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Abstract

The evolution of the tumor necrosis factor superfamily (TNFSF) in early vertebrates is inferred by comparing the TNFSF genes found in
humans and nine fishes: three agnathans, two chondrichthyans, three actinopterygians, and the sarcopterygian Latimeria chalum-
nae. By combining phylogenetic and synteny analyses, the TNFSF sequences detected are classified into five clusters of genes and 24
orthology groups. A model for their evolution since the origin of vertebrates is proposed. Fifteen TNFSF genes emerged from just
three progenitors due to the whole-genome duplications (WGDs) that occurred before the agnathan/gnathostome split. Later,
gnathostomes not only kept most of the genes emerged in the WGDs but soon added several tandem duplicates. More recently,
complex, lineage-specific patterns of duplications and losses occurred in different gnathostome lineages. In agnathan species only
seven to eight TNFSF genes are detected, because this lineage soon lost six of the genes emerged in the ancestral WGDs and
additionallosses in both hagfishes and lampreys later occurred. The orthologs of many of these lost genes are, in mammals, ligands of
death-domain-containing TNFSF receptors, indicating that the extrinsic apoptotic pathway became simplified in the agnathan
lineage. From the patterns of emergence of these genes, it is deduced that both the regulation of apoptosis and the control of

the NF-kB pathway that depends in modern mammals on TNFSF members emerged before the ancestral vertebrate WGDs.
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Introduction

Cell signaling is crucial for the development of multicellular
organisms. In metazoans, one of the most important signaling
systems is based on the interactions among ligands of the
tumor necrosis factor superfamily (TNFSF) and their receptors,
collectively known as the tumor necrosis factor receptor su-
perfamily (TNFRSF; Locksley et al. 2001; Aggarwal 2003;
Hehlgans and Pfeffer 2005; Aggarwal et al. 2012; Dostert
et al. 2019). The number of genes encoding TNFSF and
TNFRSF proteins varies substantially among species but is of-
ten large. For instance, humans have 18 genes encoding
TNFSF ligands and 29 genes encoding TNFRSFs (Aggarwal
2003; Dostert et al. 2019). Given this multiplicity, it can be
expected that they participate in many different processes. In
mammals, the set of TNFSF/TNFRSF interacting pairs (short-
ened from now on as “TNFSF/TNFRSF system”) has funda-
mental roles in the development and function of the immune
system and additional essential roles regulating apoptosis, cell
survival and proliferation, cell differentiation, and organogen-
esis (Locksley et al. 2001; Aggarwal 2003; Hehlgans and

Pfeffer 2005; Wallach 2018; Yi et al. 2018; Dostert et al.
2019). Some of these roles are ancient; the invertebrate
TNFSF/TNFRSF system is also involved in apoptosis, immune
defense, and control of cell number (Igaki and Miura 2014;
Quistad et al. 2014; Qin et al. 2019). In our species, mutations
in TNFSF ligands and TNFRs have been shown to cause con-
genital syndromes (Locksley et al. 2001; Lobito et al. 2011).
The TNFSF/TNFRSF system also influences the likelihood of
suffering inflammatory diseases, autoimmune diseases, and
cancer (Locksley et al. 2001; Aggarwal et al. 2012).
Characterizing all the TNFSF genes present in a given ge-
nome is relatively easy because they all encode proteins that
have a characteristic C-terminal module known as TNF ho-
mology domain (THD). The amino acid sequence of the THD is
sufficiently conserved as to allow detecting the TNFSF genes
present in any given species by conventional similarity
searches. It also allows for long-range evolutionary analyses
of the TNF superfamily. For example, orthologs can be char-
acterized in organisms as distant as mammals and fishes
(Glenney and Wiens 2007; Biswas et al. 2015). However,
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orthologies among vertebrate and nonvertebrate genes are
far less clear, with sequence-based tree topologies systemat-
ically suffering from poor statistical support (Robertson et al.
2006; Huang et al. 2008; Zhang et al. 2008, 2010; Pozzolini
etal. 2016; Redmond et al. 2017; see discussion in Wiens and
Glenney 2011). Almost all studied TNFSF/TNFRSF functional
interactions involve ligand and receptor trimers, although ex-
ceptional higher order structures have been also described
(Zhang 2004). THD conservation is due to its involvement in
both formation of ligand trimers and in ligand-receptor inter-
action and specificity, which is established when the THD
contacts peculiar cysteine-rich domains present in the TNFRs
(Bodmer et al. 2002; Zhang 2004; Vanamee and Faustman
2018). Most TNFSF proteins are type Il transmembrane pro-
teins but many of them appear both as membrane-linked and
as soluble forms, the latter produced after cleavage by metal-
loproteases of the membrane-anchored proteins. The differ-
ent local concentrations and affinities of the membrane-
bound and soluble proteins further increase the flexibility of
the TNFSF/TNFRSF system (Wallach 2018).

The evolution of the TNF superfamily has been quite ex-
tensively analyzed. A summary of the most interesting find-
ings is as follows: 1) This superfamily is restricted to
metazoans. Most animals, including sponges (Pozzolini et al.
2016), the sister group of all other animals (Feuda et al. 2017,
Zhao et al 2019) have at least one TNFSF gene, indicating that
the TNFSF/TNFRSF system arose very early in animal evolution.
Exceptionally, some metazoans, for example, nematodes such
as Caenorhaditis elegans, lack TNFSF genes (Ruvkun and
Hobert 1998). However, given that they are present in other
ecdysozoans, such as arthropods, this is clearly a secondary
loss. 2) When present, the number of genes is highly variable,
ranging from 1, as in the fly Drosophila melanogaster
(Moreno et al. 2002) to as many as 23 in the mollusk
Crassostrea gigas (Gao et al. 2015) or 24 in the cephalochor-
date Branchiostoma floridae (Huang et al. 2008). 3) There is
no clear relationship between complexity and number of
TNFSF genes; a relatively simple organism as the coral
Acropora digitifera has more genes than some vertebrate spe-
cies (Quistad et al. 2014). 4) Extensive remodeling of the
TNFSF/TNFRSF system may occur in relatively short evolution-
ary times. For example, although Branchiostoma and verte-
brates have many TNFSF genes, the urochordate Ciona
intestinalis only has four (Parrinello et al. 2018). Given that
Ciona is evolutionary closer to vertebrates than Branchiostoma
(Delsuc et al. 2006, 2008, 2018), either two large indepen-
dent amplifications occurred in the lineages that gave rise to
cephalochordates and vertebrates or a drastic reduction oc-
curred in the Ciona lineage. 5) The two whole-genome dupli-
cations (WGDs) that occurred just after the split that
separated vertebrates from the rest of chordates (Kuraku
et al. 2009; Smith et al. 2013; Sacerdot et al. 2018) had a
significant role in increasing the number of TNFSF genes in the
vertebrate lineage. This was first shown by demonstrating

that some TNFSF genes are linked to the MHC regions known
to be quadruplicated because of those two WGDs (Kasahara
1998; Kaufman 2018). 6) Tandem duplications have also had
a significant role in increasing the number of TNFSF genes, as
shown by the presence of very similar TNFSF genes in tandem
in many species (Huang et al. 2008; Wiens and Glenney
2011). 7) In vertebrates, there is evidence for coevolution of
the TNF and TNFR superfamilies, that is, an increase in the
number of ligands correlates with an increase in the number
of receptors, in such a way that the new ligands generally
bind to the receptors arisen at about the same time (Collette
et al. 2003; see also Beutler and Van Huffel 1994).

Despite all this information, there are still several weak
points in our knowledge. One of the most significant concerns
the evolution of the TNFSF/TNFRSF system in early vertebrates.
The precise patterns of evolution of the TNF superfamily have
been studied in a few vertebrate groups such as mammals,
teleosts, and birds (Collette et al. 2003; Kaiser et al. 2005;
Savan et al. 2005; Glenney and Wiens 2007; Dalloul et al.
2010; Hong et al. 2013; Biswas et al. 2015; Premzl 2016;
Rohde et al. 2018). However, very significant groups, such
as chondrichthyans and agnathans, have been so far
neglected. Only some TNFSF genes have been described in
sharks (Pantalacci et al. 2008; Ren et al. 2011; Li et al. 2012,
2015; Venkatesh et al. 2014) and data for lampreys or hag-
fishes are even more limited (Suzuki et al. 2004; Das et al.
2016). In this work, an exhaustive analysis is performed com-
paring the human TNFs with those in nine fish species. The
results obtained extend our knowledge of the early evolution
of the TNF superfamily in vertebrates. A precise model for the
early evolution of the TNF superfamily, which accounts for the
impact of whole-genome and tandem duplications and the
importance of gene loss in each lineage, is developed. From
this model, conclusions on the early functions of the TNFSF/
TNFRSF system are obtained.

