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Appearance of new tetraspanin genes during vertebrate evolution
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Abstract

A detailed phylogenetic analysis of tetraspanins from 10 fully sequenced metazoan genomes and several fungal and protist genomes gives insight
into their evolutionary origins and organization. Our analysis suggests that the superfamily can be divided into four large families. These four
families–the CD family, CD63 family, uroplakin family, and RDS family–are further classified as consisting of several ortholog groups. The
clustering of several ortholog groups together, such as the CD9/Tsp2/CD81 cluster, suggests functional relatedness of those ortholog groups. The fact
that our studies are based on whole genome analysis enabled us to estimate not only the phylogenetic relationships among the tetraspanins, but also
the first appearance in the tree of life of certain tetraspanin ortholog groups. Taken together, our data suggest that the tetraspanins are derived from a
single (or a few) ancestral gene(s) through sequence divergence, rather than convergence, and that the majority of tetraspanins found in the human
genome are vertebrate (21 instances), tetrapod (4 instances), or mammalian (6 instances) inventions.
© 2008 Published by Elsevier Inc.
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Tetraspanins (tetraspan or TM4SF) form a large group of inte-
gral membrane proteins that we will call a superfamily [1,2]. This
superfamily has as many as 33 members in humans. Human te-
traspanins are widely distributed in cells and tissues and have
homologs conserved through distantly related eukaryotic species.
Structurally, tetraspanins are 200- to 300-amino-acid-long pro-
teins with four transmembrane (TM) domains, which delimit one
small extracellular loop of 13-30 amino acids, a short intracellular
sequence, and a second, large extracellular loop, which is quite
variable in sequence and length. Two highly conserved features of
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tetraspanin proteins are (i) their second loop harbors a Cys-Cys-
Gly sequence (the CCGmotif) plus 2 to 6 additional cysteines and
(ii) their four TM domains contain some well-conserved residues.
These features have been used to distinguish the tetraspanins from
other four-transmembranous proteins [1,3–6].

Many tetraspanin proteins had originally been identified as
human tumor antigens; in some cases their expression correlates
with tumor progression [5,8]. In humans, several forms of retinal
degeneration are caused by mutations in the gene encoding peri-
pherin/RDS [9], and mental retardation syndromes have been
linked to defects in Tetraspanin 7 (TSPAN7; TM4SF2), [10]. Mem-
bers of the tetraspanin superfamily can form large integrated sig-
naling complexes or tetraspanin-enriched microdomains by their
primary associations with a variety of transmembrane and intra-
cellular signaling/cytoskeletal proteins and secondary associations
with themselves [4,11,12]. Tetraspanins participate in a broad
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spectrum of membrane-associated cellular activities such as cell
adhesion, motility, activation of signaling pathways, facilitation of
membrane protein maturation, and cell proliferation. This partici-
pation occurs in normal and in pathological conditions such as
cancer metastasis or infections by viral, bacterial, or parasitic
organisms [7,11,13–23]. Nevertheless, despite the implication
of their role in this broad spectrum of important cellular activi-
ties, only a relatively small number of the tetraspanins have been
studied in detail.

Some specific tetraspanin functions have been described across
broad evolutionary divergences. Examples include the PLS1 te-
traspanin, which enables the plant pathogenic fungus Magno-
porthe to invade its rice host's leaves [24]; the LBM tetraspanin,
whose mutations cause synaptic defects in Drosophila; the CD9
and CD81 tetraspanins, which are involved in mammalian sperm:
oocyte fusion [18,22]; CD81, which is involved in immune
signaling [25]; peripherin/RDS, which scaffolds vertebrate photo-
receptor outer segment structure [26]; and uroplakins, in themain-
tenance of the urothelial permeability barrier [27–29].

