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ABSTRACT Light detection in animals is predominantly based on the photopigment composed
of a protein moiety, the opsin, and the chromophore retinal. Animal opsins originated very early
in metazoan evolution from within the G-Protein Coupled Receptor (GPCR) gene superfamily and
diversified into several distinct branches prior to the cnidarian-bilaterian split. The origin of opsin
diversity, opsin classification and interfamily relationships have been the matter of long-standing
debate. Comparative studies of opsins from various Metazoa provide key insight into the evolution-
ary history of opsins and the visual perception in animals. Here, we have analyzed the genome as-
sembly of the cephalochordate Branchiostoma lanceolatum, applying BLAST, gene prediction tools
and manual curation in order to predict de novo its complete opsin repertoire. We investigated the
structure of predicted opsin genes, encoded proteins, their phylogenetic placement, and expres-
sion. We identified a total of 22 opsin genes in B. lanceolatum, of which 21 are expressed and the
remaining one appears to be a pseudogene.According to our phylogenetic analysis, representatives
from the three major opsin groups, namely C-type, the R-type and the Group 4, can be identified in
B. lanceolatum. Most of the B. lanceolatum opsins exhibit a stage-specific, but not a tissue-specific,
expression pattern.The large number of opsins detected in B. lanceolatum, the observed similarities
and differences in terms of sequence characteristics and expression patterns lead us to conclude
that there may be a fine tuning in opsin utilization in order to facilitate visually-guided behavior of
European amphioxus under various environmental settings.
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Introduction

Light sensing systems have evolved to be uniquely suited to
the environment and behavior of any given species. Animals de-
tect light using sensory cells known as photoreceptors, present in
the eyes or, in case of extraocular photoreceptors, outside of the
eyes. Although other systems of light detection exist in the animal
kingdom, such as cryptochromes (Rivera et al., 2012) or LITE-1
(Gong et al., 2016), opsins are dominantly utilized as visual pig-
ments among Metazoa. Opsins are seven transmembrane domain
proteins that belong to the G-Protein Coupled Receptor (GPCR)
superfamily and are canonically distinguished from other GPCRs
by a highly conserved lysine in the seventh helix. The number of

opsin genes differs significantly among species studied so far and
does not generally correlate with the overall level of body plan
sophistication. Cnidaria for example, despite having a relatively
simple body plan and limited number of cell types, are known to
possess a large number of opsins originating by species-specific
gene duplications (Koyanagi et al., 2008; Kozmik et al., 2008; Suga
etal.,2008). Opsin classification, interfamily relationships and evo-
lution of animal vision have been the debate of numerous studies
so far (D’Aniello et al., 2015; Feuda et al., 2012; Liegertova et al.,

Abbreviations used in this paper: CNS, Central Nervous System, GPCR, G-protein
coupled receptor, TM, transmembrane.
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2015; Peirson et al., 2009; Plachetzki et
al., 2007; Porter et al., 2012; Ramirez
et al., 2016; Shichida and Matsuyama,
2009; Suga et al., 2008; Terakita, 2005).
Opsins can be roughly clustered into four
major groups, namely the ciliary opsins
expressed in ciliary photoreceptors (C-
type), the rhabdomeric opsins expressed
in rhabdomeric photoreceptors (R-type),
the Group 4 opsins, and the Cnidarian
opsins. A further subdivision of the first
three groups into seven subfamilies was
suggested (Lamb et al., 2007; Terakita,
2005), based on their sequence and on
the type of the G-protein to which they
are coupled: 1) the vertebrate visual
and non-visual, 2) the encephalopsin/
TMT, 3) the Gg-coupled/melanopsin, 4)
the neuropsin, 5) the Go-coupled, 6) the
peropsin, and 7) the retinal photoisomer-
ase subfamilies. Ramirez and colleagues
have proposed that a repertoire of atleast
nine opsin paralogs was present in the
bilaterian ancestor (Ramirez et al., 2016).
Inregardtothe cnidarian opsins, there are
conflicting results regarding their position
in the phylogenetic tree (Feuda et al.,
2012; Liegertova et al., 2015; Plachetzki
et al., 2007; Porter et al., 2012; Suga et
al., 2008). The function of most opsins
consists of two steps: light absorption
and G-protein activation in both visual
and non-visual systems. Isomerization
ofthe chromophore 11-cis-retinaldehyde
to all-trans-retinaldehyde due to light ab-
sorption, changes the conformation of the
opsin and triggers a signal transduction
cascade, the type of which is dependent
on the G-protein to which the opsin binds

Fig. 1. Molecular phylogenetic analysis of
opsins by Maximum Likelihood method.
The evolutionary history of opsin proteins
was inferred by using the Maximum Likeli-
hood method based on the Le_Gascuel_2008
model. The tree with the highest log likelihood
is shown. Bootstrap values are shown (only
values>50) either at the nodes or above the
branches in the case of collapsed subgroups
(e.g. neuropsin). A discrete Gamma distribu-
tion was used to model evolutionary rate
differences among sites (2 categories). The
tree is drawn to scale, with branch lengths
measured in the number of substitutions per
site. The analysis involved 787 amino acid
sequences. There were a total of 419 posi-
tions in the final dataset (third cytoplasmic
loop is excluded). Numbers in yellow boxes
correspond to the bilaterian opsin paralogs
identified by Ramirez et al., 2016.
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TABLE 1

