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Abstract. Connexins are chordate-specific transmem-
brane proteins that can form gap junctional channels be-
tween adjacent cells. With the progress in vertebrate ge-
nome sequencing, it is now possible to reconstruct the
main lines in the evolution of the connexin family from
fishes to mammals. Four connexin groups are only found
in fishes. Otherwise, the differences between fishes and
mammals can be explained by two gene losses (Cx39.9
and Cx43.4) after the divergence of the Reptilia, and three

gene duplications (the generation of Cx26 and 30 from a
preCx26/30 sequence, Cx30.3 and 31.1 from a preCx30.3/
31.1 sequence, and Cx31.3 from an uncertain origin). Or-
thologs of most connexins can be found throughout the
vertebrates from fishes to mammals. As judged from the
recently defined connexins in tunicates, the original con-
nexin might be related to the ortholog groups of Cx36,
39.2,43.4,45 or 47.
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Introduction

Gap junction plaques are clusters of transmembrane
channels that allow direct contact between the cytoplasm
of one cell and the cytoplasm of its neighbor. Each cell
participates with one hemichannel. In vertebrates, the
hemichannel is called a connexon, and each connexon is
made of six protein subunits named connexins. Due to
these junctions, all the cells in a communicating tissue
potentially share a pool of small molecules (<1000 Da)
and metabolites, such as nucleotides, amino acids, smal-
ler saccharides and second messengers. They may also
transmit other regulatory molecules of unknown identity.
In excitable cells, including cardiac muscle and neurons,
gap junction channels allow the transmission of electrical
impulses. Approximately 80 years ago, the observation of
dye transfer between stomach epithelial cells was proba-
bly the first indication of gap junctional intercellular
communication (Schmidtmann [1], cited in Shibata et al.
[2]), but the implications were not understood at the time.
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More than 30 years later, electrical conductance between
neurons of crayfish was observed [3]. In retrospect, this
showed the presence of electrical synapses in these cells
[4]. In the same period, gap junction structures were first
observed by electron microscopy [5—7]. In 1964, Loe-
wenstein and Kanno [8, 9] discovered that a sizeable hy-
drophilic molecule (fluorescein) could pass from cell to
cell. Soon thereafter, several other hydrophilic molecules
ranging from 300 to 1000 Da were shown to pass between
adjacent cells [10].

The sequences of the connexins started to emerge in the
last half of the 1980s, human and rat Cx32 being the first
[11, 12]. They were rapidly followed by rat Cx43 [13] and
Cx26 [14]. Most of the remaining human and rodent con-
nexins were sequenced during the 1990s and the first
couple of years of the new century. The first connexins
identified from nonmammalian vertebrates were Cx30
[15] and Cx38 [16] from Xenopus laevis. In chicken,
Cx43 was the first to be cloned [17], closely followed by
Cx42 and Cx45 [18]. In 1994, the sequences of the first
bony fish connexins, Cx32.2 and Cx32.7 from Atlantic
croaker [19], were published, soon followed by Cx35
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from skate [20], a cartilaginous fish. Thus, the presence
of connexins in representatives of the major vertebrate
groups had been firmly established. The number of po-
tentially functional connexins in mammals has been es-
tablished as 19-21 [21, 22], with a possibility of reaching
22 in opossum as the Cx59 ortholog has not yet been
identified in this species [22]. A recent overview of Xeno-
pus connexins identified 10 sequences [23], but we here
increase that number considerably. Furthermore, until
now, the number of connexins in chicken and fishes has
not been clear, because no full overview for these groups
had been presented before the submission of this review.
Although a number of nonvertebrate systems have also
shown the property of direct cell-to-cell communication
[8, 10, 24] and/or the presence of gap junctions [7, 25], no
connexins have been found in such systems but, rather,
the pannexin/innexin family seems to play a connexin-
like role [26, 27]. Pannexin-like genes are also found in
humans [28, 29]. This review will not discuss pannexins,
and the reader is referred elsewhere for recent updates [4,
23, 30, 31].

The connexins are important in development, differentia-
tion and growth control [32, 33]. This is also shown by the
wide variety of diseases where mutations in connexin
genes or aberrant regulation of connexins have been impli-
cated [34-37]. A number of signal transduction pathways
have connexins as their targets, either by the direct phos-
phorylation of the connexin proteins or by the regulation of
connexin gene expression [38]. More information on the
physiology and potential functions of connexins can be
found in several recent reviews [4, 38—47]. We will present
here an overview of some evolutionary aspects for the con-
nexin family. In addition to providing general knowledge,
an evolutionary analysis might be useful for understanding
connexin-related diseases. For example, there are many
similarities in the expression of mammalian Cx46 and 50
and their zebrafish orthologs (the same connexin in differ-
ent species; see Fig. 1) [48]. These two connexins are asso-
ciated with two different types of cataract in humans and
mouse [49-52]. Other connexins show differences in ex-
pression even within the mammals [53, 54]. Analyzing the
identities, similarities and differences in functions and se-
quences may help to define the parts of the proteins that are
likely to be of decisive importance in their function in hu-
mans. Changes in amino acids in such important parts of
the proteins may have more serious consequences, and
knowledge about their molecular evolution may therefore
promote the understanding of patterns of human disease-
causing mutations [55, 56].

Conservation of sequences and gene structure

Following the cloning of the first few connexins, it be-
came clear that certain parts of the connexin sequences
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Figure 1. The concepts of orthology and paralogy. (a) The paralogs
are the genes of a gene family within a single species. The orthologs
can be considered as the same gene in different species; thus or-
thologs derive from the last common ancestral gene that was present
before the speciation event took place. Modified from http://
www.ncbi.nlm.gov/Education/BLASTinfo/Orthology.html. (b) The
generation of 1:2 orthology. A gene duplication takes place in one
of the evolutionary branches (in this case, the amphibian branch),
but not in the other. In this case, mouse and chicken CxB are the or-
thologs of frog CxC and CxD, despite the fact that frog CxC and
CxD are paralogs. It is important to note that the concept of orthol-
ogy concerns only the genetic family tree, and does not imply func-
tional equivalence [104].

