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Letter

Comparative Analysis of Gene Expression
for Convergent Evolution of Camera Eye
Between Octopus and Human

Atsushi Ogura, Kazuho lkeo, and Takashi Gojobori'

Center for Information Biology and DNA Data Bank of Japan, National Institute of Genetics, Mishima, 411-8540, Japan

Although the camera eye of the octopus is very similar to that of humans, phylogenetic and embryological analyses
have suggested that their camera eyes have been acquired independently. It has been known as a typical example of
convergent evolution. To study the molecular basis of convergent evolution of camera eyes, we conducted a
comparative analysis of gene expression in octopus and human camera eyes. We sequenced 16,432 ESTs of the
octopus eye, leading to 1052 nonredundant genes that have matches in the protein database. Comparing these 1052
genes with 13,303 already-known ESTs of the human eye, 729 (69.3%) genes were commonly expressed between the
human and octopus eyes. On the contrary, when we compared octopus eye ESTs with human connective tissue ESTs,
the expression similarity was quite low. To trace the evolutionary changes that are potentially responsible for camera
eye formation, we also compared octopus-eye ESTs with the completed genome sequences of other organisms. We
found that 1019 out of the 1052 genes had already existed at the common ancestor of bilateria, and 875 genes were
conserved between humans and octopuses. It suggests that a larger number of conserved genes and their similar gene
expression may be responsible for the convergent evolution of the camera eye.

[Supplemental material is available online at www.genome.org.]

The evolution of the eye is one of the most complicated and
interesting stories for molecular biologists and molecular evolu-
tionists. Much is known about the photoreceptive organs of vari-
ous animals (Salvini-Plawn and Mayr 1977; Osorio and Bacon
1994). These organs are highly diverse in structure, ranging from
small groups of light-sensitive cells to highly sophisticated and
complex structures that register precise images in some groups of
arthropods, molluscs, and vertebrates. The single-lens camera eye
is found in vertebrates and in two groups of molluscs, octopus
and squid. Other molluscs have various types of eye, such as the
concave mirror eye and the pinhole eye. Insects, members of
Lophotrochozoa, have compound eyes. Despite the differences
in direction of visual cells, focusing mechanism, ability to detect
polarized light and encoding genes for crystallins, the camera
eyes of human and octopus are believed to have independently
evolved after the divergence of the two lineages during the Pre-
cambrian period because both humans and octopuses have struc-
tural similarities in their camera eyes, as shown in Figure 1 (Harris
1997). Therefore, the eyes of humans and octopuses have been
described as a typical example of convergent evolution (Fig. 2;
Brusca and Brusca 1990; Futuyma 1997). Convergent evolution is
the process by which independently evolved features that are
superficially similar to each other can arise through different de-
velopmental pathways (Lauder 1981).

This view has been changed, however, by Gehring and Ikeo
(1999), who maintain that the expression of the common master
regulator Pax6 in both types of eyes indicates the divergence of
these two types of eyes from a single prototype eye present in the
common ancestor of cephalopods and vertebrates. It has previ-
ously been reported that Pax6, a “master control” gene for the
development of the eye, is highly conserved across species.
Within molluscs, it has been shown that the scallop, ear shell,
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and squid all express Pax6 (Tomarev et al. 1997). Pax6 expression
has not yet been observed in the octopus. However, the ex-
pression of Pax6 in the camera eye of the squid, a member of
the same phylum, supports the prediction that Pax6 controls the
development of the octopus eye. However, there is no clear
explanation of how the elaborate camera eyes of humans and
octopuses evolved from the prototype eye. In other words, there
is a gap between the evolution of genes expressed in the camera
eye and the evolution of morphological structures of the camera
eye.

Studying gene expression can lead us to speculate on the
biological and functional mechanisms. It is of particular interest
to examine the convergent evolution of human and octopus
camera eyes from the viewpoint of gene expression, in order to
understand the diversification of these organs. Here, we address
the question of what kind of gene expressions are maintained in
their camera eyes during evolution. Thus, we focus on the gene
expression profiles to explain the evolutionary process of camera
eyes. For this purpose, we use two approaches. First, we conduct
a comparative analysis of gene expression between human and
octopus eyes to examine the similarity of gene expression. Sec-
ond, we estimate the ancestral gene set of the camera eye to
determine the number of genes that have been conserved since
the divergence of these two lineages from the common ancestor.
We then discuss the evolutionary mechanism of convergent evo-
lution of the camera eye from the viewpoint of gene expression
profiles.