NOMENCLATURE FOR BRANCHIOSTOMA OPSIN GENES

Branchiostoma floridae

Group This study models

B. belcheri mRNA

sequences References

Bl_op1 (MF464463
Bl_op2 (MF464464

) 124039
)
BI_op3 (MF464465)
)
)

205982
84894
70447
84890

C-type opsins
Bl_op4 (MF464466)
Bl_op5 (MF464467,

AB050610 c-opsin1 (Vopalensky et al., 2012), Amphiop5 (Koyanagi et al., 2002)

AB050609 c-opsin3 (Vopalensky et al., 2012), Amphiop4 (Koyanagi et al., 2002)

Not identified
Bl_op7 (MF464468)
Bl_op8 (MF464469)

210643
65045
94083

Neuropsins

BI_op9 (MF464470)
Bl_op10 (MF464471)
Bl_op11 (MF464472)
Bl_op12a (MF464473)
Bl_op13a (MF464474)
Bl_op13b (MF464475)

71561
215180
84844
91094
91095
Not identified

Go opsins

AB050607 Amphiop2 (Koyanagi et al., 2002)

AB050606 Amphiop1 (Koyanagi et al., 2002)

Peropsins Bl_op14 (MF464476) 90832

AB050608 Amphiop3 (Koyanagi et al., 2002)

Melanopsins Bl_op15 (MF464477) 65960

AB205400 AmphiMop (Koyanagi et al., 2005)

Bl_op16 (MF464478)
Bl_op17a (MF464479)
BI_op17b (MF464480)
Bl_op18 (MF464481)

86640
201585
Not identified
Not identified
87094
110003
86195

Amphiop6
Bl_op19 (MF464482)
Bl_op20 (MF464483)
Bl_op21 (MF464484)

AB050611 Amphiop6 (Koyanagi et al., 2002)

* Models from JGI, genome version v1.0 (http:/genome.jgi.doe.gov/Brafl1/Brafl1.home.html)

(Koyanagi et al., 2008; Liegertova et al., 2015; Yarfitz and Hurley,
1994). The conserved lysine in the seventh helix is used to form
a Schiff-base bond to the retinal chromophore (Bownds, 1967;
Wang et al., 1980) and in its protonated form it is stabilized by a
negatively charged amino acid, called a counterion, whose posi-
tion varies among different opsin subfamilies (reviewed in Porter
et al., 2012; Shichida and Matsuyama, 2009).

Comparative studies of opsins provide valuable insight not
only into the origins of opsin diversity but also into the evolution
of visual organs and light perception in animals. To help answer
questions about vertebrate evolution at the key invertebrate
chordate-vertebrate transition, such as “How did the vertebrate eye
evolved?”, one can examine opsins and visual organs of the extant
and most basally divergent chordates, the cephalochordates. The
subphylum Cephalochordata, a.k.a. amphioxus orlancelet, consists
of approximately 29 extant species, with a worldwide distribution
(Poss and Boschung, 1996). Amphioxus possesses four types of
photoreceptive systems —the dorsal ocelliand the Joseph cells are
rhabdomeric receptors, while the frontal eye and the lamellar body
contain ciliary photoreceptors (Lacalli, 2004). Function of the first
two receptorsis still not clear, nevertheless, rhabdomeric receptors
similar to Joseph cells are present in the cerebral eyes of tunicates
(salps). Amphioxus frontal eye is considered homologous to the
paired eyes of vertebrates, since its photoreceptors and pigment
cells co-express a combination of transcription factors and opsins
typical of the vertebrate eye photoreceptors (Vopalensky et al.,
2012). The lamellar body, on the other hand, is proposed as the
amphioxus homolog of the pineal gland (Lacalli, 2004). Seven mRNA
(Amphiop1-Amphiop6 and AmphiMop) and 20 opsin genes have
been previously identified in B. belcheriand B. floridae, respectively
(Holland et al., 2008; Koyanagi et al., 2005; Koyanagi et al., 2002).
There are representatives from the encephalopsin/TMT, neuropsin,
Go, peropsin and melanopsin subfamilies; a divergent subfamily,
Amphiop6 appears to be specifically duplicated in amphioxus (Hol-
land et al., 2008). No homologs of the vertebrate visual/nonvisual
opsin subfamily were detected (Holland et al., 2008). Studies on

expression pattern and function of the Branchiostoma opsins are
rather limited; the biochemical data support AmphiOp1 as a typical
visual pigment and AmphiOp3 as a photoisomerase (Koyanagi et
al., 2002), while the properties of the B. belcheri melanopsin ho-
molog were found to resemble those of the visual opsins presentin
the intrinsically photosensitive rhabdomeric photoreceptor cells of
vertebrates (Koyanagi et al., 2005). In agreement with their phylo-
genetic placement, antibody staining revealed specific expression
of two ciliary-type opsins in the ciliary photoreceptor cells of the B.
floridae frontal eye (Vopalensky ef al., 2012). Here, we report for
the first time the opsin repertoire of B. lanceolatum (Pallas, 1774)
and provide information on the expression patterns of opsin genes
across multiple tissues and developmental stages.

