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Extant  vertebrates  are  divided  into  the  two  major  groups,  cyclostomes  and  gnathostomes  (jawed  ver-
tebrates).  The  former  includes  jawless  fishes,  hagfishes  and  lampreys,  and  the  latter  includes  all  extant
jawed  vertebrates.  In many  research  fields,  the  phenotypic  traits  of the  cyclostomes  have been  consid-
ered  crucial  in  understanding  the evolutionary  process  from  invertebrates  to vertebrates.  Recent  studies
have  suggested  that  the  common  ancestor  of the  extant  vertebrates  including  hagfishes  and  lampreys
underwent  two-round  of whole  genome  duplications,  and  thus  the genome  expansion  solely  does  not
account  for phenotypic  differences  between  cyclostomes  and gnathostomes.  Emerging  evidence  from
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econdary gene loss molecular  phylogeny  of  individual  gene  families  indicates  that  the gene  repertoire  expanded  at  the  com-
mon  ancestor  of  vertebrates  were  later  reshaped  asymmetrically  between  the  two  lineages,  resulting  in
the  retention  of differential  gene  sets.  This also confuses  interpretation  of conserved  synteny  which  often
serves  as  indicator  of orthology  and  the ploidy  level.  In  this  review,  current  controversy  and  future  per-
spectives  of cyclostome  genomics  are  discussed  with  reference  to  evolutionary  developmental  biology.
© 2012 Elsevier Ltd. 
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. Introduction

After agnathan (jawless fish) lineages diverged, one of them

of vertebrates, some representatives of cyclostomes, among only
around 100 species, have been analyzed in various fields includ-
ing immunology, endocrinology, neurobiology, and developmental

Open access under CC BY-NC-ND license.
volved into gnathostomes (jawed vertebrates) that now consists
f more than 50,000 species [1]. Two of the jawless fish lineages
ave survived to date and are called hagfishes and lampreys, both
lassified into Cyclostomata [2]. As the earliest extant lineages

Abbreviations: WGD, whole genome duplication; RAR, retinoic acid receptor;
OI,  cytochrome oxidase I; Hb, hemoglobin; Mb,  myoglobin; GbY, globin Y; GbE,
lobin E; Cygb, cytoglobin.
∗ Tel.: +81 78 306 3331.

E-mail  address: shigehiro-kuraku@cdb.riken.jp

084-9521 © 2012 Elsevier Ltd. 
ttp://dx.doi.org/10.1016/j.semcdb.2012.12.009

Open access under CC BY-NC-ND license.
biology. It is often expected that phenotypic traits of cyclostomes
could be similar to the ancestral state of vertebrates. Some pheno-
typic traits of cyclostomes have recently been molecularly reana-
lyzed, and for example the vertebrae of adult hagfish were revealed
to have been secondarily lost in its unique lineage [3]. This evokes
caution in interpreting the evolutionary process of phenotypic
traits of cyclostomes which have been considered to be ancestral

to all extant vertebrates (see [4]). Maximum parsimony, a typical
strategy in evolutionary reconstruction, might not hold particularly
in this case. Interestingly, recent molecular phylogenetic studies is
evoking a similar caution that the maximum parsimony does not

https://core.ac.uk/display/82078132?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.semcdb.2012.12.009
http://www.sciencedirect.com/science/journal/10849521
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mailto:shigehiro-kuraku@cdb.riken.jp
dx.doi.org/10.1016/j.semcdb.2012.12.009
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


1 elopmental Biology 24 (2013) 119– 127

h
f
i
l
m
i
c

2
m

m
s
w
h
m
b
o
t
t
A
t
b
t
i
i
c
B
w
b
c
t
b
s
t

3

d
t
r
b
g
a
b
s
f
g
p
c
t
t
m
t
c
p

t
s
a
t
s
T

Fig. 1. Schematic illustration of hidden paralogy. (A) Hypothetical situation in which
two  species (Species 1 and 2) have the same set of genes (Gene X and Y) that were
duplicated before the speciation between the two species. (B) Phylogenetic tree
without any obvious gene duplication. If only one gene is sampled from each species
without exhaustive sampling, they might not be orthologous to each other. (C) Pos-
sible explanation of the tree topology in B. Misidentification or loss of Gene Y of
Species 1 and Gene X of Species 2 occurred, and thus the situation B represents
paralogy between Gene X of Species 1 and Gene Y of Species 2.