RESULTS

Gene Expression Profile of the Octopus Eye

We made a gene-expression profile based on the occurrence fre-
quency of the mRNAs in the octopus eye. The expressed se-
quence tag (EST) assembly system was used to obtain 2824 nonre-
dundant sequences from a total of 16,432 clones. To investigate
the possible functions of these octopus-eye ESTs, we conducted a
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Human eye

Figure 1 Structural similarities between human and octopus eyes. Even
though there are some differences between human and octopus eyes,
each of the tissues such as eyelid, cornea, pupil, iris, ciliary muscle, lens,
retina, and optic nerve/ganglion corresponds well to each other. The
octopus eye forms from an epidermal placode through a series of suc-
cessive infoldings, whereas the human eye forms from the neural plate
and induces the overlying epidermis to form the lens (Harris 1997). The
differences in developmental processes between human and octopus are
explained in the same reference (Harris 1997). This figure was modified
with permission from Sinauer Associates, Inc., © 1990 (Brusca and Brusca
1990).

similarity search for identifying homologous sequences in the
nonredundant protein database. Using the 2824 sequences as a
query, we identified homologs for 1052 of the ESTs (Supplemen-
tal Table). This set of 1052 genes was used for the analyses de-
scribed below, to determine the relationships of the genes ex-
pressed in the octopus eye to those that are involved in the de-
velopmental process and biological function of the eyes of other
species (Table 1). The sequences of octopus-eye ESTs are available
online at http://www.cib.nig.ac.jp/dda/database/octopus.htm.

Commonly Expressed Genes in Human and Octopus
Camera Eyes

Using the 1052 nonredundant gene sequences, a comparative
analysis of gene expression in human and octopus camera eyes
was performed to estimate the number of genes that are com-
monly expressed in these two lineages. A similarity search was
conducted using the set of genes expressed in the octopus eye
and the gene-expression data for the human eye obtained from
the three databases of BodyMap, the Mammalian Gene Collec-
tion (MGC), and the National Eye Institute NEIBank. First, we
created a single set of genes from the three distinct databases of
gene expression for the human eye (see Methods section). Next,
we obtained full-length gene sequences by comparing the gene-
expression database with the human gene data from Ensembl (at
the European Bioinformatics Institute) and UniGene (at the Na-
tional Center for Biotechnology Information). We confirmed
that 13,303 human-eye ESTs have matches in protein databases.
Using the 1052 nonredundant sequences from the octopus eye as
query sequences, we performed a BLAST search against the
13,303 human genes. As a result, we identified a total of 729
genes that were commonly expressed in both human and octo-
pus eyes (Fig. 3). It follows that 69.3% of the 1052 nonredundant
sequences from the octopus eye were commonly expressed in the
human eye. To test whether these genes are significantly differ-
ent when the same sequences from the octopus eye are compared
with the genes expressed in human tissues other than eyes, we
also performed a homology search between octopus-eye ESTs and
human-connective-tissue ESTs. To be fair, we used 2430 human-
connective-tissue ESTs as well as 3809 human-eye ESTs from the
same database, BodyMap. We then found that the number of
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genes commonly expressed between the octopus eye and the
human connective tissues was only 44, whereas that of genes
between the octopus and human eyes was 162 (Fig. 3). Thus, the
former was about four times less than the latter.

Moreover, to investigate the functional characteristics of the
commonly expressed genes in human and octopus eyes, we con-
ducted functional annotation of each gene (Table 2). A compre-
hensive survey of the literature showed that some of the genes
have been previously reported to have functions that are related
mainly to the eye. Besides, the homologous genes to six3, Ihx2,
retinal arrestin, retinal dehydrogenase, B-catenin, neuron-
specific enolase, and human nuclear-transport receptor
karyopherin/importin-p were found to be expressed in the octo-
pus eye. These genes are known to be important for the forma-
tion and function of the vertebrate camera eye. For example, Six3
is necessary for the patterning of anterior neuroectoderm includ-
ing the retina (Carl et al. 2002), and Lhx2, which is regulated by
Paxé, is also necessary for normal development of the eye, par-
ticularly the retina (Porter et al. 1997).