Results

Identification, classification and genome organization of opsin
genes in Branchiostoma lanceolatum

To identify the opsin gene repertoire in B. lanceolatum we used
the available genome assembly provided by the Branchiostoma
lanceolatum genome consortium. Applying BLAST searches and
de novo gene prediction we were able to identify 22 opsin genes in
B. lanceolatum, out of which BI_op17bis a putative non-functional
gene (pseudogene), since it bears a stop codon in the first exon.
Predicted transcripts and encoded proteins for newly character-
ized opsins in B. lanceolatum, details on gene organization and
genomic location are provided in Supplementary file 1. In general,
all predicted opsins have seven transmembrane helices and a
lysine in the seventh helix. We did not detect any intronless opsins
in B. lanceolatum.

The large scale phylogenetic relations of opsins has been the
object of many studies (Albalat, 2012; Liegertova et al., 2015;
Porter et al., 2012; Ramirez et al., 2016). We wanted to classify
the B. lanceolatum opsins and investigate their distribution over
the major opsin groups. We combined the available datasets from
the most recent analyses and enriched them with the 21 newly
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identified homologs from B. lanceolatum;
Bl_Op17bwasomitted, for being the product
of a putative pseudogene. Two different
alignments were used for our phylogenetic
analyses, excluding (Fig. 1 and Supplemen-
tary Fig. S1) and including (Suppl. Fig. S2)
the variable third cytoplasmic loop. In both
datasets, the four traditional opsin groups,
i.e. the C-type, the R-type, Group4 and the
Cnidarian opsins, were recovered along
with some other groups, albeit supported
by low bootstrap values in many cases.
Clustering of B. lanceolatum opsins is the
same in both cases. Few differences were
observed between the two datasets; two of
the most striking are the relative position-
ing of R-type and Group4 opsins and the
placement of the clade containing the CiNut
homolog (Etani and Nishikata, 2002) (Fig. 1
and Supplementary Fig. S1 and Fig. S2). In
Fig. 1, the major cnidarian group together
with a small set of lophotrochozoan opsins
(the Xenopsin according to Ramirez et al.,
2016) cluster as a sister group to C-type
opsins. Group4 is closer to C-type and the
Xenopsin group, than the R-type group.
Chaopsin (Ramirez et al., 2016), consisting
of Echinopsin B (D’Aniello et al., 2015) and
a small clade of cnidarian opsins namely
Group3 (Mason et al., 2012), an anthozoan
and a Ciona-specific clade are identified in
our phylogenetic trees (Fig. 1 and Supple-
mentary Fig. S1 and Fig. S2).
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Fig. 2. Opsin containing genomic loci from Branchiostoma lanceolatum. The genomic scaffolds
from Branchiostoma lanceolatum (B/) containing opsin genes. Groups are colored based on their
phylogenetic position (see Fig. 1).

Members from almost all opsin subfami-
lies have been identified for B. lanceolatum (Fig. 1 and Suppl. Fig.
S1 and Fig. S2). Five belong to the C-type (BI_Op1-5), two are
in a clade sister to neuropsins (BI_Op7 and BI_Op8), six cluster
with the Go opsins (Op9-Op13b), one with peropsins (Op14), one
with melanopsins (BI_Op15) and six within the Amphiop6 clade
(BI_Op16-BI_Op21). Based on sequence similarity and genomic
location, BI_Op17b should be a member of the Amphiop6 group.
No homologs of the vertebrate visual/non visual opsins have been
detected. B. lanceolatum genes identified in this study, arranged in
groups according to their phylogenetic placement, and their relation
to previously identified homologs from two other Branchiostoma
species are provided in Table 1. Next, we wanted to visualize how
opsin genes are arranged in the genome of B. lanceolatum and
whether there is some genetic linkage between opsin gene para-
logs. The B. lanceolatum opsin-containing loci identified during our
in silico analysis are depicted in Fig. 2. In particular, opsin genes
are spread over 16 genomic regions (scaffolds) in B. lanceolatum,
whereas in some cases, members of the same group are clustered
in the same locus (scaffold), for example the Amphiop6 Bl_op19
and Bl_op20 (Fig. 2).