Fig. 2. Possible hidden paralogy in teleost fish gene phylogeny. (A) This gene tree,
containing four selected teleost species, is consistent with their relationships in the
species tree [15–17]. (B) The hypothetical tree showing the possibility that gene
20 S. Kuraku / Seminars in Cell & Dev

old in molecular phylogeny of some gene families. This review is
ocused to provide a synthetic hypothesis that secondary changes
ntroduced uniquely in the cyclostome lineages might be under-
ying the genetic basis of these animals. Those secondary changes

ay be preventing clear-cut inference of the status of cyclostomes
n the genome expansion as well as orthology assignment between
yclostomes and gnathostomes at the single gene family level.

. Molecular phylogeny as prerequisite of comparative
olecular biology

Molecular phylogenetics is one of the fundamental tools in
olecular biology to set up the basis for cross-species compari-

on – it tells us what gene in one species should be compared with
hat gene in another species. In search of the molecular basis of
omology in a phenotypic trait, it is expected that a homologous
olecular program, consisting of the set of orthologs conserved

etween the species, is underlying. On the other hand, in the quest
f the molecular trigger of phenotypic novelty, one is prompted
o identify the pair of orthologs whose function is associated with
he altered phenotype and then scan it for any alteration in them.
lteration of cis-regulation has been the typical target of such inves-

igation [5],  while some phenotypic changes could be explained
y alteration in protein-coding regions [6].  In both cases, pheno-
ypic evolution is assumed to be triggered by a molecular change
nvolving no gain and loss of genes. Whole genome sequencing
s, however, now expanding the possibility to change this classi-
al norm. Gene duplication and loss are rampant during evolution.
efore genome-wide sequence information became available, it
as technically impossible to identify critical changes in gene num-

er responsible for phenotypic evolution. Nowadays, although still
hallenging, accumulating sequence information is paving the way
o comprehensive genome-wide comparison of gene repertoire
etween species. For example, recent careful assessment in diverse
pecies is revealing many probable cases of gene loss even within
he gnathostome lineage [7–9].

. Hidden paralogy

Misunderstanding of paralogy as orthology is referred to as ‘hid-
en paralogy’ (Fig. 1; [10,11]). Examples documented so far include
he zebrafish Emx3 gene (reviewed in [12]): this gene was originally
ecognized as the zebrafish ortholog of mammalian Emx1 genes,
ut later turned out to be the ortholog of the Emx3 gene [13,14]. In
eneral, there are several typical factors that can lead to hidden par-
logy. First, gene duplication serves as the source of multiple genes
etween which one should infer orthology or paralogy (Fig. 1). The
econd factor is the effect of incomplete sequence data set, resulted
rom secondary gene loss or incomplete sequencing of relevant
enes. In an old-fashioned targeted PCR-based strategy, genes with
articular features, such as rapid-evolving genes with low sequence
onservation, could often escape from the search. Moreover, it is not
rivial to identify genes with low expression levels and limited spa-
iotemporal signatures. This issue remains challenging even with

odern approaches involving deep sequencing. Third, incomplete
axon sampling (namely, inclusion of a limited number of species)
an increase the chance to cause misidentification of orthology and
aralogy.

A hypothetical illustration of hidden paralogy regarding the
eleost gene phylogeny is presented in Fig. 2. Phylogenetic relation-
hips between the major teleost fish lineages have been shown with
 number of genes [15–17].  It is known that whole genome duplica-
ion (WGD) occurred in the basal teleost fish lineage, and thus many
ingle human genes have two orthologs in teleost fish genomes.
his event is termed ‘third round (3R) whole genome duplication’