Results

General Characterization of the TNF Superfamily in Fish
Model Species

A deep, iterative search for TNF genes in selected fish species
was performed using TBlastN analyses (see Materials and
Methods). The total number of TNF superfamily genes found
in the nine fish species analyzed was as follows: eight in
Eptatretus burgeri, eight in Lethenteron camtschaticum, seven
in Petromyzon marinus, 29 in Rhindocon typus, 20 in
Callorhinchus milii, 19 in Danio rerio, 14 in Takifugu rubripes,
20 in Lepisosteus oculatus, and 25 in Latimeria chalumnae. As
described above, our species has 18 TNFSF genes, so it is not
difficult to find fishes with a more complex TNFSF set. In fact,
the Rhincodon TNFSF gene set found here is the largest so far
described in any organism. These results also suggest that
either a substantial increase of genes occurred in the
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Fic. 1—ML tree based on TNFSF sequences in gnathostome species.
The tree was obtained from an alignment (supplementary file 1,
Supplementary Material online) of their THDs. Individual sequences are
identified by genus name and accession number. The 24 orthology groups

gnathostomes or a significant reduction in agnathans. The
number of TNFSF genes detected in some species was unex-
pected. Similar searches by Glenney and Wiens (2007) found
only 18 TNFSF sequences in Danio and 11 in Takifugu,
whereas Biswas et al. (2015) detected 16 in Danio and 12
in Takifugu. Similarly, Venkatesh et al. (2014) found just five
TNFSF sequences in Callorhinchus and Tacchi et al. (2015) only
14 in Latimeria. These discrepancies may be explained by the
analyzed genomes not being fully sequenced at the time
when those previous searches were performed, although it
is also possible that our detection methods have been more
exhaustive. Another unexpected finding is that the spotted
gar Lepisosteus has more TNFSF genes than Danio or
Takifugu, despite an additional, teleost-specific WGD that
could have increased the number of TNFSF genes in the
two latter species (Braasch et al. 2016).

TNFSF Genes and Orthology Groups in Gnathostomes

Figure 1 shows the maximum-likelihood (ML) phylogenetic
tree obtained from the 145 aligned gnathostome sequences.
The corresponding alignment can be found in supplementary
file 1, Supplementary Material online. Synteny results have
been also incorporated into the tree and shown in the same
figure. From now on, the genes in fishes will be named

Fic. 1—Continued

detected are also indicated (right, in large letters; notice that TNFSF7 and
TNFSF18 only include a single human sequence). When the accession
number refers to a genomic contig, the precise location of the THD is
indicated with numbers that correspond to the start and the end of the
region in which similarity was detected. When two sequences are indi-
cated (separated by a slash), it means that the final THD sequence was
built taking into account the information provided by both sequences. For
the 17 orthology groups that include human genes, it was determined
whether the TNFSF genes in other species are either located in the same
position (i.e., are surrounded by the same genes) that their human ortho-
logs (black dots) or surrounded by different genes that are however lo-
cated in the human chromosome where that putative TNFSF ortholog is
found (white dots). For six orthology groups that do not include human
genes, synteny was established taken the genomes of fish species as
references. The species taken as starting point was chosen depending
on the available data: Latimeria (for TNFSF-Fish2, BALM, and TNFSF-
Fish4), Lepisosteus (for TNFSF-Fish3 and TNFSF-Fish5) or Danio (TNFSF-
New). The meaning of the black and white dots in these six cases is the
same as just indicated but respect to the reference fish species. For TNFSF-
Fish1 genes, synteny was impossible to determine given the available data.
Bootstrap values (in percentages) are indicated as numbers adjacent to the
corresponding branches. Values for external, recent branches of the tree
or those below 50% have been omitted for simplicity. Crosses indicate
lack of genomic data that prevent the synteny analyses. In 13 cases, a
capital C adjacent to the white or black dots indicates that synteny data are
based on the Carcharodon carcharias orthologs of the corresponding
Rhincodon genes. Carcharodon was used given that it is a close relative
of Rhincodon and some regions are better assembled in the Carcharodon
than in the Rhincodon genome (see Materials and Methods).
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according to the accession numbers of their sequences.
Although this is somewhat unusual, we found that using
the gene symbols assigned in the corresponding genome
projects would cause all kinds of confusions because many
of the names assigned are misleading (e.g., genes called with
the same name in different species often have no relationship;
obvious orthologs often receive different names, etc.).The to-
pology shown in figure 1 agrees well with that found by other
authors with related data sets (Glenney and Wiens 2007;
Biswas et al. 2015). The main difference refers to the position
of TNFSF5 and TNFSF12, which in other trees appeared in
several alternative positions (Kaiser et al. 2005; Glenney and
Wiens 2007; Biswas et al. 2015). However, the location ob-
served for TNFSF5 and TNFSF12 in figure 1, that is, close to
TNFSF10 and TNFSF11, is precisely the one expected accord-
ing to the patterns of WGD duplications, which suggested
that these four genes come from a common ancestor
(Collette et al. 2003). Similarly, synteny data shown in figure 1,
which are detailed in supplementary file 2, Supplementary
Material online, fully confirm those found by Glenney and
Wiens (2007) for Homo, Danio, and Takifugu, extending
those findings to the other fish species. As it is obvious in
figure 1, synteny results were in general congruent (i.e., mul-
tiple fish species provided identical results) and agreed with
the topology of the tree (i.e., very similar sequences that
group together in fig. 1 are often in the same exact positions
or at least in the same chromosomes in different species).
Finally, the results in figure 1 agree quite well with previous
works (Glenney and Wiens 2007; Tacchi et al. 2015) respect
to which human genes are present or absent in fishes.
However, some differences have been detected. Thus,
Glenney and Wiens (2007) described the lack of TNFSF3, -4,
-7, -8, -18, and possibly TNFSF15 in fishes. However, in fig-
ure 1, likely fish orthologs for all those genes except TNFSF7
and TNFSF18 are detailed. This is largely due to our analysis
including additional species.

By combining information from the topology of the tree,
supported by statistical bootstrap values, and the conserved
synteny data summarized in figure 1, sequences were classi-
fied into 24 orthology groups, seven of them absent in
humans (BALM, TNFSF-Fish1 to -Fish5, and TNFSF-New). For
obvious reasons, these groups include both orthologs in dif-
ferent species and species-specific recent paralogs with very
similar sequences. In total, 140 of the 145 sequences in the
tree are included in one of these 24 groups; the exceptions
are indicated with asterisks in figure 1. For the human TNFSF7/
CD70 (aka CD27L) and TNFSF18/AITRL genes, no obvious
orthologs were found in fishes (fig. 1). These are the only
orthology groups defined that contain just one gene. Only
in a few cases, significant (>95%) bootstrap support was
found for internal branches of the tree that include two or
more orthology groups. This means that sequence similarity
by itself is often insufficient to determine ancient relationships
among TNFSF genes. However, combining sequence

similarity, synteny data and knowledge about the timing of
duplication events (e.g., ancient WGDs vs. more recent tan-
dem duplications), is sometimes possible to go much back in
time than by sequence analyses alone. Collette et al. (2003)
proposed that all TNFSF human genes are located in eight
particular chromosomes because they derive from two clus-
ters of genes present in different chromosomes in the verte-
brate ancestor that become multiplied by four due to the two
rounds of WGD occurred in early vertebrate evolution. The
first of the chromosomal quartets (in humans, chromosomes
1, 6, 9, and 19) corresponds to the well-supported MHC
paralogons, already cited above (Kasahara 1998). We have
confirmed their results and determined that all these regions
derived from the ancestral chromosome 9 deduced by
Sacerdot et al. (2018). Collette et al. (2003) also proposed
that the TNFSF-containing regions in human chromosomes
3, 13, 17, and X are also paralogons. At that time, evidence
for this hypothesis was quite weak, namely the similarity of
some TNFSF genes, such as EDA, TNFSF13, and TNFSF13B or
TNFSF10, TNFSF11, and TNFSF5 (Collette et al. 2003). Today,
much more information is available and the hypothesis can be
easily tested. Indeed, totally supporting Collette et al. (2003)
suggestion, the regions where all these genes are found can
be traced back to a single ancestral pre-WGD chromosome
(number 16, according to the nomenclature proposed by
Sacerdot et al. [2018]).

The TNF Cluster: TNFSF1/2/3, TNFSF15, and Related Fish
Genes

Here and in the next sections, we will use all the available
information to divide the TNF superfamily into five clusters of
genes (TNF, EDA, FASL, CD40L, and 4-1BBL clusters), all of
them emerged very early in vertebrate evolution.

Going from top to bottom in figure 1, the first interesting
finding is that two human genes, TNFSF1/LTa and TNFSF2/
TNF, are so similar that they must be included into a single
assembly, named from now on TNFSF1/2 orthology group.
The close association in phylogenetic trees of those two genes
was also detected in earlier works (Collette et al. 2003;
Glenney and Wiens 2007; Kinoshita et al. 2014; Biswas
et al. 2015; Premzl 2016). In our species, these two genes
are located in a tandem (at 6p21.33; Browning et al. 1993)
that also includes TNFSF3/LTS. A set of bony fish sequences
very similar to human TNFSF1/LTo and TNFSF2/TNF (an asso-
ciation supported by high bootstrap results; fig. 1) were
found. Given the topology observed for the TNFSF1/2 group,
it must be considered that all of them, one to three per spe-
cies, are equally related to human TNFSF1/LTe. and TNFSF2/
TNF, that is, no orthology can be ascribed by sequence simi-
larity alone. However, synteny may complement sequence
data to obtain further insights. As already mentioned, human
TNFSF1/LTe, TNFSF2/TNF, and TNFSF3/LT are located in tan-
dem. The exact same relative disposition and orientation
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observed in humans has been detected for three genes found
in Latimeria, in such a way that the TNFSF1/2 group gene
XM_00607194.2 (wrongly called “TNFSF15” in the
Latimeria genome annotation) would correspond to human
TNFSF1/LTa, a second TNFSF1/2 gene, XM_006007185.2
(LOC102357196 in the Latimeria genome annotation), would
be the TNFSF2/TNF ortholog and XM_014495272.1 (aka
LOC102357462) would correspond to TNFSF3/LTS. Notice
that this last association is strongly supported by bootstrap
analyses (fig. 1, TNFSF3 group). Such cluster is absent in acti-
nopterygians, as first described by Glenney and Wiens (2007)
and confirmed here. However, four TNFSF1/2 genes in Danio
(two genes), Takifugu, and Lepisosteus are surrounded by
genes located in humans in the 6p21 region (white dots in
fig. 1 and supplementary file 2, Supplementary Material on-
line). The two Danio genes are most likely the result of the
teleost-specific WGD (see details in supplementary file 2,
Supplementary Material online). Latimeria has a third
TNFSF1/2 gene (accession number XM_006014356.2), but
its exact location could not be determined, because it is found
in a hitherto isolated contig.