Ancestral Gene Set of the Camera Eye

To discuss the molecular mechanism of convergent evolution, it
is crucial to determine how many expressed genes in the camera
eye of the octopus were present in the genome of the last shared
ancestor of the two lineages, namely, the common ancestor of
bilateria. The ancestral gene set can be estimated by comparing
the genes that are expressed in the octopus eye with those that
are present in the genomes of deuterostomes and out-group spe-
cies of bilaterians. If octopus genes have homologs in the deu-
terostomes or out-group bilaterians, we can reasonably consider
that such genes should have existed in the last common ancestor
of protostomes and deuterostomes. To estimate the ancestral
gene set for the camera eye, we conducted a similarity search by
comparing the 1052 nonredundant sequences of octopus-eye
ESTs with a total of 1,039,847 genes from the genomes of deu-
terostomes and out-group bilaterian species. As a result, we iden-
tified 1019 out of the 1052 sequences that can be considered as
the putative ancestral gene set for the camera eye at the time of
the divergence of human and octopus lineages (Fig. 4; Supple-
mental Table).

Conservation of Camera Eye-Related Genes

in Extant Animals

Because the genomes of modern bilaterians have diverged from
their ancestral genome, the molecular changes that led to the
evolution of the camera eye in humans and octopuses might be

| 500-480Mya

AcquiTng camera eye OCtOpLISZ camera eye

Other molluscs: various types of eye

Amphioxus: eye spot

Human: camera eye
Acquiring camera eye

Time scale

| ' 640-490Mya
750-570Mya

Figure 2 The phylogenetic evidence of convergent evolution of camera
eyes between humans and octopuses. Each camera eye has different
evolutionary origins.
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Table 1. The Number of Octopus ESTs Obtained in This Study

No. of ESTs

Categories In whole eye® In all libraries®
Total clones® 9489 16,432
Usable clones® 5273 9448
Nonredundant sequences® 1509 2824
Not matched to any protein 898 1772
Matched to protein 611 1052
Function known’ 454h 691
Function unknown? 157 361

A summary of cDNA libraries and EST assembly of Octopus eye.
“The number of ESTs sequenced from cDNA library A (whole eye).
®The number of ESTs sequenced from both cDNA library A (whole
eye) and cDNA library B (eyeball without lens).

“Total number of clones that have been sequenced and reported in
this paper.

9The number of clones obtained after vector-sequence elimination
and quality check.

€The number of nonredundant sequences.

The function “known” represents those sequences that match to
some proteins in the nonredundant protein database.

9The function “unknown” represents those sequences that do not
match to any protein in the nonredundant protein database.
"Indicates the genes that were used in the analysis of the functional
categorization.

‘Indicates the genes that were used in all analyses in this study except
for the functional categorization.

discernable in their genomes. It is possible to speculate on the
evolutionary processes that led to the development of the camera
eye by estimating the genetic changes that occurred in the an-
cestral gene set. The availability of partial or complete genome
sequences for several species has made it possible to estimate
whether or not a particular gene has been conserved during its
evolution. In this study, we use the term “evolutionary conser-
vation” in the meaning that the genes had existed in the com-
mon ancestor of the organisms compared. Thus, we estimated
the number of genes in the putative ancestral gene set for the
camera eye that have been evolutionarily conserved among the
nematode, fly, and human lineages. First, using the 1019 genes in
our proposed ancestral gene set for the camera eye, we conducted
a similarity search to infer homology against all the genes in the
complete genomes of several species. Then, we estimated the
number of genes in the ancestral gene set that had been evolu-
tionarily conserved in the genome. Among the protostomes, we
found that 714, 769, and 777 of the 1019 genes in the ancestral
gene set were evolutionarily conserved in the genomes of nema-
todes, mosquitos, and flies, respectively (Fig. 4). In the case of
deuterostomes, 834 of the 1019 genes were evolutionarily con-
served in the tunicate genome, and 867, 865, and 879 genes were
evolutionarily conserved in the vertebrate genomes of Fugu,
mouse, and human (Fig. 4). Therefore, it is clear that genes from
the proposed ancestral gene set for the camera eye have been
evolutionarily conserved for the vertebrate genome in a higher
proportion than for the insect or nematode genomes.

The Loss of Genes Related to the Camera Eye

As mentioned earlier, vertebrates have camera eyes, whereas in-
sects have compound eyes, although nematodes do not have eye
structures. Investigating the differences in the ancestral genes
that have been conserved in these species, by use of the octopus-
derived ancestral gene set, we determined whether individual
genes might be related to the developmental process and biologi-
cal function of the camera eye. We carried out a similarity search

to infer homology between the ancestral gene set for the camera
eye and genes in the genomes of nematode, mosquito, fly, tuni-
cate, Fugu, mouse, and human. The results showed that 646
genes were conserved commonly among all of the species groups
examined, indicating that these genes might have important
functions. Furthermore, 57, 20, 19, and 7 genes in the ancestral
gene set were conserved exclusively in lineages toward verte-
brates, tunicates, insects, and worms, respectively (Table 3).