were more conserved than others [57, 58], and this still
holds true now that probably all functional human and
mouse connexins have been identified [21, 35, 59]. The
connexins in these two species have established the pat-
tern to which connexins in all other species are compared.
The connexins are integral membrane proteins with four
transmembrane (TM) domains, two extracellular (EC)
loops, an intracellular loop and cytoplasmic N- and C-ter-
minal ends [60, 61]. The two EC loops have three cys-
teines each that are spaced in a specific manner. Most
connexins display a pattern of CX,CX,C in ECI, and
CX,CX,C in EC2. The single exception is Cx31 with a
CX,CX,C spacing in EC2 [62, 63]. Many positions in
the N terminus, TM domains and EC loops also show a
strong degree of conservation among a number of par-
alogs (the different connexins within one species; see
Fig. 1), as illustrated in Figure 2a. In fact, these are the
characteristics that are used to define the connexin fam-
ily. On the other hand, the intracellular loop and the C-ter-
minal tail show considerable differences among a number
of orthologs, as illustrated in Figure 2b. Naturally, the ex-
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Figure 2. Similarities among paralogs and differences between orthologs. (a) Alignment of the N terminus, TM1, EC1 and TM2 of human
Cx26 and Cx30. A high degree of identity is found between the two paralogs. The TM domains are indicated by shading. (b) Alignment of
the C-terminal tails of human Cx46 (HsCx46) and mouse Cx46 (MmCx46). A considerable degree of difference is found for the two or-

thologs.

tent of difference increases when comparing species with
a greater evolutionary distance. Thus, if the conserved
domains of the connexins (N terminus, TM1, EC1, TM2,
TM3, EC2, TM4) are used as ‘virtual probes’, investigat-
ing the genomes of species that are spaced over larger
evolutionary distances should be possible.

Individual laboratories continue to add connexin sequen-
ces from specific species in which they are interested,
steadily increasing the total number of available sequen-
ces [53, 64, 65]. However, concerted genome sequencing
takes place for a number of species, and some of these
genomes are available in the Ensembl databases (http://
www.ensembl.org), and more are being added. This is,
therefore, a good source for in silico investigations on
gene families. Thanks to the relatively simple gene struc-
ture of the connexins, this can be done without advanced
gene prediction programs, and allows the analysis of con-
nexins in genomes that have not yet become annotated.
The assumption is that the gene structure has been largely
conserved in evolution. The majority of connexins have
an unusual gene structure, with the complete coding part
of the sequence in one exon [21, 59]. Skate Cx35 was the
first connexin identified that does not follow this pattern,
as an intron is inserted at position 71 of the reading frame
[20]. The cloning of the mammalian ortholog, Cx36,
showed the presence of an intron at exactly the same po-
sition [66, 67]. Later, rodent Cx39/human Cx40.1 were
also shown to have an intron in the same area [68]. Mouse

Cx57 was recently shown to possess an intron at the very
3’ end of the reading frame [69], and this might extend to
other mammalian orthologs, including human Cx62 [22].
Cx31.3 orthologs may also have an intron in the 3’-most
part of the reading frame [21, 22]. Some fish connexins
have several introns, and nearly all tunicate connexins
have three to eight introns in their coding sequences [70].
This may suggest that the early connexins had introns, but
most of them were lost at some point between urochor-
date and teleost (bony fish) divergences. The loss of in-
trons may have occurred by retrotranscription of the
processed mRNA, followed by reinsertion into the ge-
nome [71, 72]. If the reinsertion occurred by homologous
recombination, the old version of the gene was lost, and
replaced by an intronless version. If the reinsertion oc-
curred elsewhere in the genome, a new connexin gene
might be created, although the new sequence would prob-
ably more often become a pseudogene.

Differences in sequences and the puzzlement

A recent review pointed out that some of the Xenopus
connexins bridged the gap between mammalian and fish
connexins [23]. On the other hand, ... for many mam-
malian connexins no genuine orthologs can easily be
nominated in birds, fish, amphibians or tunicates on the
basis of sequence characteristics only. It has become clear
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that every class of vertebrates uses their own unique set
of connexins to build their gap junctions’ [23]. We think
this citation describes the puzzlement that many re-
searchers (for ourselves, we could even say confusion)
have felt when looking at the different and ever-increas-
ing number of sequences from an increasing number of
species, now also including the nonvertebrate group of
tunicates [70, 73].

A potential reason for the puzzlement could come from
the fact that some of the connexins, like orthologs of Cx36
and 43, also have a high degree of conservation in the vari-
able domains, and can therefore easily be recognized
across the vertebrates [66, 67, 74, 75]. From this observa-
tion, one might assume that this should also be valid for
other connexins. However, orthologs are under a wide
range of selection pressures [76], and thus the degree of
sequence similarity may also vary to a quite wide extent.
Many of the connexins from chicken, Xenopus or fishes
show considerable differences to all of the human and
mouse connexins [23]. Zebrafish Cx52.6 and Cx55.5 have
little resemblance to known connexins from other verte-
brates, and it was suggested that they may be without or-
thologs in higher vertebrates, although some similarities
to human Cx59 (also called Cx58) and Cx62/Cx57 were
indicated [64, 74]. Zebrafish Cx27.5 showed a relatively
high homology to mammalian Cx26 and 32 in the TM and
EC domains, but no expression was found in the liver [74].
In addition to the intrinsic difficulties due to the sequence
differences, several nonmammalian connexins show the
highest similarity to one and the same mammalian se-
quence. The archetypical Xenopus Cx38 has some simi-
larity with mammalian Cx37 [77], but Xenopus Cx41 has
an even higher similarity to Cx37 [78]. Perch has two se-
quences very similar to mammalian Cx36, called Cx35
and Cx34.7 [79]. Atlantic croaker Cx32.2 and Cx32.7 and
zebrafish Cx32.2 have their highest resemblance to
chicken Cx56 and mammalian Cx46 [19, 80]. Further-
more, zebrafish Cx48.5 has a high sequence similarity
with mammalian Cx46, but some of its properties are more
comparable to mammalian Cx50 [65], which, on the
other hand, has a higher sequence homology to zebrafish
Cx44.1 [74].