Bootstrap support for the branch that puts eight
Rhincodon TNFSF1/2-like sequences together with the rest
of TNFSF1/2 sequences is low (80%). That these may corre-
spond to true orthologs of human TNFSF1/LTe and/or TNFSF2/
TNF is supported by synteny data. Six Rhincodon sequences
(those with white dots in fig. 1) are located in tandem.
Although the region of the Rhincodon genome that contains
this tandem is not fully assembled, the same tandem is ob-
served in the genome of the closely related shark
Carcharodon carcharias (accession number
QUOWO01004891.1) and it turns out that the orthologs of
the genes that surround this Carcharodon TNFSF tandem
are found in humans in region 6p22, close to where the hu-
man TNFSF1/2/3 tandem is located (supplementary file 2,
Supplementary Material online).

In summary, the results obtained for the TNFSF1/2 and
TNFSF3 orthology groups are compatible with a single pro-
genitor of all these genes being present in early vertebrates
that later became several times independently duplicated in
tandem in different lineages. Given its position in the tree and
phylogenetic span, TNFSF3/LTS genes may be interpreted as
rapidly evolving duplicates of either TNFSF1/LTo. or TNFSF2/
TNF, emerged after the actinopterygian/sarcopterygian split.
Danio NM_00102447.1 (called TNFB in the Danio genome
annotation), Takifugu NM_001037985.1 (TNFA in the
Takifugu  annotated  genome), and  Lepisosteus
XM_015339713.1 (LOC102691380) may correspond in these
fish species to the hypothesized TNFSF1/2/3 progenitor.
Another TNFSF gene, called “TNF-N" or “TNF-New" (Savan
et al. 2005; Glenney and Wiens 2007), is located very close to
Danio TNFB and Takifugu TNFA (Savan et al. 2005). However,
they cannot correspond to the hypothesized TNFSF1/2/3 pro-
genitor, because they arose recently; according to the

Genomicus database, they are restricted to clupeocephala
fishes. Interestingly, the TNF-New sequences are totally differ-
ent from those of TNFSF1/2/3 genes, suggesting, if they are
indeed tandem duplicates of those genes, a very fast diver-
gence following duplication. However, it is possible that they
are unrelated to the TNFSF1/2/3 genes and became trans-
posed to a position close to where they are located. In fact,
evidence for significant functional differentiation of the
TNFSF-New products respect to the TNFSF1/2/3 proteins has
been recently obtained (Maeda et al. 2018). The low se-
guence similarity of TNF-New genes with other TNFs leads
to them appearing in different places in the phylogenetic trees
(Savan et al. 2005; Glenney and Wiens 2007; Kinoshita et al
2014, Biswas et al. 2015). In our figure 1, they appear at the
bottom (see “TNFSF-New group”).

The next orthology group in figure 1 was named TNFSF15.
Support for this group is apparently weak, because the boot-
strap value for the critical branch is low (just 79%). However,
this is due to the inclusion in the group of two rapidly evolving
shark sequences (Callorhinchus AAVX02013886.1 and
Rhincodon LVEK02012960.1; see fig. 1). In fact, bootstrap
support for the branch that includes the human TNFSF15/
VEGI gene and two other shark sequences (Rhincodon
XM_020531692.1 and Callorhinchus XM_007909635.1) is
very strong (98%). Also, synteny information allows charac-
terizing that most of these genes are located on the same
chromosome as human TNFSFS15/VEGI (white dots in fig. 1
and supplementary file 2, Supplementary Material online). In
addition, very significantly, it was found that the putative
TNFSF15 genes in Latimeria, Lepisosteus, Rhincodon
(XM_020531692.1), and Callorhinchus (XM_007909635.1)
are located in tandem with other TNFSF-encoding genes, in-
cluded in two strongly supported orthology groups which
have been called TNFSF-Fish2 and TNFSF-Fish5 (see their posi-
tions in fig. 1 and synteny data in supplementary file 2,
Supplementary Material online). This result further reinforces
the idea that all the genes included in figure 1 in the TNFSF15
group are orthologous. In humans, TNFSF8/CD30L is also lo-
cated in tandem with TNFSF15/VEGI (supplementary file 2,
Supplementary Material online), despite the two genes being
very different in sequence (fig. 1; see TNFSF8 at the bottom of
that figure). A likely TNFSF8/CD30L gene was also found in
Latimeria, (fig. 1), although its exact chromosomal location
could not be determined.

The next two groups found in figure 1 are TNFSF3 (already
discussed above) and a novel group that has been called
TNFSF-Fish1, which includes just a single Latimeria and a single
Rhincodon sequence that appear together in a branch with a
highly significant support (98%). Given that there is also
strong support (97%) for TNFSF-Fish1 genes being evolution-
arily linked to TNFSF3 genes and the recent origin of these
later, sarcopterygian-specific genes, these results could be
interpreted as TNFSF3 group genes being TNFSF-Fish1 dupli-
cates, which were subsequently lost in all lineages except
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sarcopterygians. However, this would be hardly compatible
with the existence of the TNFSF1/2/3 tandem; that is, very
unlikely events should be postulated to explain why TNFSF3
appears together with the other two genes. A simpler expla-
nation is that both TNFSF3/LT and TNFSF-Fish1 genes are not
so closely related, but both being fast-evolving relatives of
TNFSF1/2 and TNFSF15, they become separated from those
genes and end up together in the tree.

The internal, ancient branch that includes the TNFSF1/2,
TNFSF15, TNFSF3, and TNFSF-Fish1 groups has a quite con-
siderable bootstrap value (85%). This association was
detected also in other studies, although always, as here,
with nonsignificant statistical support (Glenney and Wiens
2007; Biswas et al. 2015). The potential link among all these
genes, which from now on will be called as “TNF cluster,” is
strongly supported by another kind of information. They are
all placed on the MHC complex paralogons emerged in the
ancient vertebrate WGDs (Kasahara 1998). Collette et al.
(2003) suggested that the regions where TNFSF15 and
TNFSF1/2/3 are found derive from the more recent of those
two duplications, and all the data obtained in this study are
compatible with their hypothesis. In addition of these four
groups, the TNFSF8, TNFSF-Fish2, and TNFSF-Fish5 genes
that, as already mentioned, are found in some species in tan-
dem with TNFSF15 must, despite their sequence dissimilarity
(see locations in fig. 1), also to be included in the TNF cluster, if
it is accepted that they are all TNFSF15 tandem duplicates.

The EDA Cluster: Early Evolution of EDA, TNFSF13,
TNFSF13B, and BALM

A close evolutionary link among three mammalian genes,
EDA, TNFSF13/APRIL, and TNFSF13B/BLYS (aka BAFF) was
pinpointed in several studies (Glenney and Wiens 2007,
Premzl 2016; Redmond et al 2017). In addition, a fourth
gene called BALM, present in some fishes in tandem with
EDA but absent in mammals, was shown to be also very
similar in sequence to those three (Glenney and Wiens
2007; Das et al. 2016; Redmond et al. 2017). These four
genes will be grouped in the EDA cluster. EDA-cluster genes
are ancient; they were described in chondrichthyans
(Pantalacci et al. 2008; Ren et al 2011; Li et al 2012, 2015)
and even in lampreys (Das et al. 2016). Collette et al. (2003)
proposed that EDA, TNFSF13/APRIL, and TNFSF13B/BLYS, plus
a fourth gene that eventually became lost, all emerged from a
single precursor gene in the two WGDs occurred in early ver-
tebrate evolution. The duplication that generated the EDA/
BALM pair would be more recent. In figure 1, these four
genes appear together and the branch that includes them
all has, despite being ancient, quite a high support (93%).
In good agreement with other studies (Glenney and Wiens
2007; Premzl 2016; Redmond et al. 2017), EDA is the most
divergent of the group, whereas the two most similar are
BALM and TNFSF13B/BLYS. For the EDA and BALM branches,

bootstrap support is very high (100% and 99%, respectively),
whereas for the TNFSF13/APRIL and TNFSF13B/BLYS groups,
it is lower (90% and 83%). However, synteny data are con-
gruent with the tree topology, as shown in figure 1 and sup-
plementary file 2, Supplementary Material online. The four
genes are present in sharks, as already discovered by
Redmond et al. (2017). In summary, all the available informa-
tion supports the presence of the four genes of the EDA clus-
ter in the ancestor of the seven species included in figure 1.
The group that appears the closest to the EDA-cluster
genes is TNFSF-Fish2 (fig. 1). However, it is very unlikely that
this link is real. Not only the bootstrap value of the connecting
branch is low (74%) but also, as it has been already indicated,
the TNFSF-Fish2 genes are located in tandem with genes of
the TNFSF15/VEGI group. Another gene, TNFSF12/TWEAK, is
located adjacent to TNFSF13/APRIL. The question is whether it
is a recent duplicate, perhaps to be included in the EDA clus-
ter. However, both Collette et al. (2003) and Redmond et al.
(2017) concluded that the TNFSF12/13 tandem duplication is
very ancient. Collette et al. (2003) suggested that it predated
the two ancestral vertebrate WGDs. This hypothesis will be
explored below, when examining the CD40L cluster.