loss  occurred in an asymmetric pattern between Otocephala and Euteleostei, and
that  the zebrafish gene is paralogous to the genes from the other three species in
Euteleostei.
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Fig. 3. Two  study systems in vertebrates involving whole genome duplication. (A)
Actinopterygian fish evolution with the third round (3R) genome duplication in the
teleost fish lineage. Phylogenetic relationships of the included fish groups are based
on  previous publications [20,21,60,61]. (B) Chordate evolution with the two-round
(2R) genome duplications early in the vertebrate lineage. Phylogenetic relationships
of the included species are based on previous publications [61–64]. Species numbers
included in (A) and (B) are based on [1].  The numbers of the protein-coding sequence
entries are based on NCBI Protein database (as of November 1, 2012). In both A and B,
lineages that diverged after the WGD  with less molecular sequence information are
shown in grey. Molecular phylogenetic analyses including genes from these lineages
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However, currently available information for some gene fam-
equire special attention to possible hidden paralogy (see text).

r ‘teleost-specific genome duplication (TSGD)’ [18,19].  Given that
olecular phylogeny is inferred with genes on the nuclear genome

hat are prone to duplications, its tree topology which happens to
e consistent with the relationship among the species included
Fig. 2A) should not be readily interpreted as evidence of orthol-
gy. It is because an asymmetric pattern of post-duplication gene
oss between the Otocephala (including zebrafish) and Euteleostei
including medaka, stickleback and pufferfish) might have resulted
n the tree topology consistent with their species phylogeny
Fig. 2B). In reality, hidden paralogy could not frequently occur
mong this set of species, for there was likely a relatively long
volutionary period (>50 million years) between the 3R genome
uplication event and the Otocephala–Euteleostei split [15]. It is

ikely that most genes duplicated in the 3R genome duplication
ould have fixed their fates before the Otocephala–Euteleostei
plit, and that the genes that survived until this time point should
ikely have been retained in both lineages. In fact, there are a
ew extant lineages (Osteoglossomorpha and Elopomorpha) that
iverged before the Otocephala–Euteleostei split [20,21]. These

ineages might exhibit unique patterns of gene retention in com-

arison with the Clupeocephala lineage (Fig. 3A). This study system

ncluding teleost fishes serves as a simplified model, analogous
o the system involving cyclostomes. However, the latter offers
ental Biology 24 (2013) 119– 127 121

more challenging questions as the genome expansion was achieved
through two-round process and occurred in an older age.

4. Factors making cyclostome gene phylogeny problematic

4.1. ‘Duplication before speciation’ at the genomic scale

After the invertebrate chordate lineages, namely cephalochor-
dates and urochordates diverged, two round (2R) of whole genome
duplications occurred in the early vertebrate lineage ([22,23]; also
see papers accompanying in this issue). It is widely accepted that
this genome expansion was  completed before the chondrichthyan
lineage diverged [24,25]. The major controversy is whether it was
already completed before the cyclostome lineage diverged. In 2009,
the scenario supporting ‘post-2R cyclostome’ (Fig. 3B) was pro-
posed based on a systematic molecular phylogenetic analysis on
55 individual gene families [26]. Of those, the color opsin gene
family and retinoic acid receptor (RAR) gene family provided evi-
dence of the ‘post-2R cyclostome’ scenario. It was  remarkable that
gene sampling in cyclostome species was  thoroughly performed
for these gene families, which yielded more information for the
phylogenetic analysis at higher resolution.

Regardless of the exact timing of the genome expansion, the
expansion of gene repertoire was genome-wide, and this study sys-
tem thus provides an enormously intricate natural experiment in
which simultaneous modifications in a number of individual gene
families could have contributed to phenotypic evolution. One tech-
nical issue in dissecting the effect of the whole genome duplication
is the erroneous inclusion of concomitant small-scale duplications
(e.g., tandem duplication and retroposition). In the previous study
[26], gene families including multiple members that duplicated in
early vertebrate evolution and are located on the same chromo-
some were excluded from the data set. Considering chromosome
rearrangements in a long subsequent evolutionary period, traces
of tandem duplications might have been erased for many genes. As
our attention can only reach the traces retained in the genome of
extant species, it is crucial to detect secondary changes introduced
after the genome expansion and adequately reconstruct the evolu-
tionary process.

