS) substitutions were estimated by the
modified Nei–Gojobori method (Nei and Gojobori 1986; Zhang et al. 1998) with
correction for multiple substitutions, as implemented in MEGA6. The values shown
are the mean and standard error for comparisons within and between classes, and n
is the number of pairwise sequence comparisons.
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This analysis suggests that S1–S6, the pore, and the cyclic
nucleotide-binding domain are present in all of our B iso-
forms, and in our two AX isoforms from E. cirrhatus and
G. australis; the AX isoform from M. mordax was incomplete.
Hence, we have no reason to doubt that the hagfish and both
lamprey species would be capable of expressing the CNGC a
and b subunits required to form functional cyclic nucleotide-
gated channels.

Interpretation of CNGC Gene Duplications
Following Nordström et al. (2004), our interpretation of the
results in fig. 6 and supplementary fig. S8, Supplementary
Material online, is that an ancestral CNGC gene in a bilaterian
ancestor of protostomes and deuterostomes duplicated to
give rise to the A and B branches, and furthermore that the A
gene duplicated (conceivably at an early stage in deutero-
stome evolution), with one isoform (A4) becoming
specialized for olfactory receptor cells, and with the other
isoform (AQ) possibly being utilized both in photoreceptor
cells and in olfactory receptor cells. Subsequently, during the
2R WGD that occurred at the base of the vertebrate radiation,
AQ and BQ both quadruplicated. In gnathostomes, the ex-
tant members of these quadruplications are A1, A2 and A3,
plus B1 and B3; in agnathans we denote the extant members
as AX, BX and BY. From the phylogenetic distances presented
in fig. 3D (and supplementary table S3, Supplementary
Material online), it appears entirely plausible that AX repre-
sents a member of the AQ quadruplication that is distinct
from the extant gnathostome members. However, fig. 3E is
much less clear-cut on whether the agnathan BX and BY are
distinct from the gnathostome B1 and B3. Although the three
agnathan groups may indeed represent the three clades that
have been lost in gnathostomes, it is alternatively possible
that they reflect substantial divergence from groups A1, B1
and B3. Currently, with only three agnathan sequences in
each group, interpretations based solely of phylogeny have
obvious limitations. Resolution of the origin of the agnathan
genes will require additional evidence, such as analysis of
synteny when suitable genomic data are available.

Interestingly, the only isoform of CNGA that we found in
any of the three agnathan species was AX. In E. cirrhatus and
M. mordax, which each possess a single class of photorecep-
tor, we found only a single isoform of CNGB, respectively, BX
and BY, whereas in G. australis, which has multiple classes of
photoreceptor, we found both B isoforms.

For the A4 clade, our interpretation that it diverged prior
to the 2R WGD quadruplication stemmed from inspection of
the phylogenetic tree in fig. 6. However, that interpretation is
considerably strengthened by the intron–exon analysis of
gnathostome CNGC genes by Kaupp and Seifert (2002). In
comparison with A1–A3, they showed that A4 possesses an
additional three introns in its C-terminal region “arguing that
the A4 gene falls into a subfamily of its own” (p. 787).

Phototransduction Cascade in Agnathan Species
Previous work has supported the notion that each of the key
players in activation of the phototransduction cascade

(i.e., Rh, GNAT, PDE6, CNGA and CNGB) underwent gene
quadruplication during the two rounds of whole genome
duplication near the base of the vertebrate radiation. Our
present analysis is consistent with that view and, furthermore,
it suggests that several of the isoforms expected from these
quadruplications that have been lost in gnathostomes may
have been retained in agnathans; we have denoted these
putative “missing” isoforms as GNATX, PDE6X, CNGAX,
CNGBX and CNGBY. Hence it is conceivable that all four
isoforms from the pair of 2R WGD duplications remain in
existence for each of the five families: for the “SWS” opsins, for
transducin a, for the PDE6 catalytic subunits, and possibly
also for CNGC a and CNGC b. Some of these isoforms have
clearly been lost in the jawed branch, and it is possible that
different isoforms have been lost in the jawless branch.

One over-riding proviso of any interpretations we make is
that our analysis is based solely on mRNA sequence data from
eye tissue, and we have no evidence for protein expression
in vivo or for cellular localization. In spite of this limitation, we
can utilize the finding from gnathostomes, that many of the
phototransduction proteins are expressed solely in retinal
photoreceptors, to make predictions about the likely situa-
tion in agnathan retinal photoreceptors. Then, by combining
our new results with known information about hagfish and
lamprey photoreceptors, we can build a tentative picture of
the likely complement of phototransduction cascade com-
ponents in different classes of photoreceptor. Such analysis is
most straightforward in species that possess just a single class
of photoreceptor together with a single isoform of each of the
activation proteins, and so we shall begin with E. cirrhatus and
M. mordax. One further assumption we shall make is that
those isoforms for which we found high levels of a partially
complete transcript were the result of sequencing or assem-
bly issues, and that the complete protein is present in vivo.