The FASL Cluster: TNFSF6 and TNFSF14 Groups

TNFSF6/FASL and TNFSF14/LIGHT are two genes that have
very similar sequences and therefore they appear together
in most phylogenetic analyses (see e.g., Collette et al. 2003;
Glenney and Wiens 2007; Biswas et al. 2015). We found this
association to be strongly supported (bootstrap = 99%;
fig. 1). Genes of the TNFSF6 and TNFSF14 groups show a
tendency to become duplicated. Multiple TNFSF6/FASL has
been found in sharks (e.g., four, one of them most likely a
pseudogene, are found in tandem in Callorhinchus) and two
to five TNFSF14 genes in Latimeria, Danio, and Lepisosteus
(fig. 1). From now on, we will call the TNFSF6/FASL and
TNFSF14/LIGHT genes together as “FASL cluster.” Collette
et al. (2003) suggested that an ancestral gene located in
the MHC region gave rise to the progenitors of the FASL
and TNF clusters after becoming duplicated in the first of
the early vertebrate WGDs and that TNFSF6 and TNFSF14
emerged in the second ancestral WGD. Topology in figure 1
cannot be used to support this hypothesis, given that the FASL
cluster appears closer to the EDA cluster than to the TNF
cluster. However, the bootstrap value for the critical internal
branch is so low (72%) that this putative FASL-EDA link may
well be spurious. Thus, our data are not incompatible with
Collette et al. (2003) proposal.

The CD40L Cluster: TNFSF5/10/11/12 and Related Fish
Sequences

In figure 1, just below the FASL-cluster genes, six contiguous
orthology groups, TNFSF5, TNFSF10, TNFSF11, TNFSF12,
TNFSF-Fish3, and TNFSF-Fish4, are defined. They will be called
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the “CD40L cluster,” following the name of one of the most
analyzed human genes, TNFSF5/CD40L. They are included to-
gether in an ancient branch, although with very low bootstrap
value (67%). All of these groups have maximum bootstrap
support (100%) except TNFSF5, which is however strongly
supported by synteny data (black dots in fig. 1 and see details
in supplementary file 2, Supplementary Material online).
Several studies already pinpointed the close similarity between
TNFSF10 and TNFSF11, and, in some cases, their relationships
with TNFSF5, as well as the presence in fishes of additional,
closely related genes (Collette et al. 2003; Glenney and Wiens
2007, Biswas et al. 2015; Premzl 2016). However, no previous
phylogenetic tree showed that those genes are related to
TNFSF12, which indeed has a quite different sequence (see
the long branch for TNFSF12 genes in fig. 1). However, nota-
bly, Collette et al. (2003) suggested that mammalian TNFSF5,
-10, -11, and -712 all derived from a single ancestral gene,
guadruplicated in the two early rounds of WGD in verte-
brates. Given that the four genes are already present in sharks
and analyses in figure 1 demonstrate that they have quite
similar sequences, Collette et al. (2003) hypothesis receives
here a significant endorsement. In addition, synteny analyses
suggested that both TNFSF-Fish3 and TNFSF-Fish4 genes may
be TNFSF5 duplicates, because in the three cases the human
orthologs of the genes that surround them are found on the X
chromosome (supplementary file 2, Supplementary Material
online). Actually, TNFSF-Fish4 genes are detected in marsu-
pials and monotremes (e.g., wombat LOC114053674; platy-
pus LOC107547878), in exactly the same position that in
fishes, meaning that this gene has been lost in the eutherian
lineage. Except for TNFSF-Fish3, which has been lost several
times, only isolated species-specific duplications and losses of
CD40-cluster genes are observed (fig. 1).

The 4-1BBL Cluster: TNFSF4/7/9/18; Odds and Ends: Highly
Divergent Sequences

A large ensemble of heterogeneous sequences that cannot be
ascribed to any of the four clusters hitherto defined appear
together at the bottom of figure 1. Among them, the five
highly divergent sequences, already mentioned at the begin-
ning of this section, which could not be included in any orthol-
ogy group, are found (see asterisks in fig. 1). In addition, seven
orthology groups (TNFSF-Fish5, TNFSF9, TNFSF4, TNFSF18,
TNFSF-New, TNFSF7, and TNFSF8) are also located in this re-
gion of the tree. The five groups that include two or more
sequences all have strong bootstrap support (95-100%) ex-
cept for TNFSF-New, but the orthology of the TNFSF-New
sequences detected in Danio and Takifugu is well supported
by synteny data, as already described above (see TNF Cluster
section).

The internal branch of the tree that contains all these
sequences has a very low bootstrap support (65%). Thus,
whether these genes are indeed related or they just appear

artificially together in our ML analyses is, at first sight, unclear.
However, additional evidence supports that some of them are
indeed evolutionary linked. A first significant information is
that human TNFSF7/CD70 and TNFSF9/4-1BBL are located in
tandem on chromosome 19. According to data in the
Genomicus database, TNFSF7/CD70 is mammalian-specific,
and thus can be interpreted as a recent duplicate of
TNFSF9/4-1BBL. This explains why no ortholog was found in
fishes in our searches. Similarly, TNFSF4/OX40L and TNFSF18/
AITRL are located in humans in a tandem on chromosome 1.
Again, TNFSF18/AITRL is, according to Genomicus, also a re-
cent, mammalian-specific duplicate, and thus it was of course
impossible to detect in the fishes examined here. Evidence
exists for these two tandems having a deep evolutionary re-
lationship, because in both of them an additional gene of the
FASL cluster is found. For the TNFSF8/14 couple, the third
gene in the tandem is TNFSF6/FASL, whereas for the
TNFSF7/9 pair, that third gene is TNFSF14/LIGHT (details in
supplementary file 2, Supplementary Material online). Given
the strong similarity of TNFSF6/FASL and TNFSF14/LIGHT that
we have already discussed (see FASL Cluster section), the sim-
plest explanation is that both tandems have a common evo-
lutionary origin. Thus, a logical hypothesis is that, before the
last WGD occurred in early vertebrate evolution, there were
already two ancestral genes located in tandem. One of them
would be the progenitor of TNFSF6/FASL and TNFSF14/LIGHT
and the second one the progenitor of both TNFSF9/4-1BBL
and TNFSF4/0X40L. Then, the second WGD produced the
two distinct tandems that we now observe. This model is in
good agreement with the results shown in figure 1. Notice
also that, again supporting an ancient origin, TNFSF6/FASL,
TNFSF14/LIGHT, TNFSF9/4-1BBL, and TNFSF4/0X40L are all
present in sharks. The evolutionary ensemble of the ancient
genes TNFSF4/OX40L and TNFSF9/4-1BBL and their two re-
cent duplicates TNFSF7/CD70 and TNFSF18/AITR will be called
from now on the 4-1BBL cluster.

We are left with three groups, TNFSF8, TNFSF-Fish5, and
TNFSF-New, which appear close to 4-1BBL-cluster genes in
figure 1, although it is clear that they are not related to genes
in that cluster, being either TNSF15 or TNFSF1/2 duplicates
(see above, TNF Cluster section). Collette et al. (2003) inter-
preted the TNFSFS/TNFSF15 tandem to be ancient, existing
before the ancestral vertebrate WGDs. However, TNFSFS/
CD30L is not observed in fishes other than Latimeria.

TNF Superfamily Genes in Agnathans

So far, only a few TNFSF genes had been described in agna-
thans. Suzuki et al. (2004) found two in the hagfish E. burgeri,
which they considered, based on sequence similarity, as po-
tential orthologs of, respectively, TNFSF10/TRAIL and
TNFSF13/APRIL. On the other hand, Das et al. (2016) charac-
terized a gene similar to TNFSF13B/BLYS (aka BAFF) present in
the lampreys P. marinus and Let. camtschaticum. This gene
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was interpreted as equally similar, co-orthologous, to
TNFSF13B/BLYS and BALM by Redmond et al. (2017). Given
that, in the previous sections, we are hypothesizing an ancient
origin of many TNFSF genes, in several cases originating be-
fore the ancestral vertebrate WGDs, it would be unexpected
to find very few genes in agnathans. Indeed, exhaustive
searches characterized a relatively large set of TNF-like
sequences both in lampreys and in hagfishes. Their phyloge-
netic relationships with the orthology groups defined for the
rest of vertebrates are summarized in figure 2. The corre-
sponding alignment can be found in supplementary file 3,
Supplementary Material online. This phylogenetic tree dem-
onstrates that, as expected, very different TNF superfamily
members exist in agnathan species. It is significant that the
sets of TNFSF sequences found in the lampreys Petromyzon
and Lethenteron are almost identical and very similar to those
found in the hagfish Eptatretus. The agnathan sequences are
found in eight different places in the tree, with likely orthol-
ogous genes being found in two or the three species in seven
out of these eight cases. Thus, it is very unlikely that many
more TNFSF genes are to be found in these species; if this was
the case, many agnathan sequences should appear isolated.
This conclusion is in good agreement with an estimation of
genome completeness for Petromyzon, which established
that practically all single-copy vertebrate genes expected to
be found in that lamprey are indeed detected (Smith et al.
2018).