We further investigated the loss of genes from the putative
ancestral gene set for the camera eye through the following
analysis. Using the patterns of gene conservation described in the
previous section, each of the gene-loss events was assigned to a
particular branch of the phylogenetic tree. For example, genes
that are conserved between humans and flies but not between
humans and nematodes were considered to have been lost in
nematodes after the divergence of nematode and human lin-
eages. Applying this principle to all of the genes in the proposed
ancestral gene set for the camera eye, we assigned all of the po-
tential gene-loss events to the phylogeny. The results showed
that 305, 250, and 242 of the 1019 genes in the ancestral gene set
(29.9%, 24.5%, and 23.7%) were lost in nematodes, mosquitoes,
and flies, respectively. In contrast, only 142, 144, and 130 of the
1019 genes (12.8%-14.1%) were lost in vertebrates (Fugu, mouse,
and human; Fig. 4; Table 3).

The Function of Camera Eye-Specific Genes

We found that 14 out of 57 genes were found only in octopus
and all the vertebrates examined, suggesting that these genes
might have played indispensable roles of camera
eyes (Table 3; Supplemental Table). Moreover, we found that
five out of the 14 genes were certainly involved in the func-
tion of the camera eyes of humans and octopuses. For ex-
ample, diacylglycerol kinase vy, which is expressed in the
rod outer segment of the retina, was found in humans and
octopuses, but not in the invertebrates examined except octo-
pus (Stohr et al. 1999). For another example, dihydroxyacetone-
phosphate acyltransferase is the peroxisomal key enzyme of plas-
malogen biosynthesis in eye-lens epithelial cells (Thai et al.
1999). This enzyme is also not found in the invertebrates exam-
ined except octopus. Moreover, the gelsolin gene is commonly
expressed in the whole octopus eye and the cornea of humans

Quaties: 1,052 genss DB: 13,303 non-redundant genes

{Non-redundant) Expressed g';ena
= of human eye
of octopus eye from
R BodyMap, MGC and NE|Bank
729 genes
e —— -
Octopus eye Human eye
_‘1‘.05%3' 3,808 genes
genes are commonly expressed.
L T—————
Octopus eye Human connective

1,052 genes 2,430 genes
genes are commonly expressed.

Figure 3 Commonly expressed genes between octopuses and humans.
(A) Comparing 1052 nonredundant genes expressed in octopus-eye ESTs
with the 13,303 gene set (data from NElbank, MGC, BodyMap) ex-
pressed in human eyes, 729 genes were detected as the commonly ex-
pressed genes between octopus and human eyes. (B) In all, 162 genes are
commonly expressed between octopus and human eyes (data from only
BodyMap), whereas only 44 genes are commonly expressed between
octopus eyes and human connective tissue (data from BodyMap).
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Table 2. Functional Categorization Using 454
Nonredundant Sequences

Frequency Nonredundant
Molecular functions (%) (%)

Structural protein
Enzyme

4324 (82.0%)
231 (4.4%)

115 (25.3%)
111 (24.4%)

Ligand binding or carrier 357 (6.8%) 47 (10.4%)
Nucleic acid binding 96 (1.8%) 44 (9.7%)
Ribosomal protein 71 (1.3%) 39 (8.6%)
Transporter 43 (0.8%) 25 (5.5%)
Signal transducer 60 (1.0%) 22 (4.8%)
Enzyme regulator 22 (0.4%) 13 (2.9%)
Obsolete 27 (0.5%) 10 (2.2%)
Chaperone 12 (0.2%) 7 (1.5%)
Defence/Immunity protein 10 (0.2%) 7 (1.5%)
Cell adhesion molecule 6 (0.1%) 5 (1.1%)
Cell cycle regulator 5 (0.1%) 4 (0.9%)
Apotosis regulator 6 (0.1%) 2 (0.4%)
Motor 2 (0.0%) 2 (0.4%)
Chaperone regulator 1 (0.0%) 1 (0.2%)
Total 5273 (100.0%) 454 (100.0%)

The most highly expressed genes are those encoding for structural
proteins, which are essential for the maintenance of cell and organ
structures. In the present study, we used 1509 nonredundant se-
quences that consisted of 5273 clones obtained from “cDNA library A
(whole eye).” This library represents the gene expression of whole
octopus eyes. Of the 1509 nonredundant sequences, we assigned the
molecular function of gene ontology terms to 454 genes, represent-
ing 30% of 1509 genes. The expression frequency for structural pro-
teins is 4324 times in ESTs, whereas the rest of the 949 times are
related to proteins having other functions. Among the expression
frequency of 4324, crystalline genes occupy a large portion, ~40% of
the entire ESTs.