Luckily, some order among all the sequences can be
found. The major steps are: (i) The use of genome data-
bases including mammals, chicken, Xenopus and bony
fishes. The inclusion of the major groups of vertebrates
may make bridging the gap [23] over the evolutionary
distances easier. (ii) The extraction and interpretation of
information from these genome databases, yielding the
majority of connexins in each species. As indicated in
Figure 2A, a number of paralogs have sequences that are
closely related. It is therefore important to make the con-
nexin family as complete as possible in each of the
species to categorize the sequences correctly. Also im-
portant is to overrule computerized gene recognitions, if
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necessary, as they may be wrong in a number of cases, es-
pecially in the less studied genomes. One should be aware
of the potential presence of both sequencing and assem-
bly errors. Additionally, some of the most recently added
genomes in the Ensembl databases may not contain com-
puterized gene suggestions. When the knowledge on con-
nexin sequences described above is combined, we are
looking for the following pattern: (high similarity to the
N terminus, TM1, EC1, TM2) — (intracellular loop with
low expectancy of similarity) — (high similarity to TM3,
EC2, TM4) — (C-terminal tail with unknown number of
codons and low expectancy of similarity), all in one con-
tinuous reading frame. From these data, the conserved
domains are extracted since they are easier to follow over
larger evolutionary distances. In fact, the variable domains
among orthologs might be so different that they yield
very little information for species spread wide apart in
evolution, and they may rather introduce ‘noise’ in the
construction of a phylogenetic tree (e.g., creating longer
branch lengths). The variable domains are of course valu-
able for comparison of orthologs in closely related spe-
cies, but are best used as a supplementary criterion for the
large-scale approach that we are discussing here (see our
comments on Cx37 below). Additionally, there might be
a statistical advantage in comparing sequences of similar
lengths (see e.g. Pang et al. [81] and our comments on
Cx59 and 62 below). (iii) The phylogenetic analysis of
this information. This is essential when more than a few
sequences are compared. A BLAST search automatically
gives better alignments of the more conserved sequences,
but it is the subsequent phylogenetic analyses that allow
one to categorize the derived sequences into the different
orthologous groups. There are many methods and models
for phylogenetic analyses, with different underlying as-
sumptions (e.g. nucleotide composition, transition and
transversion ratios of the mutations, pattern of amino acid
changes caused by the mutations). For the connexins, we
obtained quite consistent results using a number of dif-
ferent models.

The single most important connection between these
steps is to define the conserved domains in the connexins
as described above.

The easy case: mammals

Quite early on, with only a few connexin sequences estab-
lished, it became clear that the connexin family contained
at least two subfamilies, which were called group II or
connexins and group I or B connexins [58, 82, 83]. As the
number of available sequences increased, it became evi-
dent that Cx36-like genes formed a third group, at that
time called y, and that Cx45-like genes occupied a posi-
tion outside all three groups [79], although somewhat
closer to the y group. This is confirmed by our phyloge-
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netic analysis (Fig. 3), and we suggest that they are called
group Illa (which includes Cx36, 31.9, 40.1, 39.2) and
group IIIb (Cx45, 47, 43.4, 31.3).

Thanks to genome sequencing, human and mouse were
the first two species where the potentially full comple-
ment of functional connexins was established [21, 35]. As
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listed by Sohl and Willecke [21], the mouse genome con-
tains 20 members, and the human genome 21 members.
This includes Cx23, a predicted gene that deviates from
other connexins both in gene structure and cysteine pat-
tern in the extracellular loops [21]. We have not included
Cx23 in our analyses. Thus, we are left with 19 and 20
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Figure 3. Phylogenetic tree of vertebrate connexins. The tree is based on the conserved sequences of 303 connexins from human, chim-
panzee, mouse, rat, dog, cow, elephant, opossum, chicken (Gg), Xenopus tropicalis (Xt), zebrafish (Dr), Fugu rubripes and Tetraodon ni-
groviridis. The program MEGA3 was used (http://www.megasoftware.net [105]). The tree was constructed by the minimum evolution
method with the Tamura 3-parameter model, using the first and second positions of the codons. Although not exactly identical, the tree is
very similar when constructed on the basis of the amino acids in the conserved domains (not shown). The widths of the triangles indicate
the number of sequences in the group, the lengths of the triangles indicate the variability of the included sequences. In parentheses are the
evolutionary branches in which the included sequences are found. All: found in mammals, chicken, Xenopus and fishes. Ac32.7 indicates
the orthology group where Cx32.7 from Atlantic croaker would be found. Dr17927 is an abbreviation of the Ensembl gene identification
ENSDARGO00000017927. The scale bar at lower left indicates the number of nucleotide substitutions per site (i.e. the scale bar indicates
the length of the branch that corresponds to 10% difference in nucleotides). Interior branch statistics (500 replications) are shown at the nodes.
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members in mouse and human, respectively. Among these
connexins, 18 are found in both species and are consid-
ered as ortholog pairs.

The single mouse sequence not found in humans is Cx33,
which is located on the X chromosome. Cx33 has a rela-
tively high resemblance to Cx43, and belongs to the
group of connexins. The only other connexin found on
the human or mouse X chromosome is Cx32, a 3 group
member. On the other hand, two human connexins, Cx25
and Cx59, were without orthologs in mouse. Thus, a few
connexins were considered as species specific [21, 59].
Connexins from rat, Chinese hamster and Syrian hamster
(19, 16 and 17 partial or full-length sequences, respec-
tively) seemed to confirm the structure of the connexin
family established in human and mouse [53]. Other mam-
mals had only a few scattered full-length connexin se-
quences available in gene and protein databases, like
GenBank or SwissProt, but none of these contradicted the
connexin family structure.

The Ensembl genome databases contain the current status
of genome sequences for a number of mammals that have
not previously been included in a comparison of the con-
nexin family. Our analyses included the human, chim-
panzee, mouse, rat, dog, cow and opossum genomes [22].
The latter species is perhaps the most interesting among
the analyzed mammals, as it diverged from the remaining
mammalian branch around 170 million years ago, while
most of the other main mammalian branches separated in
a relatively narrow period of time 100—120 million years
ago [84, 85]. Thus, opossum bridges the long gap be-
tween the divergence of the birds (which by ancestry be-
long to the Reptilia) around 250-310 million years ago
and the main groups of mammals.