To gain a more complete understanding of tetraspanin bio-
logy, we have examined the evolutionary history of members of
the tetraspanin superfamily through genomic analysis. There are
currently three main approaches to the analysis of large gene
families in a phylogenetic context. The first involves searching
the database and including every accession with reasonable
BLAST or BLAT hit statistics. This is the approach of a recent
study on tetraspanins by Huang et al. [30], in which over 200
tetraspanins were included in a distance-based analysis. While
these kinds of studies are important in defining the phylogenetic
structure of the tetraspanin superfamily, no definitive statements
can be made about the absence of superfamily members in
particular taxa. Information about not only the presence, but also
the absence, of gene family members is critical for understand-
ing the phylogenetic classification of gene family members and
for understanding the origin of new gene family members. The
second approach is to focus on a gene family of a specific
taxonomic group such as insect tetraspanins [2]. This approach,
while more feasible than more inclusive analyses, does not ad-
dress broader evolutionary questions about a gene family. A
third approach, which we take here, is to analyze a gene family
in a group of fully sequenced and carefully annotated genomes.
This approach has been used successfully to build, e.g., an ortho-
log identification Web tool for plants [31].

In the present study, as an expansion of our recent analysis
of uroplakin tetraspanins [32], we analyzed the complete ge-
nomes of nine representative animal species, two plant species,
seven fungi, and several other single-celled eukaryotic organ-
isms to define the superfamily composition of tetraspanins and
the evolutionary origin of the various superfamily members.
Restricting the phylogenetic analysis of the tetraspanin super-
family to only well-annotated complete genomes allowed us to
expand the interpretation of the distribution of genes in this
superfamily across eukaryotes. This approach also allowed us to
test hypotheses about duplications and losses of gene members
in the superfamily as well as setting upper limits on divergence
times of members of gene families and hence the origination of
new tetraspanin genes.
Results and discussion

Definition of the tetraspanin superfamily

BLAST searches using several prototypic tetraspanins, in-
cluding CD81, Tsp10 (occulospanin), and other tetraspanin pro-
tein sequences, as query sequences yielded many hits (mostly
mammalian) with very low E values, indicating definite inclusion
of these “hits” in the tetraspanin superfamily. We also obtained
many other hits with BLAST values larger than E -5. The align-
ment of such proteins with tetraspanins was restricted mainly to
regions of highly conserved residues such as the CCG domain of
the protein. The tetraspanin-like genes from fungal, protist, plant,
Caenorhabditis elegans, and Drosophila melanogaster showed
such low similarity with their mammalian counterparts that we
could not state with confidence whether they should be regarded
as tetraspanins based on their E values alone. To determine whe-
ther these nonmammalian sequences should be included in the
tetraspanin superfamily, we analyzed the conservation of the
intron-exon junctions, as well as their hydrophobicity profiles
compared with well-established tetraspanin proteins. The obser-
vation in this study and in that of Huang et al. [30], that intron-
exon positions appear to be conserved in many tetraspanin genes,
validated the inclusion of these nonmammalian proteins from
protists, plants, and fungi as divergent invertebrate tetraspanins.
Once we determined the validity of inclusion of the highly diver-
gent tetraspanins in the analysis, we aligned all 268 proteins from
genomes as described above.Ambiguous regions in the alignment
were then trimmed away from the matrix as in Huang et al. [30],
resulting in a data matrix with 202 amino acid and gap characters
for each protein. The sequences that remained after the trimming
process were almost entirely in the four membrane-spanning
regions and the second, large extracellular loop region.

Tetraspanin superfamily contains four major families

Phylogenetic methods can aid in defining the membership of
many of the tetraspanin ortholog groups. To facilitate a broader
understanding of the tetraspanins, we suggest that this large
superfamily of transmembrane proteins be classified into four
major families–the CD family, the CD63 family, the uroplakin
family, and the RDS family [42]. The tree topology obtained
after phylogenetic analysis using parsimony with equal weight-
ing is shown in Fig. 1 (see also Table 1).

The three different types of tree building approaches (maxi-
mum parsimony or MP, Bayes, and neighbor joining or NJ)
yielded trees with many of the same major groupings of tetras-
panins as those of Huang et al. [30]. Some of the relationships of
major groups to one another are also constant from the Bayes and
NJ analysis to theMP analysis. For purposes of clarity, we discuss
only the MP trees in this communication. The tree topology
obtained after phylogenetic analysis using parsimony with equal
weighting is shown in Fig. 1. MP and NJ analysis with the Fitch
weighting matrix also yielded similar trees. Jackknife and boot-
strap analyses indicated a lack of robustness of all nodes at the
base of the MP trees (both equal weighting and Fitch weighting)
as well as the NJ and Bayes (see dotted line in Fig. 1). The lack of