(Xu et al. 2000). The functional validations for the remaining
nine out of the 14 genes remain to be conducted in the future
study.

DISCUSSION

Similarity in Gene Expression of Human
and Octopus Eyes
In spite of the evolutionary divergence between octopuses and
humans, 69.3% of the genes examined (729 of the 1052 genes)
were commonly expressed in the camera eyes of human and
octopus. Moreover, comparison of octopus-eye ESTs with genes
in the human connective tissue indicates that the similarity of
gene expression between human and octopus eyes should be
remarkable. Note that the increase of gene expression similarities
between human and octopus eyes from 15% (162/1052) to 69.3%
(729/1052) is caused by the increase of the EST data set of hu-
man eye from only 3809 ESTs in the database of BodyMap to
13,303 human-eye ESTs in the combined database of NEIbank,
MGC, and BodyMap. This observation suggests that many more
similarities of gene expression between human and octopus
eyes will be observed when the EST data increase further.
Although these 729 genes might contain housekeeping
genes because the 44 genes were also found in the ESTs of hu-
man connective tissues in BodyMap, we found that many more
genes (118 genes) were specific to the camera eye in this case.
Therefore, we suggest that these 729 genes contain genes neces-
sary for the developmental process and biological function of the
camera eye.

From the viewpoint of key genes in eye development, Pax6
has not been found in the octopus. However, a six3 homolog
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was present in the set of octopus-eye ESTs that were identified
in this study. The six3 gene is involved in a downstream part
of the developmental pathway of eye formation controlled by
Pax6. Therefore, it is likely that the Pax6-pathway for eye forma-
tion is conserved in the octopus. These observations imply that
the gene expression patterns in both the eyes of humans and
octopuses are remarkably similar. In other words, the common
ancestor of octopus and human had not only the common mas-
ter regulator, Pax6, but also the ancestral gene set for the camera
eyes.

For several reasons, it is unlikely that all of the genes
expressed in the octopus eye were identified in this analysis.
It is difficult to detect genes that are expressed at a low
level. Moreover, the octopus-eye ESTs were generated ran-
domly from the cDNA libraries, which could have been in-
complete as a result of mRNA degradation. Furthermore,
mRNAs can only be obtained from cells at a particular de-
velopmental stage and time. Therefore, it is obvious that we
cannot describe all of the genes related to the develop-
mental process or biological function of the camera eye us-
ing a sample from an adult octopus. However, even though
the genes used in the present study are only a subset of all
the expressed genes, it is quite possible that the genes having
important roles in the developmental process and biological
function are identified through comparative studies of octopus
eye ESTs.

Had the Origin of the Gene Set for the Camera Eye

Been Formed in the Common Ancestor of Bilateria?

For the evolutionary origin of the gene set working for the cam-
era eye, we observed that 1019 genes existed in the genome of the
common ancestor of the bilaterian animals. Although the mor-
phology of the ancestral eye cannot be inferred from this study,
we were able to provide strong support for the hypothesis that
these genes having had an important role in the function of
camera eyes in both humans and octopuses were present in the
last common ancestor of these two lineages. Taking this obser-
vation into account, we can reasonably contend that the conver-
gent evolution of camera eyes is caused by the already-abundant

The number of ancestral gene set of camera eye* : 1,019

Octopus Nematode Mosquito Fly Tunicate Fugu Mouse Human
1019 714 769 777 834 867 865 879

Figure 4 A scheme to illustrate the number of genes derived from the
ancestral gene set of the camera eye in each species lineage. This topol-
ogy has been accepted by many molecular biologists and developmental
biologists (Schmidt-Rhaesa 1998; Adoutte et al. 2000; Girbet et al. 2000;
Morris 2000; Peterson et al. 2000, 2001). The number of conserved
genes is shown below each species name. The numbers in italic represent
the number of gene loss in each branch. (*) The number of the ancestral
gene set that was obtained from the estimation of homologous genes
between octopus-eye ESTs and the genomes of deuterostomes and out-
group bilaterian species. (**) The number of conserved genes shared
among the ancestral gene set and the genomes of the mosquito and fly
as the representatives of conserved genes in insects. (***) The union of
conserved genes in fugu, mice, and humans as representatives of con-
served genes in vertebrates.
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Table 3. Categorization of Conserved Genes From the Viewpoint of Octopus Eye Genes