An Rh1-Only Agnathan Species, E. cirrhatus
The photoreceptor cells of hagfish have been reported to
comprise a single morphological class (reviewed in Locket
and Jorgensen 1998; Collin and Lamb 2015). The only pub-
lished study of hagfish spectral sensitivity (Kobayashi 1964)
reported a peak near 500 nm, and unpublished microspec-
trophotometric measurements found a peak of 498 nm in E.
stoutii (Hart N, et al., personal communication). Here, we
found the only visual opsin in the E. cirrhatus transcriptome
to be Rh1, for which the expected spectral peak would be
near 500 nm. Furthermore, we found only a single instance of
each of the other five activation components (supplementary
table S2, Supplementary Material online, and summarized in
table 3). Together, these findings provide compelling support
for the conclusion that the New Zealand hagfish E. cirrhatus
possesses only a single class of photoreceptor, and that the
activation cascade of phototransduction in those cells is me-
diated by the following isoforms: Rh1, GNAT1, PDE6X,
PDE6G, CNGAX, and possibly CNGBY. Whereas three of
these components (Rh1, GNAT1, PDE6G) represent the iso-
forms used in conventional gnathostome rods, the other
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three (PDE6X, CNGAX, CNGBY) represent isoforms that may
be retained only in agnathans.

With one exception, the transcript levels relative to each
other (RPKM-CDS: Rh1, 1063; GNAT1, 231; PDE6X, 30;
PDE6G, 608; CNGAX, 147; and CNGBY, 9) appear entirely
plausible for rod-like phototransduction, when compared
with the relative levels of protein expression in gnathostome
rods (see, e.g., Table 3 of Pugh and Lamb 2000). The exception
is the 15-fold disparity in levels between CNGAX and CNGBY,
and this raises the possibility that in hagfish photoreceptors
the cyclic nucleotide-gated channels might be composed only
of a subunits, CNGAX, with the scarcer b subunits, CNGBY,
perhaps performing some other function; see also the section
below on G. australis.

An LWS-Only Agnathan Species, M. mordax
The short-headed lamprey, M. mordax, has been reported to
possess a single class of photoreceptor cell, with a kmax of
518 6 6 nm (by microspectrophotometry) and with a spec-
tral shape suggestive of a vitamin A1-based pigment (Collin
et al. 2004); subsequent unpublished work has indicated a
peak of 526–527 nm (Hart N, personal communication).
Here, we found that M. mordax C-opsin transcripts com-
prised almost exclusively the LWS isoform, although we did
find a trace level (�0.3% of LWS) of an approximately half-
length partial Rh1 sequence; see supplementary table S2,
Supplementary Material online. However, we have not been
able to determine whether the latter sequence is a genuine
Rh1, present at very low level, or whether it might represent a
pseudogene or some kind of artifact. Examination of the pro-
tein sequence for the LWS opsin (supplementary fig. S1,
Supplementary Material online) showed the presence of
the conventional chloride-binding counterion site (H181/
K184 in bovine rhodopsin numbering, H197/K200 in LWS
numbering, or H199/K202 in the alignment of supplementary
fig. S1, Supplementary Material online). Based on the residues
present at key tuning sites, we predicted the spectral peak for
this pigment to be 522–531 nm, and this range overlaps with

the values reported above in experiments using
microspectrophotometry.

For the other components of phototransduction activa-
tion in M. mordax, we detected only a single isoform of each.
We conclude that the activation cascade of phototransduc-
tion in M. mordax is mediated by the following isoforms: LWS,
GNATX, PDE6C, PDE6H, CNGAX and CNGBX. Of these, three
components (LWS, PDE6C, PDE6H) represent the isoforms
used in gnathostome cones, whereas the other three
(GNATX, CNGAX, CNGBX) represent isoforms that may be
retained only in agnathans. The transcript levels (RPKM-CDS:
LWS, 1519; GNATX, 794; PDE6C, 51; PDE6H, 651; CNGAX, 31;
and CNGBX, 16) appear to be in a plausible ratio for the
phototransduction cascade of cone-like photoreceptors.

A Penta-Pigment Agnathan Species, G. australis
The retina of the other southern hemisphere lamprey that we
examined, the pouched lamprey G. australis, has been shown
to possess five morphological classes of photoreceptor cell
(Collin, Hart, et al. 2003), along with five isoforms of visual
opsin (Collin, Knight, et al. 2003) that are now considered to
belong to the same five groups as the gnathostome visual
opsins (Pisani et al. 2006; Collin and Trezise, 2006; Davies et al.
2007; Collin et al. 2009). Although the distribution of ex-
pressed isoforms among photoreceptor types has not yet
been determined definitively for G. australis, it has recently
been shown that each opsin is expressed in a distinct mor-
phological class of photoreceptor (Warrington 2016).

The levels of opsin expression, as well as the levels of
mRNA, differ between the life-cycle phases of the lamprey,
being dominated by LWS and SWS1 in the younger down-
stream migrants, and by Rh1 and Rh2 in the older upstream
migrants (Davies et al. 2007). Likewise, in our measurements,
we found large differences in transcript levels between down-
stream and upstream migrants, not only for the opsins but
also for several of the other proteins. We can use these mea-
surements of transcript levels to conjecture about the most
likely combinations of cascade isoforms in the different classes
of photoreceptor.

Table 3. Complement of Activation Components of Phototransduction in Different Vertebrate Photoreceptors.