Fig. 1. Results of phylogenetic analysis using the MP approach with the amino acid characters weighted according to the genetic identity approach. Species are designated by colored boxes with a legend for the species
designation given (species abbreviations are as in Table 1). More detailed “close-ups” of the four major groups of tetraspanins designated here are available in Supplemental Figs. 1-1 through 1-5.We suggest that the tetraspanin
superfamily can be subdivided into four major monophyletic subfamilies (the CD family, the CD63 family, the uroplakin family, and the RDS family) and a group of nonmonophyletic tetraspanins at the base of the tree that
comprises fungal, plant, and protist tetraspanins. The black dotted line represents the general area of the tree below which bootstrap and jackknife values drop below 60% and Bayes proportions below 90%.
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Table 2
Annotating Ciona (Ci) and Strongylocentrotus (Sp) tetraspanins

Name used here Accession No. Assigned to ortholog group(s)

Ciona
CiTSPAN1 ENSCINP00000012953 CD9, Tsp2, CD81
CiTSPAN2 ENSCINP00000012935 CD9, Tsp2, CD81
CiTSPAN4 ESTs; Cin40100141511 CD151, Tsp11
CiTSPAN5 ENSCINP00000010687 Upk
CiTSPAN6 ENSCINP00000015991 Tsp6, Tsp7
CiTSPAN7 ENSCINP00000012956 CD9, Tsp2, CD81
CiTSPAN9 ENSCINP00000003717 Tsp1
CiTSPAN11 ENSCINP00000021588 Tsp1
CiTSPAN12 ENSCINP00000025966 CD63
CiTSPAN13 AABS01000088.1 Tsp15
CiTSPAN14 ENSCINP00000003743 Tsp1
CiTSPAN15 ENSCINP00000026559 CD9, Tsp2, CD81
CiTSPAN16 ENSCINP00000025843 Tsp1
CiTSPAN17 ENSCINP00000015326 Tsp12

Strongylocentrotus
SpTSPAN15 XP_794304.2 Tsp16
SpTSPANDN5 XP_794023.2 CD151, Tsp11
SpTSPANXP XP_787025.1 ROM, RDS
SpTSPAN9b XP_787272.1 ROM, RDS
SpTSPAN13 XP_783097.2 Tsp13, Tsp31
SpTSPANEST XP_800780.2 CD63

During the sequence download of the Ci and Sp tetraspanins, we noticed that some
of the tetraspanins from these species had incomplete annotations that did not
coincide with the existing mammalian and other vertebrate annotations. To
organize the tetraspanins from these two species we used the original annotated
gene names and assigned them to the ortholog groups that the tetraspanins from
these species belong to based on the ortholog grouping ofmammalian tetraspanins.
As well, we include the original accession numbers of the tetraspanins.

Table 1
Tetraspanins from whole genomes used in this study

Scientific name Abbreviation No. of Tsp's Common name

Homo sapiens Hs 33 Human
Canis familiaris Cf 32 Dog
Mus musculus Mm 34 Mouse
Gallus gallus Gg 30 Chicken
Danio rerio Dr 40 Zebrafish
Ciona intestinalis Ci 17 Sea squirt
Strongylocentrotus purpuratus Sp 10 Sea urchin
Drosophila melanogaster Dm 35 Fly
Caenorhabditis elegans Ce 20 Nematode
Rhizopus oryzae Rhizopus 1 Fungi
Encephalitozoon cuniculi Encephalit 1 Fungi
Neurospora crassa Neurospora 1 Bread mold
Gibberella zeae Gibberella 1 Fungi
Blastocladiella emersonii Blastocladiella 1 Fungi
Phanerochaete chrysosporium Phanerochaete 1 Fungi
Antrodia cinnamomea Antrodia 1 Fungi
Arabidopsis thaliana At 16 Thalecress
Oryza sativa Os 4 Rice
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robust inferences using resampling techniques (jackknife and
bootstrap) and lack of robustness at the base of the tree comparing
the topologies of the MP, Bayes, and NJ analyses are most likely
due to the small number of amino acid characters used in the
analysis. Despite a lack of robustness at these nodes, the succes-
sive weighting procedure resulted in 18 optimal parsimony trees
(not shown) with strong consistency. Fig. 1 shows a strict consen-
sus tree of these 18 successively weighted parsimony trees.