Table 2 summarizes the residues found in the three putative
counterion positions, as well as the tripeptide associated with the
binding to G-proteins (Arendt et al., 2004; Marin et al., 2000). Aspartic
acid is present at position 83 of not only the melanopsin ortholog
(BI_Op15) but of most of the rest of the opsins. In almost all cases,

position 113 is occupied by neutral or non-polar amino acids with
the striking exception of BI_Op11, Bl_Op19 and BI_Op20, for which
a negatively charged amino acid is present, similarly to vertebrate
visual and non-visual opsins. In fact, BI_Op11 bears aspartic acid
in both positions 83 and 113, but no negatively charged amino acid
residue atposition 181. Inthe case of BI_Op5, a negatively charged
amino acid is encountered only at position 83. A really interesting
case isthat of BI_Op21, in the sense that no negative amino acid is
present at any of the three putative counterion positions. All of the
C-type opsins, except for BI_Op5, possess the N(N/S)Q tripeptide;
the encountered motif in BI_Op5 is EKE. Melanopsins nicely bear
the R-type tripeptide HPK (Arendt et al., 2004). This is not the case
for BI_Op16-Bl_Op22 (AmphiOp6); they may closely cluster with
the R-type opsins but they only have the central proline, while the
first position is occupied by a non-polar amino acid.

B. lanceolatum opsin gene expression patterns

Opsin genes are used by many animals not only for visual, but
also for non-visual tasks. Their tissue specificity thus can signifi-
cantly vary. Recent analyses of opsin gene expression in Cnidaria
or Arthropoda documented a wide range of tissues where opsins
can be detected (Liegertova et al., 2015; Battelle et al., 2016). Our
study examined the expression pattern of opsins across multiple
developmental stages (Fig. 3A and B), as well as in multiple tissue
types of B. lancelatum adult body (Fig. 3C and D). To achieve this



we performed quantitative real-time PCR (qRT-PCR). We scanned
opsin expression in developmental stages starting from late neu-
rula (N3), where photoreceptive 15t Hesse cell is present, to adult,
where frontal eye, rudiments of lamellar body, Joseph cells and
series of dorsal ocelli along the neural tube are fully developed
(Fig. 3A). All B. lanceolatum examined genes were detected at
mRNA level, in at least one developmental stage (Fig. 3B and
Supplementary Fig. S3A), with the sole exception of Bl_op17b.
This is in accordance with the in silico prediction of this gene as a
pseudogene due to a premature stop codon at the beginning of the
coding region. The neuropsin Bl_op7 and the Amphiop6 Bl_op16
show their highest expression in N3 neurula stage; in fact Bl_op7
is among the dominating opsins at this stage (Supplementary Fig.
S3A). However, their expression is significantly reduced at later
stages (Fig. 3B). Onset of several other opsin gene expression
starts at L1 stage, in which frontal eye and lamellar body (ciliary
photoreceptive organs) start to develop. The maximal expression
of two Go opsins (Bl_op9 and Bl_op10) and one Amphiop6 opsin
(Bl_op20) was observed at this stage. We should point out that
actin was used as a reference gene for normalization, a fact that
could lead to a false underrepresentation of opsin genes in later
developmental stages (L2/3 or adult), when compared to neurula
stage, where lower total number of cells are present. Despite this
fact, the majority of the opsins show most predominant expression

TABLE 2

AMINO ACIDS OBSERVED AT PUTATIVE COUNTERION POSITIONS
AND THE TRIPEPTIDE AT THE FORTH CYTOPLASMIC LOOP FOR
B. LANCEOLATUM OPSINS

Counterion
83 113 181

Tripeptide

C-type opsins Opl
Op2
Op3
Op4
Op5

Op7
Op8

Go opsins Op9
Op10
Opl1
Opl2a
Opl3a
Opl13b

Peropsins

Opld

Melanopsins Opl5

||

B~
Opl6 G
Opl7a
Op18
Op19
Op20
Op21

Special cases

Polar positive
Non-Polar aromatic Non-polar aliphatic

Amino acids are colored based on their physicochemical properties
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in L2/3 stage, where most of the known amphioxus photoreceptor
organs - the frontal eye, the lamellar body and the Hesse cell - are
differentiated. As expected from the ciliary nature of photoreceptor
cellsinthe frontal eye and the lamellar body, all C-type opsins reach
a peak in their expression in L2/3. On the other hand, B. lanceo-
latum opsins belonging to Go coupled opsin group show broad
expression across various stages. Most of the Amphiop6 opsins
show elevated expression in L2/3 stage, which is true also for the
single peropsin (Bl_op14). All of the 21 examined B. lanceolatum
opsins could be detected in various adult tissues (Fig. 3C and D).
All B. lanceolatum opsins but Bl_op2, exhibit some specificity for
either the cerebral vesicle (10 opsins — Bl_op1, Bl_op4, Bl_op5,
Bl_op7,Bl_op9, Bl_op11,Bl_op12a,Bl_op13b, Bl_op17a, Bl_op20)
or the neural tube (7 opsins — Bl_op3, Bl_op8, Bl_op13a, Bl_op14,
Bl_op15, Bl_op18, Bl_op21); on the contrary, Bl_op5, Bl_op17a,
BI_op21 are expressed in both tissues (Fig. 3D and Supplement
Fig. S3B). These findings show that most of the photoreceptive
cells in amphioxus reside in the central nervous system, however,
the cerebral vesicle and the neural tube probably exhibit a strong
specialization for various photoreceptive tasks. Expression of one
neuropsin (Bl_op7) was documented in female gonads, whereas
a Go and an Amphiop6 (Bl_op13a and Bl_op16, respectively)
showed noticeable expression in male gonads (Fig. 3D). Interest-
ingly, one of the C-type opsins (Bl_op2) displays its highest level
of expression in the most posterior part of the tail. Expression of
four other opsins was significantly increased in tail. In contrast
to analysis of opsin expression across various developmental
stages (Fig. 3B), we were not able to observe any preference in
tissue-specific usage of opsins belonging to different groups (Fig.
3D). The only exceptions were the peropsin (Bl_op14) and the
melanopsin (Bl_op15), being highly expressed only in neural tube.