4.2. Differential gene loss and gain resulting in asymmetric gene
repertoire

The second factor introduced above as typical cause of hidden
paralogy is the contraction and further expansion of gene repertoire
once expanded in the ancient duplication. Although loss of a dupli-
cate gene has been formulated as one of the typical fates after gene
duplication [27], there are not many reports about the detection
of gene loss because it requires fine-scale genome-wide confirma-
tion and cross-species comparison. Currently, the limited sequence
resources for cyclostomes do not allow conclusive studies. Genome
sequencing for the sea lamprey (Petromyzon marinus) was per-
formed but did not use the germ-line genomic DNA which should
be free from the programmed loss of DNA recently documented
[28]. Moreover, the output of this genome sequencing project, pub-
licly available at the Ensembl database, covers only about 10,000
protein-coding genes. This extremely small number for a vertebrate
genome (see [29] for typical gene numbers) indicates that the diver-
gent nature of protein-coding genes in this genome [30] possibly
caused a massive number of false negatives in the automated gene
prediction pipeline.
ilies provides marked tendency. In the globin gene family, gene
sampling for both hagfishes and lampreys have been performed
intensively since the dawn of molecular evolutionary studies
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Fig. 4. Asymmetric repertoire of vertebrate globin genes. The relationship between the different globin subtypes is shown on the left, following the previous publication
[65].  Based on the molecular phylogeny inferred in the previous study by Hoffmann et al. [38], cyclostome genes identified to date are considered orthologous to gnathos-
tome  cytoglobins. Numbers of the genes categorized in different globin subtypes shown in the colored boxes are based on the information in Ensembl Genome Browser
(http://www.ensembl.org/),  except for the inshore hagfish and houndshark whose sequence entries are found only in GenBank. The boxes are colored with intensities pro-
portional to the gene number. It should be noted that the split between �- and �-hemoglobins was  caused by tandem duplication after the 2R whole genome duplication
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hose  trace is retained in the genomes of amphibians and actinopterygian fishes [66

31–33].  The members of this gene family identified in gnathos-
omes are divided into hemoglobins (Hb; oxygen transporter in
ed blood cells), myoglobin (Mb; oxygen storage protein in mus-
le), and other subtypes including cytoglobin (Cygb), globin Y (GbY)
nd globin E (GbE). Based on their chromosomal location in some
nathostome genomes, it was suggested that the 2R whole genome
uplication resulted in four synteny blocks, three of which contain
b, Mb,  and Cygb, respectively [34]. The family members identified

or hagfish and lamprey were initially recognized as orthologous
o gnathostome Hb [35,36] or Mb  [32], but were later suggested
o be paralogous to both of them [37], presenting another exam-
le of hidden paralogy. To date, four hagfish globin genes and six

amprey ones at most in a single species have been identified, and
re placed most closely to gnathostome Cygb [38] (Fig. 4). The
nsembl database reports more than 10 lamprey genes that seem to
ave been duplicated uniquely in this lineage (Fig. 4). It seems that
he cyclostome globin genes are orthologous to gnathostome Cygb
enes and underwent explosive lineage-specific gene duplication
fter the cyclostome–gnathostome split. Although not conclusive
ecause of the incomplete genome sequencing, there might be no
rtholog of Hb, Mb,  GbE, or GbY retained in the cyclostome genomes
Fig. 4). In summary, while information for cartilaginous fish is
till limited, the globin gene family exhibits remarkable asymme-
ry of gene repertoire between gnathostomes and cyclostomes.
he pattern marked with secondary changes of gene repertoire
n the cyclostome lineage is seen in some other gene families
e.g., [39]).

In contrast to the globin gene family, the opsin and RAR gene
amilies mentioned above does not exhibit marked asymmetry. In
hese families, gene sampling from cyclostome species was simi-
arly intensively performed, but each cyclostome duplicate tend to
how one-to-one orthology to a gnathostome duplicate [26,40]. It is
 subject of future investigation to reveal how frequently the asym-
etric pattern of duplicate retention is observed when reliable

enome-wide comparison between cyclostome and gnathostome
ecomes feasible.
reviations: WGD; whole genome duplication; 2R; two-round; 3R; third round WGD.