No agnathan sequences are similar to those of the TNF-
cluster genes TNFSF1/2, TNSF3, TNFSF15, or TNFSF-Fish1
(fig. 2, top). It was postulated above that two ancient pro-
genitors of, respectively, the TNSF15/TNFSF-Fish2/TNFSF-
Fish5/TNFSF8 genes and the TNFSF1/TNFSF2/TNFSF3 genes
existed after the two WGDs that occurred before the agna-
than/gnathostome split. The lack of obvious TNFSF1/2/3 and
TNFSF15 genes in agnathans can be interpreted as indicating
that these two progenitors were lost in the agnathan lineage,
although it cannot be ruled out that these genes are still to be
found in these incompletely assembled genomes. Most inter-
estingly, a Lethenteron gene is found in a highly supported
branch (99% bootstrap value) with TNFSF-Fish2 genes. Given
that TNFSF-Fish2 is a tandem duplicate of TNFSF15, this result
suggests the existence of not two but three ancient TNF-
cluster genes before the agnathan/gnathostome split. It also
indicates that the strong TNFSF15 versus TNFSF-Fish2 se-
guence divergence that is now detected occurred very early
in vertebrate evolution.

Five similar sequences in Eptatretus and two in both
Petromyzon and Lethenteron appear very close in the tree
to gnathostome EDA-cluster genes (fig. 2). A gene for each
agnathan species appears very close to EDA itself, in a highly
supported branch (bootstrap = 99%), The other six sequen-
ces appear in a second branch, also highly supported (97%),
which includes the other three EDA-cluster genes, TNFSF13,
TNFSF13B, and BALM (fig. 2). This indicates that at least two

EDA-cluster genes were already present before the agnathan/
gnathostome split. However, data described above (see EDA
Cluster section) suggested that not two but the four EDA-
cluster genes already existed after the two rounds of WGD
that preceded the agnathan/gnathostome split, Indeed, syn-
teny data suggest that Petromyzon KX146631.1/
PIZI010100373.1 most likely is a BALM ortholog, given that
it is adjacent in Petromyzon to IGBP1, a gene that is found very
close to the EDA/BALM tandem in other species (see details in
supplementary file 2, Supplementary Material online). Also,
adjacent to Eptatretus FYBX02009995.1 is found ABHD13,
which is in exactly the same position respect to TNFSF13B in
other species (supplementary file 2, Supplementary Material
online). Finally, it was impossible to determine from which
region of the genome come the TNFSF sequences found in
Eptatretus FYBX02010170.1. They may be additional,
Eptatretus-specific duplicates, although it is also possible
that they correspond to the fourth EDA cluster gene,
TNFSF13 (fig. 2).

It was established above that both genes of the FASL clus-
ter, TNFSF6 and TNFSF14, existed prior to the agnathan/gna-
thostome split. A single sequence of each of the three
agnathan species analyzed appear in a highly supported
branch (bootstrap = 100%) relatively close to those two
orthology groups. Synteny data suggest that these sequences
may correspond to TNFSF6 orthologs, given that the genes
that are closest to them in the agnathan genomes have hu-
man orthologs on chromosome 1, precisely where TNFSF6 is
located (supplementary file 2, Supplementary Material on-
line). In addition, Eptatretus FYBX02009869.1 is surrounded
by genes whose orthologs are in human chromosome
19p13.2-p13.3 (supplementary file 2, Supplementary
Material online). In figure 2, it can be observed that
Eptatretus FYBX02009869.1, although quite similar to
TNFSF-Fish2 genes, is actually in an intermediate position be-
tween those genes and the genes of the FASL cluster. Given
that TNFSF14 is located in humans precisely on chromosome
19p13.3, it is likely that the Eptatretus FYBX02009869.1 se-
guence corresponds to a divergent TNFSF14 ortholog.

Once again, a single gene in each of the three agnathan
species appears in a highly supported branch (bootstrap =
99%) with the gene groups TNFSF10, TNFSF11, and TNFSF-
Fish4, which belong to the CD40L cluster (fig. 2). A minimum
of four genes of this cluster, TNFSF10, TNFSF11, TNFSF12, and
the TINFSF5/TNFSF-Fish3/TNFSF-Fish4 progenitor were postu-
lated to exist after the ancestral vertebrate WGDs (see CD40L
section above). This result suggests that three CD40L-cluster
genes have been lost in agnathans. When synteny was ana-
lyzed, it was found that the genes adjacent to the TNFSF
genes in Eptatretus FYBX02009755.1 (only sequence for
which synteny can be ascertained) have orthologs located
on human chromosome X, just as happens for TNFSF5,
TNFSF-Fish3, and TNFSF-Fish4. A particular gene, RBMX, is
very close to the TNFSF gene in FYBX02009755.1 and to
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Fic. 2—ML tree including both agnathan and gnathostome TNFSF sequences. Bootstrap values and names of sequences are indicated as in figure 1. The
gnathostome orthology groups described in figure 1 have been here collapsed (triangles). Orthology groups that include shark sequences are shown in black
color. Red triangles refer to groups in which shark sequences are absent. The orthology groups deduced for the agnathan sequences, based on sequence
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TNFSF5 in other species (supplementary file 2, Supplementary
Material online), suggesting that the agnathan gene is a true
TNFSF5 ortholog. A rapid evolution of the gnathostome
TNFSF5 genes may explain why this agnathan gene is more
similar to the other CD40L-cluster genes than to the TNFSF5
genes themselves. The other two agnathan CD40L-like
sequences (Lethenteron APJLO1089705.1 and Petromyzon
PIZI01000577.1) may also correspond to TNFSF5 orthologs,
but given that the bootstrap support for their connection with
Eptatretus FYBX02009755.1 is low, other possibilities remain
open.

Finally, a group of three very similar sequences was
detected in both Petromyzon and Lethenteron (fig. 2, bot-
tom). Synteny was determined for the Petromyzon sequences
(information available for the Lethenteron ones was insuffi-
cient). Two of them, located in tandem on contig
PIZIO100007.1, are surrounded by genes whose human
orthologs are present on chromosome 1 and the third,
PIZI01000010.1, is close to genes whose orthologs are in hu-
man chromosome 19. Thus, in spite of their very limited se-
guence similarity, these agnathan sequences may correspond
to, respectively, TNFSF4 (located in humans on chromosome
1) and TNFSFO (in our species, located on chromosome 19).
Precisely, these two genes were deduced to be ancient, exist-
ing already after the early vertebrate WGDs (see above,
4-1BBL section).

A Model for TNF Superfamily Evolution in Early Vertebrates

Table 1 summarizes the results obtained for the nine fish spe-
cies plus humans. It can be observed that all the analyzed
gnathostome species have a comparable level of complexity,
with a number of genes ranging from 14 (Takifugu) to 28
(Rhincodon) and a number of orthology groups present that
ranges between 13 (again Takifugu) and 19 (Latimeria), out of
a maximum of 24. The difference in the number of genes isin
part due to tandem duplications that occurred more often in
some species than in others. However, some reductions in the
number of genes, involving multiple losses, can also be de-
duced when closely related species are compared (e.g.,
Takifugu vs. Danio, Homo vs. Latimeria). In agnathans, both
the number of genes (8-9) and the number of orthology
groups present (5-6) are much smaller.

With the information described in the previous sections, it
is possible to propose a hypothesis of how the TNF superfam-
ily evolved in early vertebrates. We will follow the steps of
Collette et al. (2003), which combined all the information
then available to generate the simplest model to fit their
data. Figure 3 shows the most parsimonious explanation to

accommodate all the available data obtained here. It starts
assuming a single TNF superfamily gene, present in an inver-
tebrate ancestor of modern vertebrates, and indicates: 1) the
most likely time of emergence of the progenitors of the five
gene clusters defined in this work (i.e., TNF, EDA, CD40, FASL,
and 4-1BBL); 2) the impact of the two WGDs; and 3) the
diversity of the TNF superfamily just after those WGDs and
also later, in the ancestors of agnathans and gnathostomes.
Figure 4 indicates the patterns of emergence of loss of each
gene in the ten lineages considered in this study. If we com-
pare figure 3 and the hypothesis developed by Collette et al.
(2003), it is obvious that there are significant similarities. The
main one is that many genes emerged as a consequence of
the two WGDs. TNFSF genes located before these duplica-
tions in the ancestral chromosomes 9 and 16 (according to
the nomenclature developed by Sacerdot et al. [2018]) be-
came, as first suggested by Collette et al. (2003), distributed
by their effects in eight different chromosomes. As already
indicated, in humans, they are, on one hand, chromosomes 1,
6, 9, and 19 (corresponding to the MHC paralogons;
Kasahara 1998) and, on the other hand, chromosomes 3,
13, 17, and X. Genes of the TNF, FASL, and 4-1BBL clusters
are distributed in the first quartet of chromosomes, whereas
genes of the CD40 and EDA clusters are found in the second
guartet (fig. 3). However, despite this general similarity, if we
carefully compare the model proposed by Collette et al.
(2003) and the one summarized in figure 3, it becomes obvi-
ous that the details are very different. Particularly, the hypoth-
esis presented here is much simpler. Collette et al. (2003)
postulated the emergence of six TNFSF genes before the an-
cestral WGDs, with two of them being lost just before them.
On the contrary, here it is hypothesized the presence of just
three genes before the WGDs, and no losses are required.
Similarly, Collette et al. (2003) suggested that 15 TNFSF genes
were present after the WGDs, whereas only 13 are hypothe-
sized here (fig. 3). If we consider that they missed in their
analyses the seven fish-specific genes (TNFSF-Fish1 to TNFSF-
Fish5, BALM, and TNFSF-New) detected in this and other stud-
ies, we can conclude that their hypothesis necessarily would
have become even more complex to accommodate the whole
data set analyzed here. These differences are mainly due to
Collette et al. (2003) suggesting the very early presence, much
before the WGDs, of a tandem of three genes, being one of
them the progenitor of TNFSF3, -4, -7, -8, -9, and -18.
However, it has been demonstrated in previous sections
that, of all those, only TNFSF4 and TNFSF9 are present in
sharks and most likely in agnathans (figs. 1 and 2 and text
above), whereas the rest emerged much more recently. Thus,