To investigate expression during larval development (prior to
metamorphosis), we performed whole mount in situ hybridization.
We analyzed expression of Bl_op1, Bl_op2, Bl_op8, Bl_op10,
Bl_op11, Bl_op12a, Bl_op14, Bl_op15, Bl_op17a, Bl_op19 and
Bl_op20. Of these, we have observed specific expression pat-
terns only for Bl_op11, Bl_op12 and Bl_op15 (Fig. 4). Bl_op11 is
expressed in L1 stage in the area of developing preoral pit and 1%
gill slit. In L2/3 the signal was detected in pharyngeal region and
tail fin (Fig. 4 A,B). For Bl_op12a no specific signal was detected
in L1 stage. In L2/3 stage the signal was detected in preoral pit,
oral papilla, cells around mouth, 1%t gill slit and tail fin (Fig. 4C,
D). In situ hybridization of Bl_op15in L1 and L2/3 stage identified
specific expression in 1t dorsal ocelli, in agreement with previous
findings in B. belcheri (Koyanagi et al., 2005).

In summary, our analysis confirms expression of all but one
B. lanceolatum opsin genes and documents their stage and/or
tissue specificity.

Discussion

We sought to characterize the opsin gene family in the genome
assembly of the cephalochordate Branchiostoma lanceolatumand
study the expression patterns of opsin genes from this species in
different tissue types and across various developmental stages.
We identified a total of 22 opsin genes in B. lanceolatum, one of
which is a putative pseudogene. There is less than 20% amino acid
similarity between vertebrate opsin subfamilies but more than 40%
among members of a single family (Peirson et al., 2009; Shichida
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and Matsuyama, 2009; Terakita, 2005). Given these low similarity
levels, de novoprediction of opsin genes could be largely hampered.
Therefore, BLAST results should be carefully filtered and used in
combination with synteny analyses since true positive results could
be obscured by low similarity scores. In addition, manual curation
of the genome assembly was needed in some cases.
Discrepancies between different phylogenetic studies have
been noted before and could be attributed to the dataset used,
the alignment method, the substitution model, and the tree con-
structing method applied. In our study, we show how sensitive the
outcome of the phylogenetic analysis can be to the exclusion or
inclusion of the highly variable third cytoplasmic loop (Fig. 1 and
Supplementary Fig. S2, respectively). Among the observed differ-
ences, two of the most striking are the relative positioning of R-type
and Group4 opsins and the placement of the Urochordate opsins
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clade containing the CiNut homolog (Etani and Nishikata, 2002),
for which inconsistencies were previously observed (Albalat, 2012;
Porter et al., 2012; Ramirez et al., 2016). A new clade — “bathyop-
sin” —was recently introduced (Ramirez et al., 2016), consisting of
one brachiopod and three echinoderm opsins. We excluded these
sequences from our analysis either due to an incorrect number
of transmembrane domains, based on TOPCONS and HMMTOP
predictions (4 TM in the case of Strongylocentrotus purpuratus
and 8 in the case of Lingula anatina) or because of their extremely
small size (as in the case of Eucidaris tribuloides). It is obvious that
there are still obstacles to reconstructing the complete evolution-
ary history of opsins. Sampling from specific taxonomic groups is
still poor, mainly due to lack of data at the level of whole genome
and missing functional data that could greatly facilitate the opsin
classification. Collectively, our phylogenetic analysis ascribes B.
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C-type

Neuropsins

Go coupled

"Amphiop6"