Our phylogenetic analyses revealed four major clades (called
the CD family, the CD63 family, the uroplakin family, and the
RDS family; Fig. 1). In addition, there are several unattached
Drosophila and Caenorhabditis tetraspanins at the base of the
tree. One significant result is that the fungal and a few non-
fungal single-celled eukaryotes are observed as the most basal
nonplant tetraspanins (Fig. 1 and Supplemental Figs. 1 to 5).
One might expect an amoeboid species' tetraspanins in our
analysis also to be at the base of the tree, but the Dictyostelium
tetraspanins are found in the CD63 clade. This result is most
likely caused by the long branches for these three single-celled
eukaryotes that should be found at the base of the tree. The
CD63 family also has long branches and is extremely divergent
and the placement of Dictyostelium, Rhizopus, and Encephali-
tazoon near these tetraspanins is most likely the product of long-
branch attraction (see above).

The largest cluster of tetraspanins, which we have designated
the CD family, comprises proteins previously annotated as
vertebrate CD and Tsp proteins with several invertebrate tetras-
panins (Supplemental Fig. S1). All of the CD tetraspanins except
for CD63 are included in this first large cluster in agreement with
[1]. Yet another large cluster is one we have designated the CD63
family. This family contains the CD63 orthologs from several
vertebrates as well as the well-known set of genes at chromo-
some location 42E in the Drosophila genome ([42]; Supple-
mental Fig. S2). This large cluster of tetraspanins is highly
divergent and it also contains several vertebrate TSPAN proteins
(CD63, TSPAN13, TSPAN31, TSPAN3, TSPAN6, and TSPAN7).
This grouping is consistent with the earlier association of CD63
with these other tetraspanins by Maeker et al. [1]. Another major
cluster contains the uroplakin proteins (Supplemental Fig. S3).
Several Drosophila and Caenorhabditis and one Ciona tetra-
spanin are included as close relatives of the uroplakins with
vertebrate TSPAN12 and TSPAN32 also being included in this
family of tetraspanins. The fourth large cluster of tetraspanins
with several previously annotated Tsp tetraspanins is designated
the RDS family, because it contains the RDS-ROM tetraspanins
(Supplemental Fig. S4).

Tetraspanin ortholog groups

While the trees we generated have a low robustness at their
bases, several common relationships can be seen with the differ-
ent tree building approaches we used. The different weighting
schemes using parsimony (equalweights and Fitchweighting) and
the Bayes and NJ approaches have several points of agreement at
the level of bootstrap and jackknife robustness. As stated above,
both Bayes and NJ analyses agree with MP with respect to the
grouping of the major kinds of tetraspanins. For instance, regard-
less of weighting scheme, CD151's, CD53's, CD9's, CD81's,
CD82's,CD37's, CD63's, anduroplakins are all supported strong-
ly as ortholog groups as assessed by Bayesian analysis, bootstrap-
ping, and jackknifing. For the most part, the overall phylogenetic
hypothesis is congruent within these well-defined ortholog groups
and also between some clusters of ortholog groups.



Fig. 2. Ancestral origin of human tetraspanins. The tree shows five ancestral points of origin (mammals, tetrapods, vertebrates, chordates, and deuterostomes) for the
human tetraspanins. Different colors indicate different points of origin. The phylogenetic tree is based on our best recent understanding of relationships of major
taxonomic groups and the ages of groups are explained in the text.
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Rogue tetraspanins

There are three anomalous groups of “rogue” (not clearly
associatedwith other groups) tetraspanins in the tree (designated by
the numbers 1, 2, and 3 in Supplemental Figs. S1, S3, and S4,
respectively). Rogue group 1 is at the base of the combination of
CD151,CD53,TSPAN11, TSPAN9, andTSPAN4 and indicates an
animal origin for this group of four tetraspanins. Rogue 2 is at the
base of the combination of TSPAN13, TSPAN31, and the CD63
family, which might result from long-branch attraction (Supple-
mental Fig. S2). The four tetraspanins in the smaller unattached
cluster (one each from Strongylocentrotus, Ciona, Caenorhabditis,
and Drosophila) might also be grouped as a result of long-branch
attraction. Rogue 3 is at the base of a group of tetraspanins in-
cluding RDS, ROM, TSPAN10, and Drosophila nonexpansion
tetraspanins DmTs2a and TSPAN96f (Supplemental Fig. S4). This
group of rogue tetraspanins probably indicates a bilateral animal
origin for the RDS, ROM, and TSPAN10 supergroup of
tetraspanins.