Photoreceptor Type Opsin GNAT PDE6
Catalytic

PDE6
Inhibitory

CNGA CNGB Reference

Eptatretus cirrhatus Rh1 1 X G X ? This study
Mordacia mordax LWS X C H X X This study
Geotria australis rod-like Rh1 1 X G X Y? This study; see table 4
G. australis cone-like LWS, SWS1, or SWS2 X C H X X? This study; see table 4
Petromyzon marinus short rod-like Rh1 1 X G – – Muradov et al. (2007, 2008)
P. marinus long cone-like LWS X X H – – Muradov et al. (2007, 2008)
Gnathostome rod Rh1 1 A and B G 1 1 Numerous
Gnathostome cone LWS, SWS1, Rh2, SWS2 2 C H 3 3 Numerous
Gecko “rod-like cone” LWS (and Rh2?) 2 C H 3 3 Zhang et al. (2006)
Salamander “green” rod SWS2 1 – – – – Ma et al. (2001)
Salamander blue-sensitive cone SWS2 2 – – – – Ma et al. (2001)

NOTE.—The letters and numbers in columns 3–7 denote the suffix to the relevant gene name; thus, in the GNAT column, “1” denotes “GNAT1”.
–, indicates not reported;
?, indicates uncertain.
Note that this classification of PDE6 inhibitory subunits is in terms of the conventional PDE6G and PDE6H, and does not take account of the recently found PDE6I (see Text).
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In table 4, we compare the transcript levels for G. australis,
between downstream migrant (“young”) and upstream mi-
grant (“adult”) phases of the animals’ life-cycle, and we list the
raw values as well as the downstream-to-upstream ratios. In
the two columns labeled “Scaled”, the ratios have been nor-
malized by the mean ratio for four reference (housekeeping)
genes, as described in the Materials and Methods. For con-
venience, the entries have been sorted in order of the
downstream-to-upstream scaled ratio of transcript level
(last column in table 4), so that the top of the table represents
downstream-dominant components and the bottom of the
table represents upstream-dominant components.

The top five entries in table 4, with scaled ratios exceeding
2.5-fold, are SWS1, GNATX, LWS, SWS2 and PDE6C, whereas
the bottom five entries, with ratios<0.8, are PDE6G, GNAT1,
CNGAX, Rh1 and CNGBY. For the remaining four transduc-
tion components, the ratios were around 1.5 for CNGBX and
Rh2, and close to unity for PDE6X and PDE6H. Not only is
SWS1 the opsin isoform with the highest ratio of
downstream-to-upstream transcript level, but in the down-
stream migrants it also has by far the highest absolute level, of
�2300 RPKM-CDS, around 4� higher than the next most
abundant opsin transcript, Rh2.

Interestingly, the components with a downstream-to-
upstream scaled ratio>2.5 comprise three “cone opsins”
(SWS1, LWS, and SWS2), the transducin isoform GNATX
that we have assigned to the LWS cone-like photoreceptors
of M. mordax, and the PDE6C isoform that is expressed in
gnathostome cones and is also found in M. mordax. These
results provide strong support for the notion that GNATX
and PDE6C are the isoforms employed in the activation

cascade of G. australis LWS-, SWS1- and SWS2-expressing
cone-like photoreceptors. Furthermore, the components
with a downstream-to-upstream scaled ratio of<0.8 include
the (gnathostome) rod isoforms Rh1, GNAT1 and PDE6G,
providing strong support for the notion that GNAT1 and
PDE6G are the isoforms employed in the activation cascade
of G. australis Rh1-expressing rod-like photoreceptors. These
interpretations are summarized in table 3.

For the remaining components, the situation is less clear-
cut, but nevertheless several tentative conclusions can be
drawn. By analogy with the hagfish, E. cirrhatus, which has
Rh1 as the only visual opsin and PDE6X as the only isoform
of PDE6, we presume that the Rh1-expressing rod-like pho-
toreceptors of G. australis are most likely to utilize PDE6X
(which is present at comparable levels in upstream and
downstream migrants). For the cyclic nucleotide-gated
channels, the only a isoform present in any of the three
agnathan species is CNGAX, so it would seem likely that
this isoform is utilized in each class of G. australis photore-
ceptor, as it would seem improbable that channels could be
formed exclusively from b subunits. For the b subunits, the
ratios in table 4 suggest that the cone-like photoreceptors
utilize the CNGBX isoform (as for M. mordax), whereas the
rod-like photoreceptors utilize the CNGBY isoform. For the
Rh2-expressing photoreceptors of G. australis, the data in
table 4 are insufficient to allow us to assign likely isoforms for
the phototransduction cascade components.

A Two-Pigment Agnathan Species, P. marinus
Most northern hemisphere lampreys have lost all but two
visual opsins, Rh1 and LWS, which are expressed in rod-like

Table 4. Transcript Levels in Downstream and Upstream Migrants of Geotria australis.

Component RPKM RPKM-CDS

Downstream Upstream Down/Up
Ratio

Down/Up
Scaled

Downstream Upstream Down/Up
Ratio

Down/Up
Scaled

SWS1 2333.0 402.4 5.798 6.333 2272.7 399.8 5.685 6.800
GNATX 541.6 180.7 2.998 3.275 496.3 175.3 2.830 3.386
SWS2 309.4 111.2 2.781 3.038 515.6 184.4 2.796 3.344
LWS 143.2 50.7 2.823 3.084 200.4 78.9 2.538 3.036
PDE6C 86.7 38.5 2.254 2.462 110.2 47.8 2.306 2.758
CNGBX 45.8 32.9 1.392 1.521 50.2 37.1 1.354 1.620
Rh2 588.3 461.9 1.274 1.391 730.7 571.6 1.278 1.529
PDE6X 13.9 14.7 0.951 1.038 15.0 15.8 0.952 1.138
HSP90 882.0 1006.8 0.876 0.957 1470.8 1697.4 0.867 1.037
EMC7 33.0 28.7 1.150 1.256 42.0 50.1 0.839 1.004
G6PI 68.6 84.0 0.817 0.893 84.5 102.7 0.822 0.984
SNRPD3 76.8 93.8 0.819 0.894 124.4 152.5 0.816 0.976
PDE6H 736.1 936.4 0.786 0.859 1529.0 1962.3 0.779 0.932
CNGBY 6.3 11.0 0.575 0.628 6.7 11.3 0.591 0.707
CNGAX 12.4 30.1 0.414 0.452 11.8 26.4 0.447 0.535
Rh1 192.6 374.0 0.515 0.563 209.8 485.7 0.432 0.517
GNAT1 90.5 236.1 0.384 0.419 139.0 367.4 0.378 0.453
PDE6G 63.0 326.2 0.193 0.211 116.4 595.5 0.195 0.234