Fic. 2—Continued

similarity and synteny, are shown in brackets (blue color). For five agnathan sequences, information is insufficient to ascribe them to any orthology group.
Given where they are placed on the three, they may correspond to TNFSF13 and TNFSF5 orthologs, but a question mark has been added to indicate that such
assignment still lacks support. In table 1, these five sequences are included in the “Other” class, with all the sequences not ascribed to any orthology group.
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Table 1
Number of Genes Included in Each Orthology Group in the Ten Species Analyzed in This Study
Species Orthology Groups

172 3 4 5 6 7 8 9 10 11 12 13 13B 14 15 18 EDA BALM NEW F1 F2 F3 F4 F5 Other No.
Petromyzon marinus 2 1 1 1 1 1 7
Lethenteron camtschaticum 2 1 1 1 1 1 1 8
Eptatretus burgeri 11 1 1 1 3 8
Callorhinchus milii 11 4 111 11 1 2 1 1 11 1 1 20
Rhincodon typus 8 1 3 T 1 1 1 1 2 1 2 1 1 1T 1 1 1 1 29
Danio rerio 2 11 T 1 1 1 1 1 2 1 1 1 1 2 1 19
Takifugu rubripes 1 11 12 1 1 1 1 1 1 1 1 14
Lepisosteus oculatus 1 11 1T 1 1 1 1 5 1 1 1 1 1 1 1 20
Latimeria chalumnae 3 1 11 11 1 1 1 1 1 2 1 1 1 11 11 3 25
Homo sapiens 2 11111111 1 1 1 1 T 1 1 1 18

Note.—Other, genes not included in any orthology group; No., total number of genes.

there is no objective evidence for the existence of such a
progenitor gene so early in vertebrate evolution. We propose
the much simpler hypothesis that the progenitor of all the 4-
1BBL-cluster genes (TNFSF4, -7, -9, and -18) emerged just
after the first WGD (fig. 3). We also showed that TINFSF3,
TNFSF8, and TNFSF18 are still much more recent, being pre-
sent only in sarcopterygians (figs. 1 and 3). Their evolutionary
histories are thus totally different from the ones assumed by
Collette et al. (2003).

Some independent evidence supporting our hypothesis of
just three ancestral genes before the vertebrate WGDs can be
obtained from the analysis of the TNFSF genes present in the
cephalochordate Branchiostoma floridae performed by
Huang et al. (2008). Although their phylogenetic analyses
comparing Branchiostoma and vertebrate genes are far
from conclusive (e.g., they did not included the whole set
of TNFSF vertebrate genes; bootstrap support for the topology
obtained is weak), they indeed suggested that Branchiostoma
TNFSF genes can be divided into four groups, which can be
easily explained as derived from our three ancestral genes.
The first set includes genes quite similar to vertebrate
TNFSF10 and TNFSF11 (both of the CD40 Cluster, fig. 3);
the second, they consider similar to TNFSF2 and TINFSF6,
which belong to, respectively, the TNF and FASL clusters,
both derived from the progenitor gene in ancestral chromo-
some 6 (see again fig. 3); the third, they found was quite
similar to TNFSF5 (again CD40 cluster); finally, the fourth set
of genes was most similar to both TNFSF13 and EDA (both
members of the EDA cluster, fig. 3). These results suggest that
the three original genes postulated in our model were already
present before the split that separated the cephalochordate
and vertebrate lineages. In this context, additional significant
results were found by Robertson et al. (2006) in the echino-
derm Strongylocentrotus purpuratus. They described four
TNFSF genes in that species, two of them most similar to
EDA and the other two to TNFSF1/-2/-3. This suggests that
the first duplication postulated on top of figure 3 may have

occurred already before the echinoderm/chordate split.
However, again, the analysis by Robertson et al. (2006) is
very incomplete and the topology that they obtained is poorly
supported. We must therefore conclude that the model
shown in figure 3 is compatible with all the available evidence,
but more precise analyses comparing vertebrate and inverte-
brate TNFSF genes are required to rigorously test whether it
indeed fully explains the early evolution of this gene family as
well as to determine the precise timing of the earliest TNFSF
duplications.

From the summary shown in figure 4, in which the patterns
of duplication and loss are detailed, it can be deduced that the
common ancestor of agnathans and gnathostomes already
had a complex TNFSF/TNFRSF system, with about 15 genes.
After the agnathan/gnathostome split, both lineages followed
opposite trends: although a large simplification of the system
occurred in agnathans, a significant increase occurred in gna-
thostomes. More recently, varied and complex remodelings of
the TNFSF/TNFRSF system, with emergence of new genes plus
a substantial number of gene losses, are observed, with a
tendency of additional losses in agnathans and to stabilization
or some further increase in the number of TNFSF genes in
gnathostomes. It is however noteworthy the decrease ob-
served in our own lineage, with five relatively recent gene
losses (fig. 4). Actually, it is deduced that we have one
TNFSF gene less than the ancestor of all gnathostomes, which
lived about 475 Ma (Betancur-R et al. 2017; Irisarri et al.
2017). Itis also interesting that the teleost-specific WGD failed
to determine a significant increase in the number of TNFSF
genes. Although some increase related to that WGD is ob-
served in D. rerio, T. rubripes has fewer genes than the an-
cestor that suffered that duplication (fig. 4). This means that
practically all genes emerged in that WGD became lost. This is
the opposite of what occurred in early vertebrate evolution, in
which practically all the genes derived from the two WGDs
persisted (fig. 3).
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Fic. 3—Model for the early evolution of the TNF superfamily. The origins of the progenitor genes of the CD40, EDA, TNF, FASL, and 4-1BBL clusters are
indicated. All genes of a given cluster are depicted with the same color. WGD1 and WGD2 are the two rounds of genome duplication occurred in early
vertebrate evolution, before the agnathan/gnathostome split (see text). D indicates a tandem duplication event. Gene losses are indicated with crosses. In the
box that corresponds to the vertebrate ancestor, genes that encode proteins that in modern mammals are known to interact with death-domain-containing
receptors are marked with gray skulls. A golden skull means that the gene encodes a ligand that interacts with either TNFSF6B or TNFSF11B, that, despite not
acting today as death receptors, still retain in their sequences similarity to death domains, meaning that intracellular death-domain-dependent cascades
could be activated by those receptors in the past. Triangles indicate genes whose products activate, when interacting with the corresponding receptors, the
NF-xB pathway.
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Fic. 4—Evolutionary history of the TNFSF genes along vertebrate evolution. Fifteen genes are deduced to exist prior to the divergence of all these species
(box). Black rectangles indicate gene losses and red arrows, gene duplications. Blue arrows indicate the genes that emerged in the teleost-specific WGD
discussed in the text and are still found in either Danio or Takifugu. Numbers in parentheses refer to the number of duplicates; lack of number indicates a
single duplicate. Question marks refer to the uncertainties to trace the evolutionary history of TNFSF-Fish 1. O, “other,” that is, genes not included in any

orthology group; F, Fish; BM, BALM; N, New.

TNFSFs in Early Vertebrates: Functional Implications of the
Evolutionary Patterns

Assuming that the evolutionary hypothesis summarized in fig-
ure 3 is correct and that TNFSF proteins have retained similar
functions since they emerged, several significant functional
implications can be inferred. First, from the three original
TNFSF genes that existed before the vertebrate WGDs, mul-
tiple descendent genes encode proteins that interact with
receptors of the TNFR superfamily that contain death domains
(see details in fig. 3). Thus, it can be inferred that TNFSF
ligands were involved in cell-death regulation through activa-
tion of death-domain-containing receptors (extrinsic apopto-
tic pathway; Legrand et al. 2019) already very early in
evolution, probably before vertebrates emerged. This is in
perfect agreement with the finding of TNFSF receptors with
death domains in invertebrates and nonvertebrate chordates
(Quistad and Traylor-Knowles 2016) and the observations
that human TNFSF2/TNF protein is able to induce apoptosis
in corals and also that TNF-like proteins encoded in corals
induce apoptosis in human cells through FADD, a protein re-
quired for the activation of caspases by death domain TNFRs
(Quistad et al. 2014). Similarly, it can be deduced that TNFSF-
dependent activation of the canonical and/or noncanonical
NF-xB pathways, critical for inflammation and to respond to

pathogens (Zhang et al. 2017), is a feature that probably arose
very early, given that, again, genes derived from all three pre-
WGDs TNFSF progenitor genes encode proteins that are in-
volved in signaling that leads to activation of one or both of
those pathways (see also details in fig. 3).