Although the results largely confirmed the presence of
most connexins across all mammals, a few unexpected
results also emerged [22]. It was no surprise that Cx25
and Cx59, considered as specific for humans, could also
be found in the chimpanzee. However, obvious orthologs
were found in dog (Cx25 and 59), cow (Cx25 and 59; the
Cx59 sequence was partial as it ran into an unsequenced
area) and opossum (Cx25; Cx59 was not found). Thus,
the lack of Cx25 and 59 in rodents is more likely due to a
rodent-specific loss of these sequences, or, perhaps more
unlikely, they reside in still unsequenced areas. Some de-
tails on Cx25 chromosomal location are discussed below.
Similarly, Cx33 cannot any longer be regarded as specific
for rodents. Cx33-like sequences on the X chromosome
are found in humans, chimpanzee and dog. A Cx33-like
sequence is also found in the cow, but since this sequence
has not yet been assembled into chromosomes, its loca-
tion is presently unknown. Interestingly, the Cx33-like se-
quences in humans, chimpanzee and cow have the char-
acteristics of a pseudogene with several stop codons spread
out into the sequences, but the dog sequence is a poten-
tially functional sequence encoding a 35.7-kDa protein.

The connexin family

For the time being, we suggest the name Cx43pX for these
pseudogene sequences in humans, chimpanzee and cow,
and Cx35.7 for the sequence in the dog.

The major surprise during the investigations of the opos-
sum genome was the identification of a novel connexin
sequence with an open reading frame encoding a protein
of 39.2 kDa [22]. The sequence was therefore called
Cx39.2. Cx39.2 does not pair with any other mammalian
connexin, but as will be seen below, orthologs are found
in the lower vertebrates. Cx39.2 groups closest to Cx36
among the mammalian connexins, but has its reading
frame in a single exon.

The opossum genome has two open reading frames, dub-
bed Cx33.1 and Cx35, with their highest similarity to hu-
man Cx31.3 or mouse Cx29 [22], one of the most variable
of all connexin ortholog groups. Opossum Cx33.1 and 35
show approximately 85% identity, and were apparently
generated by a gene duplication. (Please note that through-
out this review, the term duplication signifies the genera-
tion of two sequences from one ancestral sequence, and is
independent of the mechanism by which the duplication
occurred.) An opossum pseudogene with highest similar-
ity to Cx35 is also present, and is consequently called
Cx35pl. Interestingly, humans and chimpanzee also pos-
sess a Cx31.3-like pseudogene, Cx31.3pl [22, 86], but
the primate pseudogene must have originated indepen-
dently from the opossum Cx35pl [22]. [In the most re-
cent version of the human genome published in the En-
sembl database (release v36, November 2005), this hu-
man Cx31.3pl sequence has been modified, and the open
reading frame now apparently encodes a Cx31.3-like se-
quence of 27.7 kDa. Independent sequencing efforts will
be needed to verify whether this sequence is a pseudo-
gene or a potentially functional gene.]

Recently, the genomes of African elephant (Loxodonta
africana) and Rhesus monkey (Macaca mulatta) were ad-
ded to the Ensembl genome databases. We have also sear-
ched these genomes for connexin sequences (see Table 1
and supplementary information at http://radium.no/
lamyk). In short, 22 full-length or partial sequences have
been found in rhesus monkey, including two pseudo-
genes. In elephant, 17 full-length or partial sequences
have been found. We expect the four lacking functional
connexins (Cx30.3, 31.1, 31.3, 40.1) to be found upon
further progress in sequencing of the elephant genome.
From what is described above and summarized in Table 1,
the so-called species-specific connexins must be recon-
sidered. Another important lesson is the dynamics of the
connexin family when looked at in evolutionary terms.
During the evolution of mammals, both gene duplications
and gene losses have occurred several times. Two gene du-
plications have occurred in the opossum lineage (Cx31.3
duplicated to give Cx33.1 and Cx35, Cx35 later gave rise
to the pseudogene Cx35p1). Another gene duplication oc-
curred in the main mammalian lineage (Cx43 gave rise to
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Table 1. Connexin orthologs among mammals.
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Hs Pt Mamu Mm Rn Cf Bt La Md
25 p71 25 25 - - 25 25 25 25
26 g2 26 26 26 g2 26 26 26 26 26
30 g6 30 30! 30 6 30 30 30 30 30
30.3 p4 30.3 30.3 30.3 p4 30.3 30.3 30.3 NF 30.3
3183 NF 31 3183 31 31 31 31 31
31.1 B85 31.1 31.1 31.1 85 31.1 31.1 31.1 NF 31.1
31.3 61 31.3 31.3! 29 61 29 31.3! 31.3! NF 33.12
352
31.3p13 31.3pl 31.3pl - - - - - -
- - - - - - - - 35pl1?
31.9 63 31.9 31.9 30.2 &3 30.2 31.9 31.9 31.9! 31.9
32 p1 32 32 32 Bl 32 32 32 32! 32
43pX 43pX 43pX 33 a6 33 35.7 43pX 35.7 -
36 62 36 36 36 &2 36 36 36 36! 36!
37 a4 37 37 37 a4 37 37 37 37 37
- - - - - - - - 39.2
40 o5 40 40 40 a5 40 40 40 40! 40
40.1 54 40.1 40.1 39 44 39 40.1! 40.1 NF 40.1
43 al 43 43 43 al 43 43 43 43 43
43pl a2 43pl - - - - - -
45 y1 45 45 45 y1 45! 45 45 45 45
46 a3 46 46 46 a3 46 46 44 46! 46
47 y2 47 47! 47 y2 47 47 47 47 47
50 a8 50 50 50 a8 50 50 50 50 50
59*a9 59 59 - - 59 59! 59! NF
62 al0 62 62 57 al0 57 62 62 62! 62

We have as far as possible followed the human nomenclature, although some sequences might have masses deviating from the corre-
sponding human sequence. The Greek nomenclature in human and mouse is according to Sohl and Willecke [21]. Note that Cx31.3 has
two orthologs, Cx33.1 and Cx35, in opossum.

Hs, Homo sapiens; Pt, Pan troglodytes (chimpanzee); Mamu, Macaca mulatta (thesus monkey); Mm, Mus musculus (mouse); Rn, Rattus
norvegicus (rat); Cf, Canis familiaris (dog); Bt, Bos taurus (cow); La, Loxodonta africana (elephant); Md, Monodelphis domestica (opos-
sum). — the sequence is likely to be absent from the genome; NF, not found, i.e. this sequence is likely to be present in this genome, but has
not been sequenced/identified yet.