NOTE.—Columns 2–5 give transcript levels in the conventional units of RPKM (reads per kilobase per million mapped reads). Columns 6–9 give corresponding levels of
transcript recalculated over only the coding region of the transcript, and referred to as RPKM-CDS. Columns 4 and 8 give the ratio of the transcript levels in upstream and
downstream migrant animals, for the two measures. Entries have been sorted in descending order of Column 8, the ratio of RPKM-CDS in downstream to upstream migrants.
The list also includes four reference (housekeeping) genes. Columns 5 and 9 give the scaled levels in downstream to upstream migrants, after normalizing by the mean ratio for
the four reference genes (see Materials and Methods). Note that, for these individual measurements, it is not possible to give a test of the statistical significance of the deviation
of the observed ratio from unity.
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(“short”) and cone-like (“long”) photoreceptors, respectively.
The isoforms of transducin a and PDE6 in P. marinus have
been studied by Muradov et al. (2007, 2008). The GNAT iso-
form in the short cells was named GatS and was shown to
clade with gnathostome GNAT1 sequences, whereas the iso-
form in the long cells was named GatL and was found to be
equally distantly related to the gnathostome GNAT1 and
GNAT2 clades (Muradov et al. 2008). Here, we have shown
that the latter isoform clades with two other agnathan se-
quences, and we refer to this clade as GNATX. For the PDE6
catalytic subunit, Muradov et al. (2007) found only a single
isoform, equally distantly related to gnathostome PDE6C and
PDE6A/PDE6B, and they named this lamPDE6. Using an an-
tibody raised against residues 14-27 of lamPDE6, they found
labeling of the outer segments of both long and short recep-
tors, and concluded that the protein was expressed in both
classes of cell. Here, we have shown that their lamPDE6 clades
with two other agnathan sequences, and we refer to this clade
as PDE6X. For the PDE6 inhibitory subunits, Muradov et al.
(2007) found two isoforms, a cone-like isoform Pc1 expressed
in the long photoreceptors, and an intermediate isoform Pc2
expressed in the short photoreceptors. Here, we found that
Pc1 bears close similarity to an isoform in G. australis that we
refer to as PDE6H, and Pc2 bears close similarity to a second
isoform in G. australis that we refer to as PDE6G. We found it
difficult to classify these highly conserved short sequences,
but it appeared to us that Pc2 might well be a member of
the PDE6G clade, rather than of an intermediate rod/cone
type.

The results of Muradov et al. (2007, 2008) are summarized
in table 3. Comparison with the sets of isoforms in other
species suggests that P. marinus has lost PDE6C and instead
employs PDE6X in its cone-like photoreceptors as well as in its
rod-like photoreceptors. An alternative possibility would be
that the PDE6C is present, but that it was not cloned, and
that it was recognized by the antibody developed against the
other lamprey PDE6.

Recently, single-cell electrophysiological recordings have
been made from both the “short” and “long” photoreceptors
of two northern hemisphere species of “two-pigment” lam-
preys. Morshedian and Fain (2015) recorded from P. marinus
photoreceptors using suction pipettes, whereas Asteriti et al.
(2015) recorded from Lampetra fluviatilis photoreceptors us-
ing both patch pipettes and suction pipettes. Both studies
concluded that the rod-like “short” photoreceptors exhibited
single-photon sensitivity comparable to that measured in
gnathostome rods (Baylor et al. 1979). Thus, despite differ-
ences in outer segment morphology and in the isoforms of
phototransduction proteins, this class of lamprey photore-
ceptor appears able to detect individual photoisomerizations.

Evolution of the Vertebrate Phototransduction
Cascade from a Chordate Ancestor
A parsimonious view of the nature of the ancestral chordate
phototransduction activation cascade, prior to the two
rounds of whole genome duplication is illustrated in fig. 7A.
Two variants of ciliary photoreceptor are presumed to have
existed, that expressed either an SWS or an LWS opsin, but

each with the same complement of proteins in the activation
cascade; that is, with ancestral versions of Ga, PDE6a, PDE6c,
CNGCa and CNGCb. In addition, there were of course the Gb
and Gc subunits of transducin as well as all the shut-off pro-
teins (which are not analyzed here). Transducin would have
functioned as an abc heterotrimer (as now), and the PDE6 as
a symmetric caac tetramer (as in modern cones). The CNGC
would certainly have been tetrameric, and would seem likely
to have employed both a and b subunits, although their
stoichiometry is unclear. Both types of photoreceptor would
presumably have been cone-like.