4.3. Poor diversity of extant cyclostome species

Poor taxon sampling was raised above as the third factor that
can confuse orthology inference. In other words, inclusion of more
species could allow retrieval of the genes that later underwent
loss or duplication in another particular lineage. In the gnathos-
tome lineage, to overview the entire protein-coding landscape, we
have an access to a mass of information from dozens of species
with sequenced genomes. In contrast, cyclostomes inherently have
much lower species diversity (≈100 species; Fig. 3), only one
of which was subjected to genome sequencing. There is no cos-
mopolitan cyclostome species, and therefore molecular sequence
information concentrates on several species endemic to the North-
ern Hemisphere. Fig. 5 shows a molecular phylogenetic tree of the
mitochondrial cytochrome oxidase I (COI) gene for cyclostomes. The
only hagfish species endemic to the Southern Hemisphere in this
tree, Notomyxine tridentiger and Myxine australis (southern hag-
fish), are placed inside the clade comprised of Northern Hemisphere
species of the genera Eptatretus and Myxine (Fig. 5). Importantly,
the entire diversity of modern hagfishes is estimated to have been
achieved within only 100 million years. Among lampreys, Southern
Hemisphere species of the genera Mordacia and Geotria are placed
phylogenetically outside the Northern Hemisphere clade (Fig. 5), as
previously shown [41]. Lamprey species endemic to the Northern
Hemisphere seem to have diversified later in a short period of time,
as suggested in a previous study ([41]; Fig. 5). Overall, although
some key species, especially those in the Southern Hemisphere,
remain to be explored for more molecular data, the species diversity
in extant cyclostomes and its evolutionary time scale seem to leave
long branches within which no intermediate state can be captured
by any extant species for both hagfish and lamprey lineages.

Interestingly, relatively small numbers of extant species and

molecular sequences available in sequence databases are also the
case with the early-branching teleost lineages, Osteoglossomorpha
and Elopomorpha (Fig. 3A). This aspect, together with their diver-
gence shortly after the 3R WGD, should make it similarly difficult to

http://www.ensembl.org/
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Fig. 5. Molecular phylogeny of cytochrome oxidase I (COI) gene covering the entire
cyclostome clade. The tree was inferred based on a nucleotide sequence dataset (616
nt) with the maximum-likelihood method using the program PhyML [67] assuming
the  GTR + � 4 model. The monophyletic groups of hagfish and lamprey are rooted
by  each other. The included sequences were derived from several DNA barcoding
projects [68,69] and retrieved from the NCBI Nucleotide database. Sequences with
ambiguous nucleotide bases or with largely truncated ends were excluded from the
alignment built with MAFFT [70]. A blue bar indicates a monophyletic group. When
a  monophyletic group contains multiple species intermingled with each other,
ental Biology 24 (2013) 119– 127 123

confidently infer orthology of genes from these two  teleost lineages
(e.g., [42,43]).

5. Impact on the relationship between hagfish, lamprey
and jawed vertebrates

In relation to whole genome duplication, this review is origi-
nally aimed to discuss molecular phylogeny of gene families, rather
than species phylogeny. Still, the discussion is tightly associated
with the dispute over the relationships between hagfish, lamprey
and gnathostomes. Morphological examination usually supported
the closer relationship of lampreys with gnathostomes [44,45]
(Fig. 6A), whereas molecular data tend to support the hagfish-
lamprey grouping (Fig. 6C; reviewed in [46]). Given that genes in
the nuclear genome are employed in the analysis aimed to address
the question regarding the species phylogeny, hidden paralogy can
mislead our inference. For example, the gene tree supporting the
hagfish-lamprey grouping (Fig. 6C) does not readily support the
monophyly of cyclostomes in the species tree, taking into account
the possibility of differential loss of duplicates, based on the dif-
ferent species tree (Fig. 6D). As the majority of gene families have
suggested the tree topology in Fig. 6C, the results of some gene fam-
ilies supporting the topology in Fig. 6A should be explained by the
differential loss of duplicates (Fig. 6B).