! This sequence is presently partial.

2 The original Cx31.3 ortholog in the marsupial lineage appears to have duplicated to generate two functional sequences, Cx33.1 and Cx35.
Later, Cx35 duplicated to generate a pseudogene, Cx35pl. As the latter event was separate from the event that generated the primate
Cx31.3p1, these two pseudogenes are not orthologs.

3 In contrast to previous versions, the present version of the human genome in the Ensembl databases (v36) suggests that this sequence

could have an open reading frame encoding a 27.7-kDa protein.
4 Cx59 is also called Cx58.

Cx43pX/Cx33/Cx35.7), and a third and fourth duplica-
tion occurred in the primate lineage (Cx31.3 gave rise to
Cx31.3pl; Cx43 gave rise to Cx43p1, another Cx43 pseu-
dogene that has been known for some time [87]). Gene
losses may have occurred at least twice. Cx39.2 was lost
from the main mammalian lineage some time after the di-
vergence of the marsupials. Cx25 and Cx59 appear to be
lost only in the rodent lineage. Whether the loss of the two
sequences occurred simultaneously, or in two events, is
not known.

It should not come as a surprise that the connexin family
also shows some evolutionary dynamics when studied in
a wider vertebrate perspective.

The making of order: chicken, Xenopus and fishes

We have recently extended the analysis of the connexin fa-
mily into nonmammalian vertebrates, including chicken,
X. tropicalis and three species of fish. By using the con-
served domains of the connexins, one can extend the
structure of the connexin family across the vertebrates,
despite the seemingly bewildering sequence differences.
Here, we will only present a schematic overview, except
for a look at some chromosomes (below), and leave the
details for a forthcoming publication.

Connexins from chicken (Gallus gallus [88]), X. tropica-
lis and the three fishes zebrafish (Danio rerio), pufter-
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fish (Fugu rubripes [89]) and green spotted pufferfish
(Tetraodon nigroviridis [90]) were identified by searches
in GenBank and in the Ensembl genome databases. In to-
tal, 16 connexins were found in chicken, 23 in X. tropi-
calis, 36 in zebrafish, 37 in Fugu and 38 in Tetraodon,
most of them containing the complete conserved do-
main. At first sight, the high number of connexins in
fishes was very surprising. An initial analysis indicated
that a conspicuously high number of the sequences oc-
curred in pairs where the two sequences were very simi-
lar, as indicated above for perch Cx35 and Cx34.7 [79].
This is fully consistent with a fish-specific genome du-
plication 300-350 million years ago [91, 92]. After the
submission of this manuscript, Eastman et al. [93] pub-
lished an evolutionary analysis of connexins in humans,
mouse and zebrafish. They write that the large number of
zebrafish connexins is not due to a simple whole-
genome duplication followed by a small loss of connex-
ins. We fully agree with Eastman et al. [93] that a num-
ber of gene duplications have occurred in the fish
genome, but in our interpretation, these have occurred
after the genome duplication. The contrasting conclu-
sions on genome duplication are due to the inclusion of
Fugu and Tetraodon in our analysis. Six zebrafish con-
nexins that Eastman et al. [93] found as ‘singlets’ show
up as duplicates in Fugu and/or Tetraodon (Cx52.8, 35.4,
33.8,48.5,39.9, 46.8; using the naming of Eastman et al.
[93]), and their chromosomal locations are consistent
with a genome duplication. As the sequencing of the
three fish genomes is still ongoing, even more duplicates
may be found in the future. Thus, when all three fish
genomes are taken into consideration, the data are con-
sistent with an early genome duplication in fish, fol-
lowed by loss of some connexin sequences, and further
gene duplications of other sequences.

A minor, but interesting point, is the spacing of the cys-
teines in the extracellular domains. The Cx31-specific
spacing in EC2, CX,CX,C, is in fact a mammalian-spe-
cific spacing. While the chicken Cx31 ortholog is still
lacking (see below; note that the sequence called chicken
Cx31 is closely related to mammalian Cx26/30 [94]), the
orthologs in Xenopus and the three fishes do not have the
extra amino acid between the cysteines in EC2, and show
the classic spacing, CX,CX,C. On the other hand, there is
a single zebrafish sequence, ENSDARG00000041792
(this is the gene identification of the Ensembl database;
the sequence belongs in the fish-specific Cx32.2 group;
see below), which possesses a CX,CX,C spacing in EC2.
When the conserved domains of the vertebrate connexins
were phylogenetically analyzed, the mammals and the
lower vertebrates were found to display a relatively con-
sistent structure of the gene family (Fig. 3). The differ-
ences can easily be explained by a few gene losses and
gene duplications at certain stages in evolution, as will be
schematically described below. The (presumably) func-
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tional connexins can roughly be classified into the fol-
lowing categories.

1) Four groups of connexins are only found in fishes.
These are the groups of zebrafish Cx28.6, Cx32.2 [95]
(this is a multimember group that includes at least four
sequences in zebrafish), Dr41782 (abbreviation for
ENSDARGO00000041782; this is the ortholog of Atlan-
tic croaker Cx32.7 [19]) and Dr17927 (these orthologs
constitute a Cx36-like group whose genes do not con-
tain an intron in the open reading frame). For these con-
nexins, we cannot yet conclude whether they are indeed
specific for bony fishes (i.e. that the sequences have
originated only in the bony fish lineage), or if they have
been lost in the remaining vertebrate lineage at some
point between the divergence of bony fishes and am-
phibians. If the latter is the case, at least some of these
connexins should be found in cartilaginous fishes.

2) Two groups of connexins are found in fishes, Xenopus
and/or chicken, but not in mammals, and must there-
fore have been lost before the origin of mammals.
These groups are the orthologs of zebrafish Cx39.9
(NM_21826) and Cx43.4 [96, 97]. The latter group
also includes zebrafish Cx44.2 (NM_131810).
Cx43.4 has been suggested as an ortholog of Cx45
[96], but most phylogenetic models cluster the Cx43.4
group close to, but outside, both Cx45 and Cx47
groups. These are therefore closely related connexins.
Partial sequences identified as mouse and rat Cx43.4
were recently submitted to GenBank (DQ149608,
DQ149609, DQ125485), but we have not been able to
substantiate these sequences as connexins in searches
in the Ensembl mouse and rat genome databases.