Categories Vertebrate Ciona Insects Worm Total
Common genes® 646 646 646 646 646
Vertebrate-specific genes® 57 — — — 57
Ciona-specific genes® — 20 — — 20
Deutoromes-specific genes® 35 35 — — 35
Lost genes only in vertebrate® — 0 0 0 0
Lost genes only in Ciona® 38 — 38 38 38
Lost genes only in insects® 19 19 — 19 19
Lost genes only in worm¢© 104 104 104 — 104
Lost genes in Ciona and worm< 35 — 35 — 35
Lost genes in vertebrate and insects® — 4 — 4 4
Lost genes in Ciona and insects® 7 — — 7 7
Lost genes in vertebrate and worm*® — 6 6 — 6
Conserved genes in out-group of bilateria® — — — — 48
Conserved genes from ancestral gene set 941 834 829 714 1019
Shared genes between octopus and insects® — — 19 — 19
Shared genes between octopus and worm*® — — — 7 7
Shared genes in Protostomes lineage® — — 7 7 7
Shared genes between octopus and other species 94 834 855 728 1052

*Common genes are 646 genes that were shared by all species examined.

bSpecific genes: some of these are genes conserved only in specific lineages, and especially 57 from vertebrate-specific genes, may have been related

to the camera eye.
‘Lost genes are genes that have been lost in the specific lineages.

dConserved genes in out-group of bilateria are genes matched to proteins belonging to the out-group of bilaterian species but that do not match

to proteins belonging to bilaterian species.

°These categories are not included in the ancestral gene set because they seem to have emerged after the divergence of protostomes and

deuterostomes.

presence of the commonly shared genes as the ancestral gene set
and the remarkable similarity of expression profiles of their de-
rived genes.

Moreover, the numbers of conserved genes in insects and
nematodes were less than those in vertebrates; nevertheless, in-
sects and nematodes are more closely related to octopuses than
are vertebrates. This indicates that insects and nematodes have
lost many more genes in their lineages than humans have. On
the other hand, the number of conserved genes in tunicates is
larger than those in insects or worms, even though they also do
not possess the camera eye structure. One of the possible reasons
is that insects or nematodes have lost the genes possibly unim-
portant for their body plans, because these organisms are known
to tend to lose the genes unless they are important (Fig. 3). As we
estimated 1019 genes for ancestral genes for the camera eye,
more than 760 genes were conserved in flies or worms. This con-
servation in flies or worms suggests that not all of these genes
were specific to the camera eye. In the case of conserved genes in
flies or worms, it is possible that these genes derived from the
common ancestral gene set can be used in other organs and cells
such as the photo-sensory system.

To test whether ancestral genes for the camera eye include
duplicated genes after octopus speciation and to evaluate the
influence of such duplicated genes, if any, on the evolutionary
process, we first estimated the number of lineage-specific dupli-
cations in octopus lineages. Then, we subtracted the number of
the possible duplicated genes from the total number of the an-
cestral genes for the camera eye. As a result, we observed that the
number of ancestral genes, the conserved genes in humans, the
conserved genes in flies, and the conserved genes in worms de-
creased from 1019, 879, 777, and 714 to 943, 806, 708, and 660,
respectively, indicating only a small number of decreased genes.
Therefore, the duplicated genes might not affect our discussion
much.

In this study, we assumed the phylogeny in which flies are

closer to worms than vertebrates. However, there is an alternative
hypothesis in which flies are closer to vertebrates rather than
worms (Blair et al. 2002). To test the influence of this alternative
phylogeny on our study, we have computed the number of the
ancestral gene set for the camera eye and the number of evolu-
tionarily conserved genes in the extant animals under the as-
sumption of the alternative phylogeny. As a result, 951 genes
were estimated as the ancestral gene set for the camera eye, and
816, 685, and 768 genes were conserved in humans, flies, and
Ciona, respectively. Therefore, the alternative phylogeny also did
not affect our discussion much.

Furthermore, it is also possible that a bias in the total num-
ber of genes in the database used in the present study would
affect the estimated number of the ancestral gene set for the
camera eye, because humans and mice have many more genes in
the database than flies or worms. However, this possibility can be
reasonably ruled out because we used all the genes deduced in
the complete genome for the species examined in the present
study.