Fig. 3. mRNA expression levels of individual B. lanceolatum opsins across different developmental stages and various tissues of the adult
body. (A) Schematic drawing of developmental stages (N3, L1, L2/3, adult), in which detection of opsin genes expression was performed. Staging was
determined according to Hirakow and Kajita (1994) (see Materials and Methods). 1¢t HC: 15t Hesse cell, FE: frontal eye, LB: lamellar body, DO: dorsal
ocelli, JCs: Joseph cells, LCs: lamellate cells (rudiment of larval lamellar body). (B) Heat map displaying expression of opsin genes across different
developmental stages. Each row represents particular opsin gene expression in various developmental stages. (C) Schematic drawing of amphioxus
adult body parts in which detection of opsin genes expression was performed. CV: cerebral vesicle, NT: the most anterior third of neural tube including
Joseph cells and dense clusters of dorsal ocelli, FG: female gonads, MG: male gonads, Tail: most posterior part of adult tail without dorsal ocelli. (D) Heat
map displaying expression of opsin genes in various parts of B. lanceolatum adult body. Opsin expression was detected by gRT-PCR and normalized to
expression of actin. Each row represents particular opsin gene expression in various parts of amphioxus adult body. Blue color represents expression
below row average, white color represents average row expression, red color expression above row average.
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Fig. 4. In situ hybridization analysis of B. lanceolatum Bl_op11, Bl_op12a and Bl_op15in developing larvae (L1 and L2/3 stages). (A) Expression
of Bl_op11. In stage L1 the signal was detected in the area of developing preoral pit and 15t gill slit. In L2/3 the signal was detected in pharyngeal region
and tail fin. (B) Detail of anterior and posterior region of the larvae (dashed and dotted framed regions in (A)). (C) Expression of Bl_op12a. In L1 stage no
specific signal was detected. In L2/3 the signal was detected in preoral pit, oral papilla, cells around mouth, 1% gill slit and tail fin. (D) Detail of anterior
and posterior region of the larvae (dashed and dotted framed regions shown in (C)). (E) Expression of Bl_op15. Specific signal was detected in 1 dorsal
ocelli. (F) Scheme of anterior part of L2/3 larvae with marked landmarks. PR, preoral pit; OR, oral papilla; M, mouth; GS, gill slit; 15t DO, first dorsal ocelli.

lanceolatum opsins in the three of the four traditionally recognized
opsin lineages, in particular C-type, R-type and Group4 (neurop-
sins, RGRs and peropsins), with no differences between the two
sequence datasets used in this study. The number of genes in
each subfamily, including a putative pseudogene, varies from one
(melanopsins and peropsins) to a maximum of seven (Amphiop6).
The expansion of three opsin subfamilies in the cephalochordate
lineage (Amphiop6, C-type and Go-opsins) was previously (Holland
et al., 2008) correlated to the diversity of photoreceptor organs in
amphioxus, including both ciliary and rhabdomeric photoreceptors
(Lacalli, 2004). The large size of the Go group suggests extensive
redundancy and/or could be an indication of possible fine tuning
of molecular properties among these opsins in order to achieve
distinct photoreceptive properties.

Ingeneral, B. lanceolatum Go opsins exhibit a preferential expres-
sion in either the cerebral vesicle or the neural tube (parts of the
Central Nervous System - CNS), with two interesting exceptions:
Bl_op13ain male gonads and Bl_op9-op10in tail. A CNS-specific
pattern is observed for the C-type opsins as well, with Bl_op2,
however, being expressed almost solely in the tail. Similar is the
expression in the horseshoe crab Limulus polyphemus, where
various opsins have been detected in the tail (Battelle et al., 2016),
proposed to be a circadian photoreceptor organ. Photoreceptors

located in the tailmediate light avoidance in larval lampreys (Binder
and McDonald, 2008). Light sensitivity in the tail of amphioxus
has been reported as early as 1908 (Parker, 1908), yet no study
so far has documented any photoreceptor cells there. In regard
to opsin expression in gonads, it has also been observed in the
gonads of the cnidarian species Cladonema radiatum (Suga et
al., 2008) and Tripedalia cystophora (Liegertova et al., 2015), and
the oyster Crassostrea gigas (Porath-Krause et al., 2016). The
role in opsin-mediated light-controlled release of gametes was
proposed (Liegertova et al., 2015; Suga et al., 2008). In agreement
with data regarding the B. belcheri melanopsin (Koyanagi et al.,
2005), an orthologous Bl_op15 is expressed in the neural tube
where rhabdomeric dorsal ocelli are located. Nevertheless, it is
not the unique opsin expressed in this tissue. The B. lanceolatum
peropsin (Bl_op14),two C-type opsins, namely BI_op3(ortholog of
B. belcheri Amphiop4) and Bl_op5 (not previously analyzed in B.
belcheri), neuropsin (Bl_op8) and two Amphiop6 opsins (Bl_op18
and Bl_op21) were all found to be expressed in the neural tube
of adult B. lanceolatum.