The modern configuration is shown in fig. 7C, where the
likely complement of protein isoforms in agnathan cone-like
and rod-like photoreceptors is indicated. Following 2R WGD,
the quadruplicate members of all the above proteins (apart
from the LWS opsin) may have been retained in the photo-
receptors of a common ancestor of hagfish, lampreys and
gnathostomes, but with only a single isoform of the LWS
opsin having been retained. It seems likely that, from that
time, five classes of photoreceptor existed, each expressing a
single isoform of opsin and a single isoform of each of the
other proteins of activation. Four of these photoreceptor
types remained suited to operation in high light levels, where-
as the one expressing the Rh1 opsin at some stage became
specialized for operation at very low light levels.

We can surmise the likely scenario after the first round of
whole-genome duplication (1R), as shown in fig. 7B.
Duplication of the ancestral shorter wavelength opsin gene
gave rise to an SWS (forerunner of SWS1 and SWS2) and an
Rh (forerunner of Rh1 and Rh2). Duplication of the ancestral
GNAT gave rise to one isoform (GNAT2/X) that may have
been suited to fast responses, and a second isoform (GNAT1/3)
that may have been suited to slower responses, in what
would become rod-like photoreceptors and in taste recep-
tors. Duplication of the ancestral PDE6 gave rise to two iso-
forms (PDE6C/X and PDE6A/B) that may similarly have been
suited to faster and slower responses, respectively; both of
these isoforms would have formed homodimeric catalytic
proteins. What factors led to the “choice” of different protein
isoforms in the different classes of photoreceptor, following
each duplication, and in the different taxa, will be a matter
for future investigation.

Materials and Methods

Animals and Tissue Extraction
Eyes were obtained from animals humanely killed in accor-
dance with institutional Animal Ethics Committee approvals
(UWA: RA/3/100/917, RA/3/100/1220; ANU: A2012/25).
Animals were euthanased by immersion in a lethal concen-
tration of fish anesthetic MS222 (tricaine methanesulfonate,
250–500 mg/L) followed by either transection of the spinal
cord or decapitation. Eyes were enucleated, cleaned of excess
tissue, and placed into RNAlater (Ambion) solution. Usually
the eye was deliberately punctured to allow more rapid access
of the preservative. Samples were stored at room temperature
for periods of up to a few days, but at�20 C or �80 C for
longer periods.
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In all measurements below, “length” refers to total body
length. New Zealand hagfish, E. cirrhatus, obtained from the
Department of Biological Sciences, University of Canterbury,
Christchurch, New Zealand, had been collected near
Montunau Island, and were identified by Professor
Malcolm Forster; see also Mincarone and Fernholm
(2010). Both eyes from five animals, length �75 cm, were
used. For pouched lampreys, G. australis, an upstream mi-
grant, length�52 cm, was collected from the Derwent River,
Tasmania; both retinas were used. Downstream migrants of
the same species were collected from rivers near Pemberton,
Western Australia; three eyes were used. For short-headed
lampreys, M. mordax, downstream migrants were obtained
from the Wonboyn and Wallagaraugh Rivers, NSW; both
eyes from four animals, length �12 cm, were used. For
each of the following species, one retina was used: a juvenile
bamboo shark, Chiloscyllium punctatum, length �21 cm,
provided by a collector; a gray reef shark, Carcharhinus
amblyrhynchos, length �72 cm, provided by a collector; a
blue-spotted stingray, Neotrygon kuhlii, caught in Moreton
Bay, QLD; a bowfin, Amia calva, length �25 cm, from a
commercial supplier; a Florida gar, Lepisosteus platyrhincus,
length �31 cm, from a commercial supplier.

RNA Extraction
RNA was extracted using a combination of TRIzol
(Life Technologies) and RNAqueous-Micro (Ambion)

technologies. Briefly, the tissue was homogenized in 1 ml of
TRIzol reagent per 100 mg of tissue. For phase separation,
0.2 ml of chloroform per 1 ml TRIzol was added to the mix-
ture, and samples were incubated at room temperature for
2 min. Samples were then centrifuged at 12,000�g for 15 min.
Following centrifugation, the supernatant was removed and
column purified using the standard RNAqueous-Micro pro-
tocol (Ambion). RNA concentration and purity were then ini-
tially determined using a Nanodrop 1000 Spectrophotometer
(Thermo).

RNA Processing and Sequencing
Subsequent processing and sequencing steps were carried out
in the ACRF Biomolecular Resource Facility at The John
Curtin School of Medical Research, Australian National
University.

Quality Control
The total RNA samples were checked for quality and quantity
on an Agilent 2100 Bioanalyzer using an RNA Nano chip (part
# 5067-1511).

Library Preparation
A barcoded cDNA library was prepared from each sample
of total RNA. The kit and protocol used were the
Illumina TruSeq RNA Sample Preparation kit v2 (catalog #