The Evolutionary Role of Gene Loss

There are some reports of gene-loss events in vertebrates (Ruddle
et al. 1994; Nadeau and Sankoff 1997). However, the relation-
ship between gene-loss events and evolutionary formation of
any organ or tissue has been unclear. We found that some of
the genes conserved between humans and octopuses have
been lost in the organisms having no camera eye structures.
This result supports a hypothesis that the genes required for
the development and maintenance of the camera eye were
retained in the vertebrate and octopus lineages, but lost in in-
sects, nematodes, and tunicates. For insects, it is likely that the
genes having functions specific to the camera eye were not im-
portant for the evolution of the compound eye, and therefore
must have been lost from the genome. For nematodes, eye-
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specific genes might also have been lost. Estimation of gene-loss
events from the ancestral gene set allows us to identify genes that
were necessary for the evolution and maintenance of the camera
eye (Fig. 4). Thus, the patterns of gene loss discussed here might
have had an important role in the diversification of the eye. In
the future, these genes are required to have experimental valida-
tion to elucidate the functional and evolutionary roles for the
camera eyes.

Molecular Mechanism of Convergent Evolution

of the Camera Eye

In this study, we used the eye of an adult octopus instead of
octopus eyes at the different developmental stages. This is be-
cause our prime question is to know what kind of gene expres-
sion profiles are maintained in the camera eye between these
distantly related species regardless of the developmental stages.
Even if the master control gene might have dominated the evo-
lution of the eye, it is the first basis to understand all the genes
that are expressed in the camera eyes of an adult form, avoiding
any complications caused by the developmental stages. Thus, it is
important to discuss how distantly related species evolved these
similar organs from the viewpoint of the gene expression profile
of adult eyes. In this context, we have shown that 941 genes are
shared between vertebrates and octopuses. In fact, 879 genes are
shared between humans and octopuses. In contrast, for nema-
todes and insects that are phylogenetically closer to octopuses, a
smaller number of genes (728 and 802 genes, respectively) are
shared with the octopus. This implies that the genes involved in
the development and function of the camera eye were already
present in the shared common ancestor at the time of the diver-
gence of protostomes and deuterostomes. Although we were un-
able to assign function to 1772 genes of the octopus eye exam-
ined in this study, we identified 1052 genes that might have
functions in the development and maintenance of the camera
eye.

Our results indicate that most of the genes, including several
gene pathways necessary for the evolution of the camera
eye, might be shared between human and octopus lineages.
Therefore, there is strong evidence that the evolutionary mecha-
nisms for the camera eyes of humans and octopuses are subjected
to similar gene expression profiles of the commonly conserved
gene set, although the developmental processes of the human
and octopus eyes are a bit different. We believe that these
gene expression similarities could be the bridge of understanding
from the genetic system of eye evolution to the developmental
process of the camera eyes of humans and octopuses. In future
studies, the functional validation of evolutionary events respon-
sible for camera eye formation in both lineages will help us to
understand how the elaborate camera eye evolved from the
primitive eye that must have had the ancestral gene set for the
camera eye.

METHODS

Animals

Octopus vulgaris, a Japanese madako captured from the Suruga
Bay population, which belongs to the phylum Mollusca and class
Cephalopoda, was used for the following studies. It was commer-
cially obtained from the Numazu fish market.

Construction of cDNA Library for the Octopus Eye

We constructed two types of cDNA libraries of the octopus
eye, cDNA library A and B. First, we constructed the cDNA library
(A) from the whole part of the octopus eye for studying a gene
expression profile in an octopus adult eye. A whole eye is
composed of eight different tissues; cliary body, fovea, iris, retina,
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lens, cornea, supporting muscle, and optic nerve. The cDNA
library A (whole eye) has been expected to reflect the frequencies
of different mRNAs of adult octopus eyes in vivo. Second,
the mRNAs extracted from a whole eye of octopus without a
retina and a lens were used for the construction of the
cDNA library B. The purpose of constructing the cDNA library B
(eyeball without lens) is to increase the nonredundant EST se-
quences of octopus eye because the cDNA library A (whole eye)
contains many redundant clones due to the highly expressed
genes such as crystalline genes. We sequenced 5'-ESTs of 9489
clones and 6943 clones from the “cDNA library A (whole eye)”
and “cDNA library B (eyeball without lens),” respectively. Finally,
we merged the EST data of these two cDNA libraries into a single
set of EST data, so that we successfully obtained as many nonre-
dundant sequences as possible for the comparative analysis
(Table 1).