The modern strategy to infer species phylogeny at the genomic
scale, so-called ‘phylogenomics’, have been applied to address some
longstanding questions regarding species phylogeny (e.g., [47]).
Because of the lack of large-scale sequence resource particularly
of hagfish, the dispute over the relationship of cyclostomes has
not been a main subject in such a study (see [48]). Even when
the phylogenomic data set becomes available, the closest atten-
tion should be paid to hidden paralogy in it, in order not to mislead
the conclusion.

6. Impact on synteny analysis: how can the whole genome
sequencing help?

Patterns of gene location on duplicated genomic regions
(termed ‘conserved synteny’) often provide clear-cut traces of
whole genome duplication (e.g., [49–51]): simple count of dupli-
cated genomic regions indicates the ploidy level (see [52]). For
example, conserved synteny in teleost fish genomes provided firm
evidence of additional WGD  in its basal lineage [19]. Moreover,
conserved synteny can provide crucial information for orthology
assignment (e.g., [53]): the similarity in the pattern of gene reten-
tion in a synteny block conserved between species is expected
to indicate orthology. For example, the orthology between mouse
HoxB cluster and chicken HoxB cluster is inferred by their common
lack of paralog groups 10, 11 and 12 [54]. Therefore, whole genome
sequencing, producing a huge amount of synteny information, has
been expected to address the long-standing question regarding the
timing of WGD  and cyclostome–gnathostome gene orthology in
individual gene families.
However, cyclostomes could offer problems in practicing this
genome-scale expectation as well as in the small-scale demand of
addressing molecular phylogeny. Possible results of synteny anal-
ysis involving a cyclostome genome are illustrated in Figs. 7 and 8.

the species names are listed. It should be noted that species identification is not
necessarily correct, and thus that it possibly causes polyphyly of some species (e.g.,
Ichthyomyzon gagei, Lampetra planeri). Lethenteron japonicum has been renamed
into Lethenteron camtschaticum in the NCBI Taxonomy database. One finding in this
tree is that Myxine australis and Notomyxine tridentiger,  two Southern Hemisphere
hagfish species with no other molecular sequence data (indicated with arrows), is
nested within the clade consisting of two Northern Hemisphere genera, Myxine and
Eptatretus.
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Fig. 6. Impact of hidden paralogy on the relationships between hagfish, lamprey and gnahostomes. This hypothetical figure depicts the caution in interpreting the molecular
phylogeny of gene families prone to gene loss. (A) Phylogenetic tree suggesting the closer relationship of lamprey to gnathostomes than to hagfish. (B) The tree topology in
(A)  may  be explained by hidden paralogy. Cyclostomes show monophyletic relationship, and each of the hagfish, lamprey and gnathostome lineages lost one gene (indicated
with  ‘X’) after gene duplication (grey diamond). (C) Tree suggesting the closer relationship of lamprey to hagfish than to gnathostomes, that is, monophyly of cyclostomes.
(D)  The tree topology in C may be explained by asymmetric loss of the duplicates, on the basis of the paraphyletic relationships of cyclostomes. As a consequence of the
asymmetric gene loss, the resultant tree topology erroneously suggests the relationship inconsistent with species tree. In order to avoid such misidentification, it is advised
to  perform thorough gene sampling, at least in gnathostome species whose sequence resources are abundant, including cartilaginous fish which diverged before the relevant
genes  get lost.