It is also interesting to divide the TNFSF genes into three
groups: 1) those that emerged early and have been retained
in most/all vertebrates, including both agnathans and gna-
thostomes; 2) those that emerged early but were lost in agna-
thans; and 3) those that emerged more recently and are
found only in gnathostomes. According to data summarized
in table 1, there are just two strictly conserved genes, found in
all species analyzed, TNFSF6/FASL and EDA. Similarity of mul-
tiple invertebrate TNFSF genes with EDA has been described
(Wiens and Glenney 2011). Six other genes, namely TNFSF4, -
9, -13B, -14, BALM, and TNFSF-Fish2, although lost in one or
several of the species analyzed, have been found in both
agnathans and gnathostomes (figs. 3 and 4 and table 1). It
is significant that this conserved group includes genes of all
five ancestral clusters, TNF, 4-1BBL, FASL, CD40, and EDA.
This may be interpreted as indicating a very early division of
labor among genes belonging to different clusters, in such a
way that eliminating all genes of a cluster became very diffi-
cult. Only Eptatretus apparently lacks both TNF-cluster and 4-

2086 Genome Biol. Evol. 12(11):2074-2092 doi:10.1093/gbe/evaal40 Advance Access publication 6 July 2020



TNFSF: Ancestral Functions and Remodeling

GBE

1BBL-cluster genes, whereas in Petromyzon (but not in its
close relative Lethenteron) no TNF-cluster genes have been
detected. Whether this indeed means that these jawless fishes
have found a way to survive without those kinds of genes or it
simply indicates that one/two additional TNFSF genes have to
be found in their genomes remains to be elucidated.

No less than six genes present in the common ancestor of
agnathans and gnathostomes (TNFSF1/2, -10, -11, -12, -13,
and -75) have not been detected in jawless fishes. Three of
them (TNFSF1/2, -10, and -15) encode ligands that in mam-
mals interact with death-domain-containing  TNFRs.
Moreover, TNFSF11 protein interacts with TNFRSF11B, a de-
coy receptor that, despite not being a membrane protein, also
has two regions with significant similarity with death domains
(fig. 3; Yamaguchi et al. 1998), suggesting that its original
function may also have been the regulation of apoptosis. It is
interesting that the opposite is found if we consider the five
genes that emerged after the agnathan/gnathostome split. All
of them (TNFSF3, -5, -7, -8, and -18) encode proteins that in
mammals bind TNFRs without death domains (Dostert et al.
2019). It is true that TNFSF3/LTS protein forms heterotrimers
with TNFSF1/LTe (Browning et al. 1993) that then are able to
bind to the death-domain-containing receptor TNFRSF1A/
TNFR1. However, because TNFSF1/LTe is usually secreted as
a homotrimer and TNFSF3/LTP also forms homotrimers that
remain membrane-bound and then interact with a different
receptor, TNFRSF3/LTSR, which lacks a death domain (Dostert
et al. 2019), their combined action as membrane-bound het-
erotrimers may be interpreted as a secondary role for both the
TNFSF1/LTee and the TNFSF3/LTf products, perhaps a vestige
of the roles that fulfilled the proteins generated by the pro-
genitor of both genes, which has persisted due to the simi-
larity that both proteins still retain.

Discussion

The main goal of this study was to determine the patterns of
emergence, diversification and, potentially, simplification of
the TNF superfamily in early vertebrate evolution. A set of
fish species was carefully chosen as the best models for that
kind of analysis. It was self-evident the need to include early-
diverging lineages. This is the first work in which the TNFSF
genes of hagfishes, lampreys, and sharks are studied in detail.
The model bony fishes D. rerio and T. rubripes were also in-
cluded because their TNFSF genes had been already carefully
studied and compared with those in mammals (Glenney and
Wiens 2007; Biswas et al. 2015). We reasoned that they could
provide significant clues to understand the results for the
other species. Two additional bony fishes, the spotted gar
Lep. oculatus and the coelacanth L. chalumnae, were included
for the additional advantages that they provided. Genes of
the holostean Lepisosteus have been shown to evolve slowly
respect to those of teleosts (Braasch et al. 2016). Moreover,
Lepisosteus diverged from Danio and Takifugu about 300 Ma,

before an additional, teleost-specific WGD occurred (Near
et al. 2012; Braasch et al. 2016; Ravi and Venkatesh 2018;
Hughes et al. 2018). Finally, Latimeria is a sarcopterygian, a
member of the evolutionary branch from which our own spe-
cies emerged. It was included as a useful link between mam-
mals and the other, more distantly related, fishes.

By performing exhaustive database searches, all the TNFSF
genes of these species have been discovered and classified
(figs. 1-4 and table 1). As detailed above, a substantial num-
ber of new genes have been found in the fish species whose
TNF superfamily had been already analyzed (Danio, Takifugu,
Latimeria, and Callorhinchus). The addition of the TNFSF
genes present in the other five fish species provides a much
more precise view of TNFSF diversity and provides the first
complete data set from which general conclusions on the
evolution of this superfamily in early vertebrates can be
obtained. Phylogenetic analyses combined with synteny
data have allowed classifying TNFSF genes into 24 orthology
groups. Seventeen of them have been named according to
the human gene (or genes, as in the TNFSF1/2 group) that
they include. The other seven groups do not incorporate a
human ortholog. In two cases (BALM and TNFSF-New), they
had been already characterized by other authors (Savan et al.
2005; Glenney and Wiens 2007; Das et al. 2016; Redmond
et al. 2017). The other five fish-specific orthology groups
(TNFSF-Fish1 to -Fish5) are described here for the first time.

By analyzing the whole data set, it was possible to charac-
terize the most likely time when each of the genes emerged
(figs. 3 and 4). This led to the definition of five TNF superfamily
clusters, groups of evolutionary related genes, which derive
from five specific progenitors already present before the
agnatha/gnathostomata split. The functional significance of
these clusters is clear. The proteins derived from genes in-
cluded in a given cluster often show overlapping interactions
with particular receptors of the TNFR superfamily (summa-
rized by Dostert et al. [2019]). Thus, the products of the
TNF-cluster genes TNFSF1/LTo. and TNFSF2/TNF both interact
with the TNFRSF1A/TNFR1 and TNFRSF1B/TNFR2 receptors;
the EDA-cluster genes TNFSF13/APRIL and TNFSF13B/BLYS
(aka BAFF) generate ligands able to interact with receptors
TNFRSF17/BCMA and TNFRSF13B/TACI; the products of the
FASL-cluster genes TNFSF6/FASL and TNFSF14/LIGHT both in-
teract with TNFRSF6B/DCR3; and, finally, the products gener-
ated from TNFSF10/TRAIL and TNFSF11/RANKL both interact
with receptor TNFRSF11B/OPG. If we consider (fig. 1) that
three of these pairs of TNFSF genes existed already before
the chondrichthyan/osteichthyan split (about 450-475 Ma;
Betancur-R et al. 2017; Irisarri et al. 2017) and the most recent
pair (TNFSF1/LTo and TNFSF2/TNF) was already present before
the split that separated the coelacanth and human lineages
(about 425 Ma; Betancur-R et al. 2017; Irisarri et al. 2017),
this functional conservation is striking. It is also significant that
only two TNF receptors (TNFRSF3/LTSR and TNFRSF6B/DCR3)
are able to interact with proteins encoded by TNFSF genes of
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different clusters (Dostert et al. 2019). Another striking dem-
onstration of functional similarity among the products of
genes of the same cluster is the fact that heterotrimers are
generated in vivo between TNFSF1/LTo and TNFSF3/LTS pro-
teins and also between TNFSF13/APRIL and TNFSF13B/BLYS
proteins (Browning et al. 1993; Roschke et al. 2002).

The patterns described for the evolution of the TNF super-
family (figs. 3 and 4) suggest that it has expanded due to two
different processes. First, as a consequence of the early ver-
tebrate WGDs, which, from just three progenitors, generated
a set of about 15 genes (fig. 3). Almost all the genes derived
from these WGDs have survived in gnathostomes, whereas
many have been lost in agnathans (figs. 3 and 4). Second, by
relatively frequent gene duplications that generated tandems
of similar genes. Several examples of these tandem duplica-
tion events were already described in the previous sections.
On the contrary, most of the genes emerged in the more
recent WGD occurred in the teleost lineage have later disap-
peared (fig. 4). It is tempting to speculate that the early ex-
pansion of the TNF superfamily may have allowed its
members to become key actors in the development and reg-
ulation of the adaptive immune system in early gnathostome
evolution, with the other, more recently duplicated genes
contributing additional roles that allowed further refinement
of that system. Such an acquisition of novel roles may be
much more difficult once the immune system was fully estab-
lished, explaining why most additional TNFSF genes generated
by the teleost WGD became dispensable and were lost. In
agnathans, which have an alternative adaptive immune sys-
tem (Boehm et al. 2018; Flajnik 2018), the TNF superfamily
has become substantially simplified. It is possible that the es-
tablishment of this alternative immunity required a simpler
pattern of cell-cell interactions mediated by the TNFSF/
TNFRSF system, so gene losses were easily accommodated.