Comparison with Treefam

We also compared this tree structure with the TreeFam (http://
www.treefam.org/) organization of these genes. TreeFam lists
six separate families, TSPAN32, uroplakins, ROM, TSPAN31/
TSPAN13, and two mixed families. Mixed family 1 comprises
humanTSPAN14, TSPAN15, TSPAN5, TSPAN10, andTSPAN17
and orthologs from other organisms and mixed family 2 com-
prises CD151, TSPAN6, TSPAN18, TSPAN7, CD82, TSPAN3,
TSPAN8,CD63, TSPAN2,CD81, TSPAN1, TSPAN12, TSPAN16,
TSPAN4, CD53, CD9, and TSPAN9 and orthologs in other or-
ganisms. As we show here these families coincide broadly with the
families we have designated below except that we sink the
TSPAN32 and TSPAN31/TSPAN13 “families” of TreeFam into
one of the four major families described above. The separate
TSPAN31/TSPAN13 family described in TreeFam is placed as part
of the CD63 family in our study, and the TSPAN32 family of
TreeFam shows affinity to the uroplakin family in our study. The
support measures for nodes in our tree also are in broad agreement
with the bootstrap measures in the TreeFam description, in which
support values for clusters of orthologs are strong, but those between
clusters of orthologs appear weaker.

CD63 as a particularly ancient tetraspanin

It is interesting that CD63 is associated with what has been
called the Drosophila expansion tetraspanins [42]. This inter-
esting association (see Fig. 1 and Supplemental Fig. S2) suggests
a very ancient origin for the important CD63 tetraspanins found
in many vertebrate genomes. This origin may be even more
ancient as homologs of CD63 have been reported from sponges
[43]. While this association would push the origin of this family
back to an ancestor of all animals, it remains to be confirmed
because Huang et al. [30] did not observe this association in their

http://www.treefam.org/
http://www.treefam.org/


Fig. 3. A phylogenetic tree showing the point of ancestral origin for clusters of tetraspanin groups. Three points of origin are shown–vertebrate, chordate, and
deuterostome.
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analysis of tetraspanins. Nevertheless, the closer association of
CD63 with an ancient duplication event in the ancestor of
bilateral animals (Fig. 3) suggests a radically different origin for
CD63 from most of the other CD genes. The same can be said
for the several other vertebrate TSPAN's (TSPAN3, TSPAN6,
TSPAN7, TSPAN13, and TSPAN31) found in the CD63 family
in comparison with other vertebrate TSPAN genes.

Ciona and strongylocentrotus tetraspanins

Using the approach of Sarkar et al. ([41]; also see http://
research.amnh.org/users/desalle/data/tspan), we assigned Ciona
and Strongylocentrotus tetraspanins to known ortholog groups
based on their phylogenetic affinity to the well-annotated tetra-
spanins from vertebrate and invertebrate genomes. Table 2 lists
the annotation of several of these tetraspanins from Ciona and
Strongylocentrotus. We note that some of the Ciona and Stron-
gylocentrotus genes cannot be annotated to specific vertebrate
tetraspanin groups. This result is not problematic, however, be-
cause both Strongylocentrotus and Ciona are basal nonverte-
brate deuterostomes and the lack of ability to determine the exact
ortholog group of these Ciona and Strongylocentrotus tetra-
spanins simply indicates that they might be basal to multiple
ortholog groups as a result of duplication events in the
vertebrates.