Fig. 7. Hypothesized situation in which synteny analysis can help orthology assignment. (A) Evolutionary scenario in which the cyclostome lineage diverged after 2R WGDs
and  following gene loss. Consequently, gene repertoire and thus synteny compositions are identical between gnathostome and cyclostome. In this case, synteny analysis can
address  the question about the timing of whole genome duplication and helps orthology identification of gene arrays and also individual genes, between gnathostome and
cyclostome. (B) Deduced molecular phylogenetic trees for Family 1–5 in A. These trees show pairs of one-to-one orthologs (black circles on the node) between gnathostome
and  cyclostome, which is seldom observed in reality.
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Fig. 8. Hypothesized situation in which asymmetric gene retention confuses orthology assignment. (A) Alternative evolutionary scenarios about synteny conservation
according to different timings of the cyclostome divergence. If the cyclostome lineage diverged after 2R WGD  but before the fate of the duplicates become fixed (‘Post-2R
cyclostome’), the cyclostome synteny blocks would have little similarity in gene composition to gnathostome counterparts (‘*’), because asymmetric gene loss between the
two  subsequent lineages could have erased the signatures of orthologous gene arrays. Remarkably, an alternative scenario that the cyclostome diverged between the first
and  second round of WGD  (‘Post-1R cyclostome’) could result in a similar or identical pattern to the consequence of the former scenario (‘Post-2R cyclostome’), as indicated
by  the comparisons with ‘**’ or ‘***’. The only clue to distinguishing these two  would be the gene repertoire and their phylogenetic relationships in Family 5 which shows
little  asymmetry in gene repertoire. This indicates that under the assumption of asymmetric gene loss it is difficult to infer the timing of the divergence of the cyclostome
lineage and reliably assign orthology between multiple syntenic regions of gnathostome and cyclostome. (B) Deduced molecular phylogenetic trees of Family 1–5 in (A). It
is  of note that the cyclostome–gnathostome clades without black circles on the node are occurring because of hidden paralogy (see Section 3). It is also remarkable that the
sampled number of cyclostome genes is smaller than that of gnathostome counterparts that could be sampled in far more diverse species. In reality, the difficulty would be
e f gene
l

I
g
i
f
m
p
t
a
g
R

t
r
g
t
l
g

ven  further enhanced than illustrated in this figure by secondary rearrangement o
ineage-specific sequence properties, for example, in lampreys [30].

f the cyclostome–gnathostome split occurred after the pattern of
ene loss is established (Fig. 7A), the gene composition should be
dentical or similar between cyclostome and gnathostome genomes
or each syntenic region. This should likely allow clear-cut assign-

ent of orthologous clusters. The deduced topologies of molecular
hylogenetic trees for the hypothetical gene families involved in
his case are depicted in Fig. 7B, but in reality it is rare to be
ble to retrieve one-to-one relationships between cyclostome and
nathostome, to the author’s knowledge, except for the opsin and
AR gene families [26].

In contrast, even under the ‘post-2R cyclostome’ condition, if
he cyclostome and gnathostome lineages underwent asymmet-
ic gene loss (Fig. 8A), it could be difficult to detect similarity in

ene composition in any pair of cyclostome and gnathostome syn-
eny regions (an asterisk in Fig. 8A). Especially if the cyclostome
ineage was to undergo more frequent gene loss, its resultant
enome could even exhibit similar gene composition to what is
 order and incompatibility of conventional phylogenetic reconstruction method to

expected with the cyclostome divergence before the 2R WGD  (dou-
ble asterisks in Fig. 8A). The similarity could further increase, if
additional WGD, previously suggested [55–57],  occurred uniquely
in the cyclostome lineage, followed by loss of the duplicates (triple
asterisks in Fig. 8A). Whichever hypothetical scenario is closer to
the real evolutionary history, the distinction between these alter-
native scenarios in Fig. 8 is not evident. Importantly, the key to
inferring the ploidy level and identifying orthologous syntenic
regions should be exhaustive gene sampling, as indicated by ‘Fam-
ily 5’ in Fig. 8 with the almost full set of the duplicates (also see
below).

As an attempt to infer orthology using synteny information, the
globin phylogeny, mentioned above (see Section 4.2 and Fig. 4),

is here revisited. Molecular phylogenetic analysis previously sug-
gested orthology of the cyclostome globins to the gnathostome
Cygb ([38]; Fig. 4), but can this be confirmed by synteny informa-
tion? A typical procedure is to identify genes localized closely to
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ygb in multiple gnathostome genomes, search for the orthologs
f the neighboring genes in a cyclostome genome, and verify the
inkage between them and the cyclostome globin genes, the pos-
ible orthologs of the gnathostome Cygb. This attempt, however,
eems infeasible, primarily because the identification of cyclostome
rthologs of the neighboring genes would not be unambiguously
erformed for the reason mentioned above concerning asymmetric
ene loss (see Section 4.2). Because the expansion of the gene reper-
oire encompassed the whole genome, the ambiguity of orthology
aused by the possible asymmetric gene retention (illustrated in
ig. 8) might also be genome-wide and thus synteny block-wide.
bviously, the typical strategy to refer to orthology of neighboring
enes should not be reliable, if the orthology of the neighbor-
ng genes itself is ambiguous. Moreover, the multiplicity of the
yclostome orthologs of Cygb would not allow clear-cut compari-
on of syntenic regions, and the linkage of the genes in the different
ene families could not be verified because of secondary chro-
osomal rearrangement in the cyclostome lineage or incomplete