3) Only two orthologous groups of functional connexins
are specific to mammals. The first group is Cx33/35.7/
43pX, where a duplication has occurred within the
mammals as described above. The second group is
Cx29/31.3 (33.1/35 in opossum), one of the most vari-
able connexins, where a duplication has occurred at
some point of time between the divergence of the birds
and the divergence of the opossum. Judged from the
phylogenetic trees, Cx29/31.3 may originate from the
Cx45/47/43.4 groups, but this is somewhat uncertain.
It is conspicuous that Cx43.4 (described above) disap-
peared approximately at the same time as Cx29/31.3
originated, but there is, as yet, no phylogenetic evi-
dence that nonmammalian Cx43.4 transformed into
Cx29/31.3 in mammals.

4) Two pairs of mammalian paralogs, Cx26/30 and
Cx30.3/31.1, appear to have been generated as sepa-
rate genes some time between the divergence of bony
fishes and the divergence of opossum. A more de-
tailed discussion on these connexins is provided be-
low, where we take their chromosomal locations into
consideration.
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Table 2. Connexin orthologs among vertebrates (the mammal is a fusion of the mammalian sequences of Table 1).

Mammal Gg Xt Dr Fr Tn
25 NF 18051 43971 (28.8) 153654 35526001
26 31sim 30 33.8 29165001
29164001
30 31 137409 29166001
124726 19592001
30.3 31.1sim scaf134 34.4 129456 31361001
31.1 16480 158780
31 NF 31 354 157125 31360001
137254
313 - - - - -
- - - 28.6 143712 16997001!
28833 (30.9) 125568 17530001
31.9 - 24391 - 133739 24102001
32 32 32 37518 (31.7) 144150 17091001
27.5 157320 22232001
33/43pX - - - - -
36 36 12912 35.1 137912 32001001
02781 35340 (34.1) 150812
35765' () 130034 26779001
- - - 17927 (35.8) 123845 05142001
- - - 28.9 35462001
41792 (28.1)
322 158218 35459001
323
- - - 417822 (34.5) 159440 35458001
37 39 41 09593 (39.4) 125574 17534001!
38
39.2 NF 09451 09334 (40.5) 142334 22263001
40 42 16303 45.6 137519 26030001
36688 (41.8) 129429 18746001
40.1 40.1 scaf137 45445' (46.8) 139615 16594001!
150243! 15227001!
43 43 43 43 130494 13946001
07288 (40.8)
- 11233! 14395 442 122421 01153001
434 121008 16902001
45 45 03391 38313 (52.8) 145344 09585001
148221 19395001
46 56 02644¢2 48.5 149277 29168001
19591001
- 39.9! scaf482 39.9 141787 22231001

144151 17092001
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Table 2. (Continued).

Mammal Gg Xt Dr Fr Tn

47 05331 06175 47.1 136128 16136001

50 45.6 16305 44.1 26028001
07859 (50.5) scaf387

59 NF 05268 55.5 scaf797 11616001
529 139587 10470001

62 15606 19125 52.6 149617 06204001
XM695977° (52.7)

Gg, Gallus gallus (chicken); Xt, Xenopus tropicalis; Dr, Danio rerio (zebrafish); Fr, Fugu rubripes (pufferfish); Tn, Tetraodon nigroviridis
(green spotted pufferfish). We have refrained from giving any previously unannotated sequences a connexin name, but have, rather, used
an abbreviated version of the Ensembl gene identification (see below). For zebrafish, the recent naming of connexins by Eastman et al. [93]
has been put in parentheses. The abbreviated version of the Ensembl gene identification is used in the following way: chicken, 11233 should
be read as ENSGALGO00000011233; Xenopus, 18051 should be read as ENSXETG00000018051; zebrafish, 43971 should be read as ENS-
DARGO00000043971; Fugu, 153654 should be read as SINFRUG00000153654 [note that the new version of the Ensembl databases (release
v36) has added the prefix NEW to all gene identifications, in addition to changing the gene identification numbers for some of them; for
convenience releases v33, v34 or v35 of the Ensembl databases should be used]; Tetraodon, 35526001 should be read as
GSTENG00035526001. All nonmammalian sequences will be released together with a forthcoming publication, or they can be found in
the Ensembl databases. Sequences named as scafXXX have not been recognized by the databanks as a potential gene. We have named these

sequences according to their scaffold number.

! The sequence is partial.
2 This is the ortholog group of Atlantic croaker Cx32.7.

3 The sequence can be found in GenBank under this accession number.

5) The large majority of connexins, 16 orthologous groups
[in human nomenclature: Cx25, 31, 31.9, 32, 36, 37,
39.2 (opossum), 40, 40.1, 43, 45, 46, 47, 50, 59, and
62] can be defined across the vertebrate groups from
bony fishes to mammals, even if some of these con-
nexins are lacking in one or more of the included
species.

The results of Eastman et al. [93] are in accordance with
most of our conclusions even though we used partially
different approaches to the evolutionary analyses, but
there are also some differences. Most of the differences
can be ascribed to their inclusion of only three species (hu-
man, mouse, zebrafish), while we have included a wider
range of mammals (opossum in particular), X. tropicalis,
chicken and two other fishes. For example, Eastman
et al. [93] conclude that the group of Cx43.4 is specific
to fishes. It is not, as it is also found in Xenopus and
chicken. The same is valid for Cx39.9 orthologs. Fur-
thermore, their DreCx40.5 is the ortholog of opossum
Cx39.2. Similar to our results, Eastman et al. [93] found
no zebrafish ortholog of human Cx31.9, but orthologs are
found in Fugu and Tetraodon. We can also be more spe-
cific on when the duplication of the preCx26/30 and
preCx30.3/31.1 sequences occurred (this is further dis-
cussed below).