Making Nonredundant Sequences
and Assembling Sequences

Nonredundant sequences were constructed through EST assem-
bling for the extending sequences, and gene expression frequen-
cies were calculated in the following protocol. First, EST se-
quences produced by the ABI 3700 sequencer were translated
into a FASTA format from chromatogram files using Phred and
Phd2fasta (Ewing et al. 1998). The quality value of each nucleo-
tide was also calculated. Vector sequences were then screened out
by cross-match (Ewing et al. 1998), and low-quality sequences
were eliminated by Quality Checker, which we developed. As a
threshold, the quality value of <20 was adopted as the critical
threshold, meaning that a reliability of 90% was guaranteed at
the sequence level. In the next step, the gene-clustering method
using BLASTCLUST (Altschul et al. 1990) was conducted to ob-
tain a rough estimation of clusters containing similar sequences.
ESTs belonging to a certain cluster are expected to share the com-
mon ancestor, whether these ESTs could be a part of the same
sequence or belong to the same gene family. The minimum
length coverage of <0.3 and similarity threshold of <0.3 were
used as criteria for the estimation of gene clusters. For each gene
cluster, we assembled sequences using Phrap (Ewing et al. 1998).
The number of genes belonging to a particular gene cluster can
be considered to be its gene expression frequency. We classified
the genes into two categories; (1) a category for contigs belonging
to clusters and used for making assembled sequences, and (2) a
category for orphans belonging to none of the clusters. The
above-mentioned protocol was systematically performed using
both Perl and shell scripts.

Homology Search

BLASTN was used for making nonredundant data sets, assem-
bling the sequences, and clustering the genes. TBLASTX was also
used to find homologous sequences among remotely related spe-
cies such as octopus and human. The threshold value, ¢ — 04,
was used in the following studies because we found this value the
best after the reliability test of this threshold value when chang-
ing the e-value from ¢ — 03 to e — 100.

Functional Annotation

Functional annotation has been conducted as follows: We con-
ducted homology searches using the nonredundant data set of
the octopus-eye ESTs that were obtained from all the cDNA li-
braries constructed. Gene ontology was used for categorizing oc-
topus-eye ESTs. Gene ontology is defined by the Gene Ontology
Consortium (Ashburner et al. 2000; The Gene Ontology Consor-
tium 2001). Gene ontology includes three categorizations with
respect to gene function: (1) molecular function, (2) biological
process, and (3) cellular component. We adopted the molecular
function for categorizing genes of the octopus eye. Investigation
based on PubMed was conducted for the functional categoriza-
tion of octopus-eye ESTs. The gene annotation system was con-
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structed as follows: ESTs having homology to known proteins
with a probability of ¢ — 04 and sequence overlap of 70% were
defined as “known proteins.” ESTs having homology to un-
known proteins with a probability of ¢ — 04 and sequence over-
lap of 70% were defined as “unknown proteins.” Other ESTs were
considered as no-match ESTs.

Databases for Gene Expression in the Human Eye

BodyMap is the project for identifying the genes expressed in
human cells categorized by tissues (Okubo et al. 1992). The cDNA
clones in all the libraries have been sequenced from the 3'-
regions. To compare the expressed genes between human and
octopus eyes, using the BodyMap data and the human genome
sequence data, we obtained ~1800 genes that were expressed in
human eyes (retina, cornea, etc.). MGC, the Mammalian Gene
Collection (Strausberg et al. 1999) maintained by NIH, also has
a similar data set of genes expressed in several kinds of human
tissues. All the data have references to the full-length cDNA
database. To compare the expressed genes between human and
octopus eyes, using the MGC data, we selected 1200 genes
that were expressed in the human eye. NEIbank, maintained by
the National Eye Institute, one of the NIH divisions (USA),
contains data for several new human-eye cDNA libraries (Graeme
2002). This databank includes a tissue-separated database of
Ciliary Body, Cornea, Fovea, Iris, Lens, Optic Nerve, Retina,
RPE Choroids, Trabecular Meshwork, and others. In the compara-
tive analyses of gene expression using BodyMap data, we used
retina, corneal endothelium, cornea, and iris as human-eye ESTs.
We also used fat, aorta, osteoblast, reaming bone, fibroblast, itoh
cell, mesangial cell, and muscle as human-connective-tissue
ESTs.
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