FIG. 7. Hypothesized ancestral and modern configurations of phototransduction genes. (A) Hypothesized set of genes underlying phototransduction
in a chordate ancestor, for those components analyzed in this article. (B) Speculative scenario for the gene duplications following 1R, with the gene
names reflecting the daughter genes in the subsequent 2R duplication. (C) Quadruplicate genes, as found in extant gnathostomes, and postulated here
to occur in extant agnathans. Note that PDE6G and CNGAX have each been repeated, because of their use in more than one multimeric protein. Red
and blue text identify gnathostome cone- and rod-specific isoforms, respectively. Solid lines identify the gnathostome activation cascades, with red for
cones and blue for rods. Green text denotes isoforms found only in agnathans. The presumed activation cascades in agnathan photoreceptors are
indicated by dashed lines, with red for cone-like and blue for rod-like photoreceptors. Colored shading of the opsins provides a guide to their spectral
peaks. GNAT1 is used both by gnathostome rods and by agnathan rod-like photoreceptors. Each of the four “cone opsins” (LWS, SWS1, SWS2 and Rh2)
couples to GNAT2 in gnathostome cones, or to GNATX in agnathan cone-like photoreceptors. PDE6C is used both by gnathostome cones and by
agnathan cone-like photoreceptors. In each class of photoreceptor, the PDE6 comprises a dimer of catalytic units, but only gnathostome rods utilize a
heterodimer. Agnathan photoreceptors of each class use a single type of cGMP channel alpha subunit, CNGAX, but the type of beta subunit is unclear.
Northern hemisphere lampreys may depart from this scheme, by using PDE6C in both their classes of photoreceptor. Likewise, there are sporadic
exceptions in gnathostomes; for example, amphibia possess an additional class of “red” rods that use SWS2 opsin instead of Rh1, birds and reptiles have
lost PDE6A, and cones in some teleost species use CNGA1 instead of CNGA3.
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RS-122-2001) and the TruSeq RNA Sample Preparation v2
Guide (part # 15026495). Using 1 mg of sample, the RNA
was purified and fragmented, followed by first strand cDNA
synthesis, second strand synthesis, adenylate 30 ends, adaptor
ligation, and PCR amplification. Library validation was done
using the Agilent 2100 Bioanalyzer High Sensitive DNA Chip
(part # 5067-4626).

Clustering and Sequencing (E. cirrhatus and

G. australis, February 2013)
For this first set, clustering was performed on an Illumina cBot
using the Illumina TruSeq PE Cluster kit v3—HS (catalog #
PE-401-3001) according to the cBot User Guide (part
#15006165). Eight libraries were pooled: five each from pairs
of eyes of E. cirrhatus, two from individual retinas of upstream
G. australis, and one from three eyes of downstream G. aus-
tralis. A single lane of 101 bp paired-end sequencing was run
on an Illumina HiSeq 2000 using the HiSeq 200 cycle sequenc-
ing kit (catalog # 15011190).

Clustering and Sequencing (M. mordax and Fish

Species, May 2014)
For this second set, clustering and sequencing were per-
formed on an Illumina HiSeq 2500. Clustering was done
onboard, using the TruSeq Rapid PE cluster generation kit
for HiSeq 2500 (part # PE-402-4001). Eleven libraries were
pooled, six of which are reported in this article: one library
was from the combined eight eyes of M. mordax, whereas the
other five libraries were from individual retinas of bamboo
shark, gray reef shark, blue-masked stingray, gar, and bowfin.
Two lanes of 101 bp paired-end sequencing were run on this
library pool, using the TruSeq Rapid SBS Kit—200 cycle SBS
kit for HiSeq 2500 (part # FC-402-4001).

Transcriptome Assembly
Removal of Low-Quality Reads
All of the sequenced reads were filtered to remove low quality
data using the Trimmomatic software package, version 0.32
(Bolger et al. 2014). The trimming parameters used were
LEADING:20 TRAILING:20 SLIDINGWINDOW:4:20, together with
MINLEN:75 for E. cirrhatus and G. australis, and MINLEN:36 for
the other species. Supplementary table S1, Supplementary
Material online, summarizes the total numbers of reads ob-
tained and the numbers retained as paired-end reads follow-
ing this process, for each library. For example, for the
short-headed lamprey, M. mordax, just over 90% of the total
number of 23.7 million reads were retained for subsequent
analysis. For the different libraries, between 5% and 13% of the
reads were rejected.

Assembly
De novo RNA assembly of the transcriptome was performed
for each species using the Trinity software package, release
r20140413p1, with all default parameters except that the
minimum kmer coverage was set to 2 (Grabherr et al.
2011). As indicated in supplementary table S1,
Supplementary Material online, this generated between

83,200 and 328,000 contigs, representing the eye/retina tran-
scriptome for each of the eight species.

Open Reading Frames
The assembled transcript sequences were aligned against
UniProt/SwissProt reviewed amino acid sequences (down-
loaded on 19 August 2014) using BLASTX (Camacho et al.
2009), version ncbi-blast-2.2.29þ, with parameters: -evalue
1e-5, -max_hsps 1, and only the best hit was retained for
each transcript. For each species, the number of unique
Uniprot genes retained as best hits was around 12,000 (sup
plementary table S1, Supplementary Material online). The
aligned sequences were processed using a custom Perl script,
to obtain the correct strand orientation to reflect 50 to 30

translation of each transcript, and to ascertain the ORF where
possible. Briefly, the Perl script inspected the aligned se-
quences and discarded BLASTX alignments shorter than 30
aa residues. Then, if the alignment of the transcript to the
known UniProt sequence occurred on the negative strand,
the transcript orientation was corrected to reflect 50 to 30

translation. The resulting number of these ORFs was typically
around 25,000 (supplementary table S1, Supplementary
Material online); the relatively high number of ORFs reflects
the fact that multiple transcript isoforms were often obtained
for each gene. Subsequently, start and stop codons were
searched for, both within the aligned region and beyond
the boundaries of the alignment, to yield ORFs that were
potentially full-length; typically there were around 8,000 of
these. When the number of apparently full-length ORFs was
expressed as a percentage of the number of unique Uniprot
genes that had been hit (see last column in supplementary
table S1, Supplementary Material online), the value ranged
from 40% to over 80%, suggesting a high quality of assembly
suitable for subsequent analysis.