We believe that other differences can be explained by our
use of the conserved domains, while Eastman et al. [93]
used full-length sequences, but we have not analyzed this
in detail. For example, they conclude that DreCx40.8,

34.1, 28.8 and 47.1 are closely related, but nonortholo-
gous, to Cx43, 36, 25 and 47, respectively. We conclude
that they are the respective orthologs. This is because
many phylogenetic models give identical results, because
we have included additional species, and because we are
in several cases able to achieve an improved statistics by
excluding the variable domains. On the other hand, our
suggestion that mammalian Cx37 has orthologs in fishes
is not supported by strong statistics. However, most of the
models locate DreCx39.4 and the corresponding or-
thologs in Fugu and Tetraodon close to the mammalian,
chicken and Xenopus orthologs of Cx37. Furthermore,
there is conservation among the six C-terminal-most
amino acids of the full-length protein. Such short stretch-
es of conservation in the C-terminal tail are often ob-
served among orthologs of the larger connexins, even
though the remaining parts of the C-terminal tails are to-
tally different. This property may therefore be used as a
supplementary criterion for deciding the orthology rela-
tionships.

In our view, the major difference between the work of
Eastman et al. [93] and ourselves concerns the Cx59 and
Cx62 orthologous groups. They locate these groups as a
separate clade more closely related to the 8 group con-
nexins. We always find Cx59 and 62 to locate together
with Cx40, 46 and 50, although the exact topology varies
with the model used. The results of Eastman et al. [93] are
likely due to ‘noise’ introduced by the long variable
domains of the Cx59 and 62 orthologs. Alignment of
the conserved domains of all human connexin proteins
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clearly shows that Cx59 and 62 are more closely related
to the a connexins than to the f connexins, having the
highest identities with Cx46 and 50.

Compared with the changes that have occurred within
mammals (described above), the number of losses and
duplications that have occurred in the vertebrate lineage
leading to mammals is low. If we exclude the four fish-
specific connexin groups, the differences between the
common ancestor of bony fishes and mammals on the
one side, and mammals on the other side can be explained
by three duplications (Cx26/30, Cx30.3/31.1, and the gen-
eration of Cx31.3) and two gene losses (Cx39.9 and
Cx43.4; considering that Cx39.2 was lost within mam-
malian evolution).

Thus, the last common ancestor of bony fishes and mam-
mals had at least as many connexins as the mammals have
today, especially if we assume that the fish-specific con-
nexins were present. Using the human and zebrafish
names, the connexins in this old pre-fish vertebrate were
Cx25, pre26/30, pre30.3/31.1, 28.6, 31, 31.9, 32, 32.2,
32.7 (Atlantic croaker name), 36, a 36-related sequence
(dubbed Dr17927 in Fig. 3), 37, 39.2 (opossum), 39.9, 40,

malian orthologs underlined).

A look at some vertebrate chromosomes

The distribution of connexins on the chromosomes ap-
pears to be nonrandom [21]. Human chromosome 1 con-
tains eight connexins, chromosomes 6 and 13 have three
connexins each, chromosome 17 has two connexins, and
chromosomes 7, 10, 15 and X have one each (pseudo-
genes are not included in this count). On chromosomes 1
and 13, some of the connexins cluster closely together,
with less than 10° nucleotides between adjacent se-
quences. The closely linked sequences on human chro-
mosome 1 are Cx31.1, 30.3, 31 and 37 in one cluster, and
Cx40 and 50 in another cluster (Fig.4). On chromo-
some 13, Cx30, Cx26 and Cx46 are closely linked. When
we look across the vertebrates, the orthologs of these con-
nexins are usually found clustered in similar manners
with their relative transcription direction conserved
(Fig. 4). Such comparisons may give support to the pre-
dictions made independently by the phylogenetic analy-
sis, and may also give rise to new predictions. Let us con-
sider the largest connexin cluster, Cx31.1, 30.3, 31 and
37, on human chromosome 1. In chicken, the cluster has
been reduced to two sequences, Cx39 [98] and Cx31.1sim
(abbreviation for ‘similar to Cx31.1’; accession number
XM_425784). The former is clearly an ortholog of hu-
man Cx37, the latter is related to Cx30.3 and 31.1. Two
questions arise from these observations: (i) Is chicken
Cx31.1sim the common ortholog of mammalian Cx30.3
and 31.1, or is it the ortholog to only one of the two mam-
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malian sequences, implying that there could still be an
unidentified Cx30.3/31.1-like sequence in chicken? (ii)
An ortholog of mammalian Cx31 is lacking in the chicken.
In mammals and Xenopus, the Cx31 ortholog is posi-
tioned in close vicinity to the Cx30.3/31.1 and 37 ortho-
logs. Is chicken lacking the Cx31 ortholog, or is it still un-
identified?

At present, these questions cannot be answered with cer-
tainty, but we will here provide some speculations. All
phylogenetic models positioned chicken Cx31.1sim
closer to Cx31.1 than Cx30.3. If we assume that chicken
Cx31.1sim is indeed the 1:1 ortholog of mammalian
Cx31.1, we would expect two chicken connexins to be
positioned in the chromosomal segment between chicken
Cx39 and chicken Cx31.1sim, a stretch of approximately
8000 nucleotides. A detailed search did not reveal any
connexin-like sequences in this segment, but there are
some unsequenced stretches where a connexin could po-
tentially hide. We believe it is unlikely that, by coinci-
dence, two connexins have not been detected in such a
short stretch. Therefore, our guess is that only one con-
nexin will eventually be found in this area, and that this
will be the Cx31 ortholog. Thus, chicken Cx31.1sim may
represent the preCx30.3/31.1. If this is correct, the two
Cx30.3/31.1-like sequences (scafl34 and 16480) found
in X. tropicalis are due to an amphibian-specific gene du-
plication.