Earliest common ancestor and age of origin of tetraspanins
and their ortholog groups

Examination of all 33 vertebrate tetraspanin ortholog groups
allowed us to assign whether an ortholog group originated in the
ancestor of mammals (100 Mya [44]), tetrapods (370 Mya [44]),
vertebrates (450-510 Mya [44]), chordates (525 Mya [45]),
protostome-deuterostome (570 Mya [46]), or bilateral animals
(1200Mya [47,48]). Fig. 2 shows the evolutionary origins for the
33 tetraspanin paralogs of humans. Most of the tetraspanins have
a vertebrate origin (21), with 4 tetraspanins originating in the
ancestor of tetrapods and 6 being strictly mammalian inventions.

http://research.amnh.org/users/desalle/data/tspan
http://research.amnh.org/users/desalle/data/tspan
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One tetraspanin (TSPAN12) originated in the ancestor of chordates,
and 1 (TSPAN15) originated after the protostome-deuterostome
split. Fig. 2 also shows the ages of these single tetraspanin groups
based on fossil evidence of the ancestors as listed above.

In addition to determining the earliest common ancestor
of single tetraspanins, we also determined the origin of larger
groups of tetraspanins (Fig. 3). For instance, CD9, TSPAN2, and
CD81 form a triad of tetraspanin groups. Based on the ancestral
tetraspanins related to this triad (four Ciona tetraspanins), we infer
that this triad had an origin in the chordate ancestor. On the
other hand, CD151 and TSPAN11 have aDrosophila tetraspanin–
DmTsp74F–in an ancestral position to this pair in the phylogeny,
suggesting a bilateral animal origin for this pair. This Figure
therefore shows the earliest common ancestral position for strongly
supported pairs and triads of tetraspanin groups. Themajority of the
pairs and triads originate in the deuterostome ancestor. Only three
of the pairs and triads examined here have origins in the animal
ancestor (CD151/TSPAN11; TSPAN9/TSPAN4/CD53; RDS/
ROM/TSPAN10), indicating that the large number of Drosophila
andCaenorhabditis tetraspanins have few orthologs in vertebrates.

By analyzing tetraspanins from only taxa with complete ge-
nomes,we can determine the earliest common ancestor for each of
the different tetraspanins (Fig. 2) and their ortholog groups
(Fig. 3). By far the majority of tetraspanins found in the human
genome are either vertebrate (21 instances) or mammalian (6 in-
stances) inventions. The tetraspanins in nondeuterostomes also
show large sequence divergence as evidenced by the diversity of
the genes in the Drosophila tetraspanins that have expanded in
chromosomal region 42E and the large number of C. elegans
tetraspanins with unique intron structure. When the different te-
traspanin subgroups are clustered together in accordance with
their phylogenetic patterns, the majority of the secondary groups
are chordate or deuterostome inventions, suggesting that the large
number of tetraspanins in mammals like mice and humans is a
result of duplication events in the ancestor of vertebrates and the
ancestor of mammals.

Evolution of the structure and function of tetraspanins

Our data suggest that the large superfamily of tetraspanin
proteins be classified into four major families–the CD family, the
CD63 family, the uroplakin family, and the RDS family. Because
ofweak support for relationships at the base of the tetraspanin tree,
we believe that further clustering of these four groups is not
possible. Within these four families, our tree structure provides
strong support for most of the specific ortholog groups for tetra-
spanins. In addition, some associations of specific ortholog groups
with each other are also well supported–such as the association
of CD151 and TSPAN11; the association of TSPAN9, TSPAN4,
and CD53; and the association of CD9, CD81, and TSPAN2.