Examination of amino acid residues at key positions (namely,
the counterion and the tripeptide on the fourth cytoplasmic loop)
may provide insight into molecular function of individual opsins.
Nevertheless, there are instances of a non-typical pattern in re-
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gard to these positions (Plachetzki et al., 2007). The presence of
negative residues at position 113, typical for vertebrate opsins,
is also evident in three Branchiostoma (this study) as well as in
four Tripedalia (Liegertova et al., 2015) opsins. Among them is
BI_Op11, which further lacks a negative residue at position 181,
thus raising questions about its role and expression domain. This
opsin could also provide some insight in regard to the timepoint
that counterion replacement occurred during the molecular evolu-
tion of vertebrate opsins (Terakita et al., 2004). Slightly differenti-
ated from the rest of C-type opsins is BI_Op5, for which the sole
negatively charged residue is located at position 83. Another thing
that should be highlighted is the absence of a negatively charged
residue in any of the three putative counterion positions of the
Amphiop6 BI_Op21. The type of signaling cascade activated by
various opsins is summarized by Porter et al., 2012 and an in
silico attempt has been made to correlate the motif present in the
N-terminal of the fourth cytoplasmic loop (a.k.a. the tripeptide)
with the target G-proteins. As shown before, the NKQ motif of the
rhodopsin holds an important role in the activation of the G-protein
transducin (Marin et al., 2000). In regard to this position, some of
our results are rather conventional, but some should attract more
attention in the future. For example, BI_Op5 again stands out from
the rest of the C-type opsins, since it contains the rather unique
EKE motif. Amphiop6 genes possess only the central proline of
the R-opsin HPK fingerprint, therefore their ability to couple to
any downstream phototransduction cascades remains an open
question. Apart from the conserved proline, there is no clear pat-
tern for the tripeptide in Amphiop6 subgroup, except for the fact
that a non-polar aliphatic residue occupies the first position. This
group clusters closely with Gqg opsins, however its members also
differ in regard to motifs characteristic of Gq opsins, necessary for
structural integrity maintenance and binding to the chromophore
(Porath-Krause et al., 2016).

In summary, our genome-wide analysis identifies the comple-
ment of opsin genes in B. lanceolatum, confirms expression of all
but one genes and documents their stage and/or tissue specificity.
Studies of opsin diversity can offer clues to how separate lineages
of animals have repurposed different opsin paralogs for different
light-detecting functions. To gain a deeper insight into the function
of amphioxus photoreceptive organs, more detailed expression
analysis of individual opsins (e.g. by in situ hybridization or im-
munohistochemistry staining) in conjunction with light-mediated
behavioral tests of animalsis of key importance. In addition, studies
aimed to dissect the biochemical properties of individual amphi-
oxus opsins and the nature of the downstream phototransduction
cascade are highly warranted. Such further studies may provide
evidence for fine tuning of molecular properties within the pool
of available opsins that were necessary to adapt visually guided
behavior of amphioxus to changing habitats.

Materials and Methods

Genome assembly and de novo gene prediction

B. lanceolatumopsin genomic loci were detected through tBLASTn searches
against the European amphioxus (v. BI71nemh 20/11/13) Assembly (Bra-
Lan2). The previously characterized (Holland et al., 2008; Koyanagi et al.,
2005; Koyanagi et al., 2002) Branchiostoma opsin homologs were used as
queries. Additional BLAST searches were performed using various visual
and non-visual homologs from vertebrate and protostome species. De novo
prediction of B. lanceolatum opsin genes was accomplished combining

results from Genscan (Burge and Karlin, 1997) and exon-intron borders
predictions by SpliceView (Rogozin and Milanesi, 1997). In the case of
discrepancies between database gene models and our in silico analysis,
PCR amplification of the “suspicious” regions was performed, followed by
cloning and sequencing (see paragraph “Cloning and Sequencing of Opsin
Gene Fragments/Transcripts”).

Prediction of membrane protein topology and functional domains

Newly identified B. lanceolatumopsin homologs were runin ScanProsite
(de Castro et al., 2006), in order to identify protein family domains/motifs,
more specifically “the G Protein Coupled Receptor (GPCR) signature/
profile” and the “Visual pigments (opsins) retinal binding site”. In addition,
TOPCONS (Tsirigos et al., 2015) and CCTOP (Dobson et al., 2015) were
used to detect the protein topology in general and the exact position of
the seven transmembrane (TM) helices, characteristic of the GPCRs in
particular. In order for the proteins to be considered reliable opsin homologs
they had to meet the following three criteria: 1) exhibit similarity to known
opsins, 2) bear seven TM domains and 3) possess a lysine residue at the
seventh TM domain.

Sequence collection, alignments and phylogenetic analysis

Given the fact that the datasets used in the most recent large scale
analyses (D’Aniello et al., 2015; Liegertova et al., 2015; Porter et al., 2012;
Ramirez et al., 2016) had included significant number of opsins representa-
tive of a large number of taxonomic groups, we first tried to combine the
available datasets from them. Sequences of poor quality (large gaps, miss-
ing the K296, not bearing all seven TM domains) were omitted, predicted
de novo or replaced by orthologs from relative species. We then enriched
this dataset with the 21 newly identified homologs from B. lanceolatum.