A similar problem concerns Cx26/30 orthologs. The Cx26/
30-like sequences from fishes are always found outside
the mammalian Cx26 and Cx30 groups in the phyloge-
netic trees. This suggests that there was one common
preCx26/30 in the common ancestor of fishes and other
vertebrates. If so, when did the separate Cx26 and Cx30
sequences originate? X. tropicalis Cx30 in most models
splits off from the common root of the mammalian Cx26
and Cx30 groups (Fig. 3), and when inside, it generates a
trifurcating topology with all mammalian Cx26 on one
side and all Cx30 on the other. Our present view is that X.
tropicalis Cx30 (and X. laevis Cx30; BC043797) is also
the common ortholog of both mammalian Cx26 and Cx30,
thus representing the preCx26/30. In chicken, there are
two Cx26/30-like sequences, chicken Cx31 [94] and
chicken Cx31sim (XM_425641). In the phylogenetic
analysis, they never distribute to Cx26 and Cx30 in a 1:1
fashion, but always group together, usually closer to
Cx26, but in a few models also outside the mammalian
Cx26/30 groups. When the full-length amino acid se-
quences are aligned, mammalian Cx30 and chicken Cx31
have some similarities in the part of the C-terminal tail
that extends beyond the position corresponding to the
stop codons in mammalian Cx26 and chicken Cx31sim.
When the chromosomal locations of the sequences are
considered, chicken Cx31-Cx31sim-Cx56 have the ex-
pected transcription direction and very similar spacings
as mammalian Cx30-Cx26-Cx46 (Fig.4). Altogether,
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these observations may suggest that the duplication of
preCx26/30 to separate Cx26 and Cx30 sequences oc-
curred shortly before the divergence of Reptilia, so that
the bird sequences did not fully acquire the characteris-
tics that later appeared in the mammalian lineage for each
of these two sequences. These points might be further
elucidated by investigating reptile connexins.

As pointed out above, rodents lack two connexins, Cx25
and 59, found in other vertebrates from mammals to fishes.
In humans, Cx25 and Cx62 are located on chromosome 6,
with a spacing of approximately 2.5 million nucleotides.
The murine ortholog of Cx62, Cx57, is located on chro-
mosome 4. The Ensembl genome databases indicate syn-
teny (literally ‘on the same thread,” i.e. there is a preserved
order of genes) between human chromosome 6 and mouse
chromosome 4 for the entire stretch between Cx62 and
Cx25. Nearly all genes found in this stretch have their
corresponding orthologs in the other species. Even the
genes in the immediate surroundings of Cx25 find their or-
thologs in mouse. On the one side of human Cx25, human
ENSG00000111850 (a gene without any name) is ortholo-
gous with ENSMUSG00000028295; on the other side, a
zinc finger protein is found, human ENSG00000188994
and mouse ENSMUSG00000039967. Thus, there has been
a very specific loss of Cx25 in rodents that apparently can-
not be explained, for example, by DNA breakage and in-
terchromosomal exchange.

Close to the origin: tunicates

The presence of connexins in the tunicate heart was indi-
cated some years ago [99]. With genomic sequencing of
a tunicate, Ciona intestinalis [100], firm evidence of con-
nexin-like genes in urochordates was established [73].
This was further confirmed by the sequencing and func-
tional studies of a connexin, called Cx47, from another
tunicate, Halocynthia pyriformis [70]. When Halocynthia
Cx47 was expressed in Xenopus oocytes, its electrophys-
iological properties were reminiscent of mammalian Cx36
orthologs [70]. Among the human connexins, the highest
degree of identity of the conserved domains of Halocyn-
thia Cx47 was obtained with Cx36, 45 and 47 [70].
BLAST analyses of Ciona connexins found in most cases
mammalian Cx45 as the best hit [73, 101]. When the con-
served domains of the Ciona connexins are compared
among themselves, the average identity is very similar to
the average identity for the conserved domains of the
human connexins. However, while the human connexins
show a range of identities from approximately 15% (Cx25
vs 31.3) to nearly 80% (Cx30.3 vs 31.1), the range is con-
siderably smaller in Ciona, stretching from 35 to 67%
identity. This suggests that the tunicates have not devel-
oped connexin subfamilies to the same extent as the ver-
tebrates. This is supported by detailed phylogenetic ana-

Review Article 1137

lyses, because all tunicate connexins become located
together with the group III connexins. Some tunicate con-
nexins locate themselves within or in the vicinity of the
Cx36/39.2 groups, other tunicate connexins locate them-
selves as intermediates between the Cx36/39.2 and Cx45/
47/43.4 groups, and still others branch out from the
common root of the Cx36/39.2/45/47/43.4 groups. Thus,
this may suggest that the original connexin(s) are more
closely related to these vertebrate connexins, and that the
classic a and f connexins developed later.

The skate Cx36 ortholog is very similar to the mamma-
lian one, but no other connexins have been sequenced
from skate, or any of the evolutionary branches (e.g. am-
phioxus and lamprey) that are supposed to have split off
in the period between the urochordate (tunicate) and tele-
ost (bony fish) branches. One or two genome duplica-
tions probably occurred during this period [92, 102, 103],
and our guess is that the major part of the shaping of the
‘modern’ connexin family, both with regard to the num-
ber of connexins, the subfamily structure and their gene
structure, took place during this period.

Conclusions and perspectives

The structure of the connexin family is quite conserved
among vertebrates, in the sense that a few gene duplica-
tions or gene losses can explain all changes that have
taken place along the main evolutionary branch from the
pre-fish vertebrate to mammals. With a high degree of
certainty, the common ancestor of bony fishes and mam-
mals possessed the orthologs of mammalian Cx25, pre26/
30, pre30.3/31.1, 31, 31.9, 32, 36, 37, 39.2, 40, 40.1, 43,
45, 46, 47, 50, 59 and 62. In addition, it also had some
connexin genes (two to six?) that were lost before the
mammals emerged. The most original connexins appear
to be more closely related to the connexins that have been
difficult to arrange into the a and S subfamilies, i.e.
Cx36, 39.2,43.4, 45 and 47.

Although we are confident that we have included the ma-
jority of connexins in chicken, Xenopus and the three
fishes in our analyses, a few more sequences are likely to
be detected as the sequencing progresses, and different
errors are corrected. The inclusion of a few new connex-
ins might change some smaller details, but we believe
that the main pattern and structure outlined here and in
the work of Eastman et al. [93] will not change to any
large extent. The chance of changes is largest in very
closely related groups, e.g. the Cx43.4, 45 and 47 groups,
or other groups where some sequences are still partial or
other sequences are lacking.

However, there are still some major points in connexin
evolution where previous work, at best, can only give weak
hints. How was the ‘modern’ connexin family shaped
during the genome duplication(s) in the early vertebrates?
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Were there one, or more, pre-vertebrate connexins that
formed the basis for the vertebrate connexins? A search
for connexins in skate, lamprey and amphioxus genomes
would bring us closer to the answers to these questions.
Even more intriguing is the question why the pannexins
were not sufficient for gap junctional communication in
chordates, and which gene gave rise to the very first con-
nexin.
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