Detailed analyses of members within each of the major
tetraspanin families can yield insights into how the structure and
function of the member genes may have evolved. For example,
we recently studied the available genomic and cDNA sequences
of uroplakins Ia and Ib. Although these two tetraspanins were
thought to be produced as major differentiation products only by
mammalian bladder urothelia, uroplakin-related genes were
recently found to exist in lower vertebrates, including chicken,
frog, and fish [32,49]. UPIa and Ib bind specifically with two
associated proteins, uroplakins II and IIIa, respectively, forming
heterodimers before they can exit from the endoplasmic reti-
culum [50,51]. The UPIa/II and UPIb/IIIa heterodimers assem-
ble into 16-nm particles that are packed hexagonally, forming
two-dimensional crystals, called urothelial plaques–which cover
almost the entire apical surface of mammalian urothelia and
contribute to the remarkable transcellular permeability barrier
function of the bladder [50,52]. Our analyses revealed that the
UPIa and UPIb genes, and their associated UPII and UPIII
genes, evolved by gene duplication with the appearance of verte-
brates; that various combinations of uroplakin genes can be
discarded during vertebrate evolution depending on the form of
the nitrogenous waste (i.e., urea, uric acid, or ammonium) that is
produced by the organism; and that UPIa and UPIb genes co-
evolved with their partner UPII and UPIIIa genes, respectively
[32]. Analyses of other tetraspanin families using completely
sequenced genomes, in a manner similar to that of Garcia-
Espana et al. [32], may lead to a better understanding of the
structural and functional relationships among various tetraspa-
nin gene members. The present study is a step toward this end in
that we have better defined tetraspanin subfamilies, identified
novel tetraspanin members, and assigned orthologs of many
mammalian tetraspanins that are now more amenable to genetic
and functional analyses.

Announcement:T4NETWeb site for tetraspaninnomenclature
and research

We also announce the launch of a Web site (http://research.
amnh.org/users/desalle/data/tspan) for tetraspanin researchers. The
Web site details the phylogenetic hypothesis described in this
paper and serves as a Web identification tool for putative tetra-
spanins in genome research.

Materials and methods

Tetraspanin matrix and alignment

Tetraspanin sequences were collected from diverse sources: the pFAM site at
the Sanger Institute (http://www.sanger.ac.uk) and the Locus Link site at the
National Center for Biotechnology Information (NIH, Bethesda; http://www.ncbi.
nlm.nih.gov) or by searching the various genome sequencing projects using the
Blast-T program with multiple starting queries and E value threshold of E -5. This
threshold is very relaxed and several hits were obtained that had minimal sequence
similarity. We restricted our searches to 11 well-characterized and fully sequenced
metazoan genomes–Homo, Canis, Drosophila, Mus, Ciona, Danio, Gallus,
Strongylocentrotus, Caenorhabditis, Arabidopsis, Oryza, and several fungi
(Rhizopus, Encephalitozoon, Neurospora, Gibberella, Blastocladiella, Phaner-
ochaete, Antrodia) and the fully sequenced single-celled eukaryotic genomes
Leishmania, Trychomonas, and Dictyostelium. We performed very aggressive
searches for tetraspanins in yeast genomes by lowering the E value thresholds and
found no remnants of TSPAN's in the genomes of those organisms. While a few
other mammalian species have complete and well-annotated genomes, such as
Rattus rattus, Pan troglodytes, andMacaca mulatta, these species are very closely
related to either human or mouse. A preliminary examination of the TSPAN's in
these organisms suggests that their TSPAN's have clear orthologs to either human
or mouse TSPAN's. Furthermore, inclusion of these TSPAN sequences from rat,
chimp, and rhesus macaque in the analysis does not reveal new orthologs.

http://research.amnh.org/users/desalle/data/tspan
http://research.amnh.org/users/desalle/data/tspan
http://www.sanger.ac.uk
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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Multiple alignments of cDNA sequences were performed using the Dialign
software from theGenomatixSuite (www.genomatix.de/cgi-bin/dialign/dialign.pl).
Alignments of protein sequences were performed using the default parameters of
the ClustalW program and manually adjusted with the program MacClade4 PPC
[33]. Amino-terminus sequences up to the first transmembrane domain were
trimmed away as well as the carboxyl-terminus sequences after the fourth trans-
membrane domain.

Phylogenetic analysis

Establishing paralog grouping and alignment
The first step in any phylogenetic or genealogical analysis is establishment of

membership in a phylogenetically defined group and the second step is the
construction of the phylogenetic tree. Systematic theory suggests that phylogenetic
analysis is really a two-step procedure [34,35]. The first step is establishment of
topological similarity and this step is usually accomplished based on some non-
phylogenetic criteria such as sequence similarity when examining DNA sequences
of proteins and protein domains or topological locations of anatomical features
used in morphological systematics.