equencing of the genomic region of interest.
In general, synteny analyses have provided reliable clues to

olecular phylogeny, but in this particular case involving hith-
rto unseen challenges, we are urged to adopt an alternative
trategy. In the previous study, molecular phylogeny of the color
psin gene family served as the major evidence for the ‘post-2R
yclostome’ scenario [26]. As mentioned above, this gene family
llowed exhaustive gene sampling in lampreys and also exhibited
heir robust one-to-one orthology to the gnathostome counterparts
exactly as ‘Family 5′ in Fig. 8). From the viewpoint of compara-
ive physiology, it is intriguing to understand why this gene family
xhibits the clear-cut cyclostome–gnathostome orthology [58]. It is
ossible that the different opsin subtype genes, duplicated in WGD,
apidly became functionally differentiated. They probably accumu-
ated subtype-specific signatures in their sequences, shortly after
he WGD, which now serves as distinct signals in phylogenetic
econstruction. Those genes should likely be retained in the genome
or a long time because of their critically differentiated roles. In
xtracting significant information from whole genome sequencing
f cyclostomes, a promising strategy, alternative to synteny anal-
sis, could be the genome-wide search of more gene families with
uch distinct phylogenetic signals.

. Perspectives

To dissect problems in understanding genome evolution in early
ertebrates, three factors: (1) whole genome duplication, (2) asym-
etric gene repertoire and (3) poor taxon sampling, has been

resented as systematic problems in cyclostome gene phylogeny.
emarkably, the situation is parallel with the other study sys-
em of early teleost fish evolution. However, addressing questions
ssociated with the early vertebrate evolution should be more chal-
enging, given the more ancient timing of the genome expansion
nd the fact that the expansion was achieved through two succes-
ive events.

The author’s teams have analyzed molecular phylogeny of a
umber of gene families and have supported ‘cyclostome mono-
hyly’ and ‘post-2R cyclostome’. However, it should be admitted
hat some gene families exhibit incongruent results. For example,
revious studies on the Emx  [57] and Irx gene families [59] con-
luded that WGD  occurred in the gnathostome lineage after the
plit of the cyclostome lineage. For both lines of discussion, namely
egarding species tree and gene tree, it is possible that hidden paral-

gy accounts for the incongruences, and exhaustive gene sampling
nvolving more cyclostome species is urgent for reanalysis.

Apart from the interpretation of molecular phylogeny, the
ossibly frequent asymmetric gene retention presents an

[

[
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interesting biological insight. First, some of the phenotypic
differences between cyclostomes and gnathostomes (for example,
the jaw) could be explained by differential loss of genes duplicated
in WGD. This could be extended to explain the difference between
hagfish and lamprey (for example, the loss of vertebrae in adult
hagfish). Second, even if there is no marked difference in a par-
ticular phenotypic trait between cyclostomes and gnathostomes
(for example, neural crest cell differentiation), there could be a
non-orthologous set of genes which resulted from asymmetric
gene retention and is responsible for such homologous phenotypic
traits. One example presented above which falls into this category
is oxygen transport in blood, which is achieved by paralogous
genes between cyclostomes and gnathostomes [38].

As scrutinized above (see Section 6), large-scale synteny infor-
mation probably obtained in cyclostome genome sequencing might
not readily provide determinative clues to the timing and mode
of WGDs, given that the effect of asymmetric gene repertoire is
dominant throughout the cyclostome genomes. More vast effort is
anticipated to fill the crucial gap of molecular studies (manifested
in the amount of sequence data in Fig. 3B) for better understanding
of chordate evolution.
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