Multiple sequence alignments were produced with the Clustal algorithm,
incorporated in MEGA v7 (Kumar et al., 2016), and PROMALS3D (Pei et
al., 2008). The latter constructs alignments for multiple protein sequences
and/or structures using information from sequence database searches,
secondary structure prediction, available homologs with 3D structures and
user-defined constraints (Pei et al., 2008), therefore, it should be more reli-
able in the case of such a diverse group as opsins. Ambiguously aligned
regions of the sequences, i.e. parts of the N-terminal and C-terminal ends
were trimmed off in the MEGA7 alignment editor, leaving only the TM do-
mains and the connecting extra-cellular and cytoplasmic loops. TOPCONS
and CCTOP predictions were taken into consideration during the trimming
process. We then created another subsetin which the third cytoplasmicloop
was removed from the alignment; the size of this loop is rather conserved
within members of the same subfamily but it is highly variable between
different families; it can fluctuate from 18aa in vertebrate RGRs, to 20aa
in molluscan retinochromes, 30aa in human short-wave opsins and up
to 73aa in echinopsins B. High degree of sequence dissimilarity is also
observed, which renders alignment rather problematic.

Maximum Likelihood (ML) trees were constructed for both datasets.
LG, gamma distributed (Le and Gascuel, 2008) was indicated as the best
substitution model by the “Find Best DNA/Protein Models” tool incorporated
in MEGA7 (Kumar et al., 2016). ML trees were built in MEGA7 and tree
topologies were evaluated with the bootstrap test (100 pseudoreplicates).
B. lanceolatum sequences are included in Supplementary file 1, accession
numbers (ACs) for the rest of the protein sequences (or genomic scaffold in
case of newly predicted sequences) used in the phylogenetic analysis are
included in Supplementary Fig. 1. All trees were rooted with the 22 human
non-opsin GPCRs used in previous studies as well (Liegertova etal., 2015).

Animal collection

B. lanceolatumadult animals were collected in Argeles-sur-Mer (France)
andpreservedinthe labin aday/night cycle of 14h/10h until spawning, which
was induced by a shift in temperature (Fuentes et al., 2007). Staging of all
collected embryos was performed according to Hirakow and Kajita (1994).
Specimens from late neurula (N3), larvae (L1-L2/3) and adult stage were
collected and frozen in RNAlater® Stabilization Solution (ThermoFisher



Scientific), under light conditions. In N3, 15t Hesse cell is present, in L1 the
developing frontal eye and lamellar body are present, in L2/3 the 1<t gill slit
and the mouth are open, frontal eye and lamellar body have differentiated.
In adult, frontal eye, rudiments of lamellar body, Joseph cells and series
of dorsal ocelli are present.

B. lanceolatumadults were anesthetized with Tricaine methane sulfonate
and dissected in order to obtain the required tissue types, specifically the
cerebral vesicle, the most anterior third of neural tube including Joseph cells
and dense clusters of dorsal ocelli, the female and the male gonads and
finally the most posterior part of tail without dorsal ocelli. Tissues were stored
in RNAlater® Stabilization Solution (ThermoFisher Scientific) and frozen.

RNA isolation / cDNA preparation

Total RNA was isolated from B. lanceolatum embryos or adult tissues
stored in RNAlater® Stabilization Solution using the Trizol reagent (Ambion).
To avoid genomic DNAcontamination, isolated RNAwas treated with DNasel
and purified on RNeasy Mini Kit (Qiagen) column. Random-primed cDNA
was prepared from 250ng or 150 ng of RNA (for analysis of the different
developmental stages or adult tissue types, respectively) in a 20 ul reaction
using SuperScript VILO cDNA Synthesis kit (Invitrogen).

Cloning and sequencing of opsin gene fragments/transcripts

For validation of the in silico predicted gene models, cloning of opsin
gene fragments and complete transcripts from B. lanceolatum was per-
formed. Primers were designed in Primer3 software (Supplementary Table
1). PCR was performed on cDNA from neurula N3, larvae L2/3 or adult
stages, using DreamTaq polymerase (ThermoFisher Scientific) according
to the manufacturer’s protocol. Amplified fragments were blunted and
cloned into pCR™-Blunt II-TOPO® (ThermoFisher Scientific). Plasmid
DNA was isolated using GeneJET Plasmid Miniprep Kit (ThemoFisher
Scientific). Sequencing was performed by the standard Sanger sequencing
procedure (GATC Biotech).

qRT-PCR

Primers were designed in Primer3 software (Supplementary Table 1).
The qRT-PCR was performed in the LightCycler 2.0 System using the
LightCycler® 480 DNA SYBR Green | Master kit (Roche Diagnostics, Ger-
many), according to the manufacturer’s standard protocol. For each cDNA
sample, both target and housekeeping genes were measured under the
same conditions. Results were analyzed using the LightCycler software.
Crossing point values (Cp) were determined as an average of triplicates
for each gene and normalized by Cp values of the housekeeping gene
(actin). Results were analyzed in R software and plotted in the form of a
Z-score heat map.

Whole-mount in situ hybridization in amphioxus embryos

Whole-mount in situ hybridization with digoxigenin-labeled RNA probes
was done as previously described (Kozmikova et al., 2013). For better
interpretation of the signal, in situ hybridization with Vector Blue substrate
was performed in some cases, followed by subsequent confocal micro-
scopic analysis. Primers used to generate probes are summarized in
Supplementary Table 1.
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