It has been deduced from the patterns of emergence of
TNFSF genes and their current roles in mammals that both
their involvement in the regulation of cell death and their roles
in NF-xB pathway control are ancient. There is direct evidence
for the control of apoptosis by TNFSFs acting in invertebrate
animals, such as cnidarians (Quistad et al. 2014). However, so
far there is no evidence for TNFSF proteins being able to ac-
tivate the NF-xB pathway in invertebrate species. This path-
way, present in all animals including sponges (Riesgo et al.
2014), most likely emerged before metazoans split from their
closest protozoan relatives, given that both choanoflagellates
and the ichthyosporean Capsaspora contains genes that en-
code proteins very similar to those involved in the pathway in
animals, including NF-«B itself (Gilmore and Wolenski 2012;
Richter et al. 2018). However, when the intracellular effects of
the TNFSF/TNFRSF system have been analyzed in inverte-
brates, a role in NF-kB control has not been found. In partic-
ular, the function of the only TNFSF gene of Drosophila
melanogaster, Eiger, has been extensively studied. Signaling
through the TNFSF receptors Wengen and Grindelwald does

not activate the NF-xB pathway, but a different one, JNK
(Moreno et al. 2002; Kauppila et al. 2003; Andersen et al.
2015). Overexpression of a TNFRSF gene of the crustacean
Litopenaeus vannamei in Drosophila cells also failed to acti-
vate their NF-xB pathway (Wang et al. 2012). This may indi-
cate that the control of the NF-xkB pathway by the TNFSF/
TNFRSF signaling system is absent in invertebrates. It has
been suggested that the NF-«xB pathway was originally con-
trolled by signals derived from Toll-like receptors as part of the
innate immune response (Gilmore and Wolenski 2012) and
only much more recently coopted by the TNFSF/TNFRSF sys-
tem to contribute to adaptive immunity (Moreno et al. 2002;
Collette et al. 2003; Wiens and Glenney 2011). Analyzing the
functions of TNFSFs genes in invertebrates other than
Drosophila or in nonvertebrate chordates may contribute to
determine the precise moment in which that switch occurred.
Finding that several TNFSF genes lost in agnathans have in
mammals roles in the extrinsic apoptotic pathway but none of
the genes emerged in gnathostomes has main roles in that
pathway may be a very significant clue to understand the
different functions of the TNFSF/TNFRSF system in the two
vertebrate branches. The fact that jawless fishes have less
TNFSFs able to interact with TNFRs with death domains sug-
gest that, relative to early vertebrates or modern gnathos-
tomes, the activation of cell-death mechanisms by TNFSFs is
temporally restricted along development and/or involves a
more limited set of cell types in agnathans. On the other
hand, the discovery that the gnathostome-specific TNFSFs
have receptors that do not have death domains indicates
that these duplicates emerged to refine cell-to-cell interac-
tions, that is, to generate additional, specific ways to induce
the activation of intracellular regulatory cascades (Borst et al.
2005; Elgueta et al. 2009; Nocentini and Riccardi 2009; van
der Weyden et al. 2017). In summary, it can be inferred that,
since their split from the agnathan branch, gnathostomes
have evolved a more sophisticated TNFSF-based system of
cell communication (figs. 3 and 4 and table 1) but conserving
practically intact the TNFSF-dependent extrinsic apoptotic
pathway that already existed prior to that split. On the con-
trary, cell-death mechanisms regulated by TNFSFs have be-
come significantly simplified in jawless fishes (figs. 3 and 4).
This study opens several interesting research paths: First, it
remains to be determined the precise relationships among
invertebrate and vertebrate TNFSF genes, given that the hith-
erto available analyses are quite superficial. In fact, any com-
parison that could have been attempted was hampered by
not knowing the full complexity of the TNF superfamily in
vertebrates, described here for the first time. For instance, it
is possible that some invertebrate TNFSFs are more similar to
the fish-specific genes characterized here than to the mam-
malian TNFSFs that are generally chosen to compare. Second,
it is now possible to analyze in parallel the evolution of the TNF
superfamily and the evolution of the TNF receptor superfam-
ily, in order to determine whether these two gene families are
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indeed coevolving in vertebrate species, as some authors have
suggested. Third, the large number of new TNFSF-fish genes
described here and the fact that some fish species have a TNF
superfamily that is more complex than the one found in
humans and other mammals deserves further analyses.
Finally, this study allows for comparative studies of the bio-
logical roles of TNFSF genes and gene products in distantly
related vertebrate lineages. Given the fundamental roles of
the TNFSF/TNFRSF system in immunity, these comparisons
may provide useful clues to understand how the transition
from innate to adaptive immune systems occurred prior to
vertebrate emergence or how exactly the different adaptive
systems found in agnathans and gnathostomes came into
place.

Materials and Methods

Sequence Retrieval and Alignment

The TNFSF genes present in the genomes of nine fishes, the
agnathans E. burgeri (inshore hadfish), Let. camtschaticum
(arctic lamprey), and P. marinus (sea lamprey), the chon-
drichthyans ~ Rhindocon  typus (whale shark) and
Gallorhinchus milii (elephant shark), the actinopterygians
D. rerio (zebrafish), T. rubripes (torafugu), Lep. oculatus (spot-
ted gar), and the sarcopterygian L. chalumnae (coelacanth)
were characterized. To do so, the sequences of those species
in the nr, wgs, est, tsa, htgs, and gss databases at the National
Center for Biotechnology Information (NCBI; http:/ncbi.nlm.
nih.gov; last accessed July 10, 2020) were explored, as fol-
lows. First, TBlastN searches with default parameters, using as
gueries the protein sequences corresponding to all human
TNFSF genes, were performed. This allowed detecting a large
number of putative TNFSF sequences of the nine fish species.
After eliminating duplicates, partial sequences and some dis-
tantly related TNF-like sequences such as those of the C1qg/
TNF-related proteins (CTRP family; Wong et al. 2004), all the
remnant sequences were again used as queries in TBlastN
searches against the same databases until results became sat-
urated, that is, no additional TNFSF sequences were detect-
able. All the sequences thus obtained plus the human ones
were aligned using ClustalX 2.1 (Larkin et al. 2007) with de-
fault parameters and the alignment manually refined using
GeneDoc 2.7 (Nicholas and Nicholas 1997).

Phylogenetic Analyses

They closely followed the scheme described in a previous
study (Marin 2018). IQTREE version 1.6.1 (Nguyen et al.
2015) was used to obtain ML phylogenetic trees based on
the multiple-sequence alignments. The best model for amino
acidic  substitutions was obtained using ModelFinder
(Kalyaanamoorthy et al. 2017). Following the recommenda-
tions of recent works (Nguyen et al. 2015; Zhou et al. 2018),
ten replicates were obtained with three alternative

perturbation strengths (0.2, 0.5, or 0.8) and 500 iterations
of the nearest-neighbor interchange algorithm. The best ML
tree obtained after all those analyses was selected. Ultrafast
bootstrap analyses (1,000 replicates; Minh et al. 2013; Hoang
et al. 2018) were performed to characterize the reliability of
the topologies determined in the ML analyses. Branches with
bootstrap values of at least 95% are considered to have a
significant statistical support (Minh et al. 2013).

Synteny Determination

The assembled genomes available at NCBI were analyzed to
characterize whether the regions in which TNFSF genes were
located in different species were syntenic. Often, multiple ad-
jacent orthologous genes were detected in the same relative
positions in several genomes, a robust proof for synteny.
However, in other cases only one or a few genes adjacent
to the TNF-encoding ones were detected as orthologous in
different species. Given that the probability of finding in a
couple of species that at least one of the genes that flank
the TNFSF gene that is being analyzed is exactly in the same
place by chance, and not by common ancestry, is very low
(e.g., p=1/5,000 in a genome with 20,000 genes), the pres-
ence of one or more genes immediately adjacent to a TNF-
encoding gene that were orthologous in two different species
was considered proof that the genes were located in syntenic
regions. In the cases were no such synteny was detected, it
was explored whether the TNFSF genes and their neighbors
were positioned in the different species in regions of the same
chromosomes, suggesting that intrachromosomal rearrange-
ments (e.g., inversions) may have altered their location.

The quality of the current genomic assemblies determined
several distinct strategies to establish orthologies and synteny
among species. It was detected that the currently available
assemblies for Homo, Danio, Fugu, Lepisosteus, Latimeria,
and Callorhinchus are of high quality, meaning that the
regions containing TNFSF genes that remain as isolated con-
tigs and cannot be explored are exceptional. On the other
hand, the quality of the assembly of the Rhincodon genome
is not as good, meaning that some negative results (i.e., syn-
teny not determined) were due to lack of data. To compen-
sate for this fact, the genome of a closely related species, the
great white shark Carcharodon carcharias, was also explored,
in order to detect in it the regions missing in Rhincodon.
Finally, the genomes of the three agnathans are still more
fractioned and gene annotation is extremely poor. For this
reason, the contigs of these species were examined in very
precise detail using the NCBI tool ORFFinder (https:/Avww.
ncbi.nlm.nih.gov/orffinder/; last accessed July 10, 2020).
About 200 kb (up to 1Mb in regions with low density of
genes) at each side of a given TNFSF sequence were analyzed.
All potential ORFs of at least 25 amino acids detected by
ORFFinder were checked using BlastP searches against the
nr protein database at NCBI. In this way, the agnathan genes
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adjacent to the TNFSF members were characterized and, in
several cases, synteny with the genomes of other species,
established (see Results). Additional synteny information for
species other than the ones already mentioned was obtained
from the Genomicus website (Nguyen et al. 2018; http://
www.genomicus.biologie.ens.fr/; last accessed July 10,
2020; database version 96.01).

Impact of WGDs

To interpret whether some TNF duplications were linked to
the WGDs that occurred in early vertebrate evolution, data
from Sacerdot et al. (2018) were used (they are available at
the Genomicus website; http:/Avww.genomicus.biologie.ens.
fr/genomicus-69.10; last accessed July 10, 2020). That work
compared the genomes of current species to deduce the
chromosomal complement of the vertebrate ancestor before
those WGDs. Inversely, the genomes of modern species can
be analyzed to establish from which of those ancestral chro-
mosomes derived particular regions and, thus, whether mul-
tiple members of a gene family are located in paralogous
regions derived from WGDs (paralogons) and therefore all
may derive from a single progenitor gene.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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