Selection of Transcripts from the Database
TriPyGDU
For analysis of the transcriptome database, a custom software
package, TriPyGDU, was developed in the Genome Discovery
Unit, JCSMR. This web-based interactive package was written
in Python, and used HTML5 and JavaScript technology to
provide an interface for examination of the transcriptome
database. The user could make queries that were searched
for against the annotation terms and sequence names that
had been returned from UniProt. The system was reasonably
fast, and responses to such queries were often returned in
<5 s, despite the need to search over 200 million rows of
BLASTX hits, each linked with the UniProt annotations. Once
these hits were returned, the user could further inspect and
interrogate the transcripts, with displays of all 6 reading
frames and the putative translation (identifying full-length
ones), and with graphs of the depth of read coverage across
each transcript.

Transcript Selection
For each of our components of interest (the C-opsins,
GNATs, PDE6 catalytic and inhibitory subunits, and
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CNGCs) we used the TriPyGDU web interface to conduct
searches within each species. In practice, we interrogated the
database for hits against UniProt sequence names, and in doing
so our search terms for the above components were:
“OPSD_*”, “GNAT*”, “PDE6*”, “CNCG_*jCNRG_*”, and
“CNGA_*jCNGB_*” (where the “*” is a wild-card and the “j”
denotes a logical OR). Typically, we then sorted the returned
list of hits alphabetically according to the name of the best
BLASTX hit, and we inspected the sorted list for names of interest
(UniProt names: e.g., OPN3, OPSB, OPSD, OPSG, OPSP, and
OPSR, for the opsins). The resulting list of contigs was pruned
to remove: those present at trace level (e.g., an average of fewer
than�10 reads per nucleotide), and those with either a poor E-
value (e.g., >10�20) or a short alignment length. The remaining
contigs were examined individually, to check for the existence
of a complete coding sequence (a translated protein beginning
with an M and ending at a stop codon), and to ensure that the
read coverage profile looked reasonable (e.g., no sudden drops
to near-zero coverage). For the contigs that passed these tests,
we saved the sequences (CDS and protein) to a spreadsheet,
along with the read counts.

Transcript Quantification
We aligned the reads for each species to their respective
transcript assemblies using Bowtie v1.0.1 (Langmead et al.
2009), using the -v 3, -best, and -strata options to allow up
to three mismatches with the reference. For E. cirrhatus and
G. australis, we used all reads and paired-end mode, whereas
for the remaining species (from the second sequencing run)
we used only the trimmed reads and single-end mode for
alignments. Multi-mappings of reads were allowed to map
against all transcript isoforms of each gene equally. Unique
mapping of reads could not be used when aligning against the
transcript assembly because reads would not be mapped at
all in the presence of multiple transcript isoforms. Multi-
mapping may introduce inflation in fragment counts for
some genes that are identical at the sequence level, but we
expect such inflation to be minimal due to the relatively long
read length of a minimum of 36 nucleotides (after trimming
for poor-quality reads). Fragment counts for each transcript
were then obtained over the entire transcript region, and in
addition (see below) over just the CDS region. These fragment
counts were normalized as reads per kilobase per million
mapped reads (RPKM), as described by Mortazavi et al.
(2008). In the two species for which we sequenced multiple
libraries (E. cirrhatus and G. australis), we used weighted av-
erages of reads per library, obtained as the sum of the relevant
read counts divided by the sum of the relevant library counts
(as listed in supplementary table S1, Supplementary Material
online). For G. australis, we repeated the calculations for the
upstream and downstream migrant animals separately (two
libraries, and one library, respectively). In examining the read
coverage graphs, we noticed that some transcripts showed
quite nonuniform coverage, and in a few cases some part(s) of
the noncoding region exhibited substantially different cover-
age, conceivably as a result of assembly errors. Therefore, to
obtain a quantitative measure that might be more useful in

cases of nonuniform coverage, we calculated the RPKM both
over the entire sequence and additionally over just the coding
region. We refer to the latter value as the RPKM-CDS. Both
measures are listed in tables 2 and 3.

For G. australis, the ratio of transcript levels between up-
stream- and downstream-migrant animals for each gene was
normalized against the mean ratio for four reference genes as
follows. We examined transcripts for the set of human house-
keeping genes recommended by Eisenberg and Levanon
(2013), and we selected three that exhibited no obvious prob-
lems in their coverage plots (EMC7, G6PI, SNRPD3). As well as
these three, we chose one further conventional housekeeping
gene that is expressed at a much higher transcript level,
HSP90; the single isoform we found in G. australis was 99%
identical to the single isoform we found in M. mordax (not
shown) and around 85% identical to both the alpha and beta
human isoforms. The transcript levels for the four reference
genes are tabulated in the middle rows of table 4, and the
mean value of their upstream-to-downstream ratio (RPKM
ratio¼ 0.915; RPKM-CDS ratio¼ 0.835) was used to normal-
ize all of the ratios in the final column (denoted “Down/Up
Scaled”) for RPKM and for RPKM-CDS.