Since BLAST scores at the level of e-5 and -6 are borderline with respect to
showing good similarity, we used the presence or absence and positions of introns
in the genes in this superfamily as an indicator of membership in the superfamily.
In particular, a gene sequence was included in the analysis if it had a Blast score of
e-5 or better AND at least one conserved intron-exon junction with other genes in
the superfamily. To establish intron-exon positions in tetraspanins we used the
better annotated genomes of Drosophila, Homo, Canis, Caenorhabditis andMus.
We used the annotation information in the Ensembl search engine for tetraspanins.
Searches in Ensembl clearly indicate intron-exon junctions for all of the tetra-
spanins we include in this study. These genomes have fully annotated intron-exon
junction information for almost all of the tetraspanins in them. Tetraspanins from
other genomes–Ciona, Danio, Gallus, Strongylocentrotus, Leishmania, Encepha-
litozoa, Basidomycota, Trychomonas, Dictyostelium, Neurospora, Gibberella,
Blastocladiella, and Trypanosoma–were obtained and intron-exon junctions
inferred from whole genome sequences. Alignment of amino acid sequences was
performed using the default setting in ClustalW [36]. We followed the approach of
Huang et al. [30], by which ambiguously aligned [37] regions of the various
superfamily members were trimmed away from the unambiguous aligned regions
of the four transmembrane regions and the large internal loop leaving a matrix with
sequence from only these unambiguously aligned regions.

Tree building
Once sequences from protein domains were determined to be valid members

of the tetraspanin superfamily and aligned as discussed above, three major kinds
of phylogenetic analysis–neighbor joining, parsimony, and Bayes analysis–were
performed. For neighbor-joining and parsimony analysis two weighting schemes
were used: (1) equal weights for all characters and (2) a genetic identity cost
matrix (Fitch matrix). In all similarity analyses gaps were scored as missing.
While there is no relevant published information to guide us as to which proteins
to use as outgroups, we chose the plant tetraspanins as outgroups to root the
animal tetraspanins. All phylogenetic analyses (parsimony and neighbor joining)
were performed using PAUP⁎ [38]. Parsimony searches were performed using
the parsimony ratchet implemented in PAUPRAT [39] with 5000 ratchet
replicates and a search on all shortest trees from the ratchet by a heuristic method
using the ratchet trees as starting trees with tree bisection-reconnection branch
swapping and the retention of all shortest trees. To enhance the resolution of the
parsimony search we used the successive weighting procedure implemented in
PAUP (the reweighting using rescaled consistency index option in PAUP). This
method allows for the choice of parsimony trees that are more consistent with the
data. In this study we obtained over 5000 parsimony trees with our searches. The
successive weighting procedure was able to choose 18 of these 5000 equally
parsimonious trees as being more consistent with the character information.
Bootstrap and jackknife trees were also generated using PAUP⁎ [38]. Bayesian
analysis of the sequence data was conducted usingMrBayes [40] with Parsmodel
active and 1,000,000 MCMC replicates with default burning parameters.

Identification of orthologs
We used the approach of [41] to determine ortholog relationships of tetra-

spanins from the Ciona and Strongylocentrotus, in which a “guide tree” [31,41]
was produced using the Canis, Homo, Drosophila, Caenorhabditis, and Mus
tetraspanins. The ortholog relationships of query tetraspanins from the sea
urchin and the ascidian were determined from their phylogenetic affinity to
tetraspanin groups from the guide tree.

Web site

To facilitate further genome level research on tetraspanins we have developed
a Web site called T4NET (http://research.amnh.org/users/desalle/data/tspan).
This Web site has three major inaugural functions. First, the Web site shows the
phylogenetic hypothesis for all of the tetraspanins described in this paper. This
phylogenetic hypothesis is discussed in detail above and is presented in “pop-up”
format to show in detail aspects of the relationships of tetraspanins discussed in
this paper. Second, theWeb site serves as a resource server for papers, other Web
sites, and reference material on tetraspanin biology. Finally, the Web site can be
used as a Web identification tool for putative tetraspanins. This tool uses the
phylogenetic tree on the Web site as a guide tree and the methods described in
Sarkar et al. [41] to allow for researchers to enter their putative tetraspanin
sequence. TheWeb site then rapidly determines the best ortholog group to which
the putative tetraspanin belongs.
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