Manual Joining of Certain Sequences
In a few instances, we detected an apparent failure to assemble
the entire mRNA sequence. Typically, these manifested as one
translated N-terminal partial sequence plus one translated C-
terminal partial sequence, where the same several residues
ended the first sequence and started the second sequence,
and furthermore, where the joined sequence provided a very
close hit, as well as a very plausible length, against the subject of
the search. As an example, contig GEOAU_c38136_g2_i1 trans-
lated as 251 residues, beginning with an M and ending “QESAS”,
whereas contig GEOAU_c38136_g1_i1 translated as 115 resi-
dues, beginning with “QESAS” and ending at a stop codon.
When these two sequences were joined, the resulting translated
protein was 361 residues long and, except at a single nucleotide,
the CDS was identical to AY366492 (SWS2, G. australis). We
therefore accepted the joined sequence as genuine; it is denoted
as “SWS2 G. australis 38136-2-1þ 1-1” in supplementary table
S2, Supplementary Material online, and fig. 2. Likewise, we ac-
cepted one other opsin, denoted “Rh1 G. australis 59018-4-
1þ 5-3”, as well as one CNGC, denoted “CNGB1 Bowfin
24179-1-3þ 23872-1-1” (see supplementary fig. S8,
Supplementary Material online). We also accepted one PDE6
sequence, denoted “PDE6X G. australis 45841-312-1”, merged
from three such overlapping partial sequences (see fig. 5); a
BlastP search showed the translated sequence to share 93%
identity with ABO28525 (PDE6, P. marinus). Finally, we ac-
cepted one CNGA sequence, denoted “CNGA-Partial E. cirrha-
tus 139717-3-6þ 102332-1-3” (see supplementary fig. S8,
Supplementary Material online) that, despite the joining, still
lacked the N-terminus. These five manually joined sequences
are flagged in supplementary table S2 (column 7),
Supplementary Material online, where the component se-
quences are also identified.

All the sequences examined in this article are listed in FASTA

format in supplementary files S1 (CDS) and S2 (protein),
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Supplementary Material online, and have been deposited in
GenBank, with the accession numbers listed in supplemen
tary table S2, Supplementary Material online.

Sequence Alignment, and Construction of
Phylogenetic Trees
Other protein sequences analyzed were taken from the NCBI
database. All Xenopus sequences are from X. tropicalis. Where
Lethenteron camtschaticum sequences were not available in
NCBI, they were taken from the Japanese Lamprey Genome
Project database (LetJap1.0 genome assembly) and typically
were partial. NCBI sequences for spotted gar were used only
when our transcripts for Florida gar were either partial or not
found.

Sequences were aligned using ClustalX 2.1 (Larkin et al.
2007), with default parameters plus “Iterate final alignment”.

Phylogenetic trees were constructed using MEGA6 (6.06,
Release 6140226, Tamura et al. 2013). All of the illustrated
trees were built using the Maximum Likelihood (ML) method,
and support was tested using bootstrapping with 1000 rep-
licates. Gaps and missing data were treated using partial de-
letion. The initial tree was built using the default method (NJ/
BioNJ). As MEGA6 applies bootstrapping only to the tree that
it calculates to have the best log likelihood, and as it generally
appeared that other trees existed with only marginally poorer
log likelihood, we located an appropriate tree for bootstrap
testing as follows. The model was set to Jones–Taylor–
Thornton (JTT) with uniform rates; the site coverage cut-off
for partial deletion was typically set between 80% and 95%;
the heuristic method was set to Nearest-Neighbor-
Interchange (NNI), and then different settings for the branch
swap filter were tested. Within these parameters, we in-
spected the trees found to have best log likelihood, and se-
lected one tree that conformed closely to the accepted
species phylogeny, and then proceeded to conduct 1000
bootstrap replicates. Support levels <50% are not shown.
The figure legends list the parameters used. In all the trees,
bold font denotes transcripts that we obtained, whereas reg-
ular font denotes sequences extracted from databases.

Nucleotide Substitution Calculations
The synonymous (dS) and nonsynonymous (dN) nucleotide
substitutions reported in tables 1 and 2 were calculated from
codon-aligned nucleotide sequences using the modified Nei–
Gojobori method (Nei and Gojobori 1986; Zhang et al. 1998),
as implemented in MEGA6. The amino acid divergences in
these tables were calculated using p-distances.

3D plots of phylogenetic distances between quartets
of potential members of paralogons
The phylogenetic distances plotted graphically in fig. 3 and
reported in supplementary table S3, Supplementary Material
online, were constructed using distance values calculated
from amino acid sequences using the built-in functions in
MEGA6. Auspiciously, it is straightforward in a 3D plot to
uniquely represent four groups (with their six between-
group distances) as the vertices of a pyramid, and their
within-group distances can be represented by spheres at

the respective vertices. The diameters of the spheres plot
the “mean within-group” distances, withini, so that their radii,
ri, are

ri ¼ withini=2:

The distances between the centers of the spheres plot the
“net between-group” distances (neti,j), defined in MEGA6 in
terms of the “total between-group” distances (toti,j) as

neti;j ¼ toti;j– ri þ rj

� �
:

The use of net distances ensures that two sets of identically
distributed sequences will produce concentric spheres; that is,
they will have zero center-to-center distance.

The amino acid sequences were exactly as used in con-
structing the phylogenetic trees in figs. 2 and 4–6, and pair-
wise comparisons were made using either the JTT model or
p-Distances. The 3D plots were prepared using a custom
Matlab (The MathWorks, Inc.) function that is available on
request.

Supplementary Material
Supplementary files S1 and S2, figs. S1–S9 and tables S1–S3
are available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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