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ABSTRACT: Tyrosine kinases (TKs) play key roles in the regulation of multicellularity in organisms and involved primarily in cell growth, differ-
entiation, and cell-to-cell communication. Genome-wide characterization of TKs has been conducted in many metazoans; however, systematic
information regarding this superfamily in Electrophorus electricus (electric eel) is still lacking. In this study, we identified 114 TK genes in the £
electricus genome and investigated their evolution, molecular features, and domain architecture using phylogenetic profiling to gain a better
understanding of their similarities and specificity. Our results suggested that the electric eel TK (EeTK) repertoire was shaped by whole-genome
duplications (WGDs) and tandem duplication events. Compared with other vertebrate TKs, gene members in Jak, Src, and EGFR subfamily
duplicated specifically, but with members lost in Eph, Axl, and Ack subfamily in electric eel. We also conducted an exhaustive survey of TK
genes in genomic databases, identifying 1674 TK proteins in 31 representative species covering all the main metazoan lineages. Extensive
evolutionary analysis indicated that TK repertoire in vertebrates tended to be remarkably conserved, but the gene members in each subfamily
were very variable. Comparative expression profile analysis showed that electric organ tissues and muscle shared a similar pattern with specific
highly expressed TKs (ie, epha7, musk, jak1, and pdgfra), suggesting that regulation of TKs might play an important role in specifying an electric
organ identity from its muscle precursor. We further identified TK genes exhibiting tissue-specific expression patterns, indicating that members
in TKs participated in subfunctionalization representing an evolutionary divergence required for the performance of different tissues. This work
generates valuable information for further gene function analysis and identifying candidate TK genes reflecting their unique tissue-function

specializations in electric eel.
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Introduction

Tyrosine kinases (TKs) are a large and diverse superfamily of
enzymes that catalyze the phosphorylation of select tyrosine
residues in target proteins using ATP.! TKs are important
mediators of signal transduction processes that regulate cell
proliferation, differentiation, migration, metabolism, and pro-
grammed cell death.>3 According to whether their protein
sequences contain transmembrane domains, TKs are further
classified into 2 major families, receptor TKs (RTKs) and non-
receptor or cytoplasmic TKs (CTKs). The typical structural
organization of RTKs typically includes a multidomain extra-
cellular receptor that conveys ligand specificity, a transmem-
brane hydrophobic helix and a cytoplasmic portion containing
a kinase domain (KD).* Most CTKSs are associated with phos-
photyrosine (pTyr) binding within cells and are likely to trans-
mit the pTyr signals initiated by receptors, while RTKs are
involved primarily in responding to extracellular ligands by
phosphorylating intracellular target proteins to initiate signal

transduction cascades.>® At present, TKs have become the sub-
ject of an increasing number of studies in physiology and
pathology, including inflammation, autoimmunity, neurode-
generation, and infectious diseases.

Similar to many other gene families, the TK family under-
went differential expansion in the history of metazoan evolu-
tion. After years of research, TKs have been characterized in
many species, including many metazoans and a few premetazo-
ans, and these findings have provided numerous vital insights
into the structure, function, and regulation of TKs.”
Phylogenetic analyses have shown that the RTKs underwent
extensive diversification in each of the filasterean, choanoflag-
ellate, and metazoan clades.®? For instance, the VEGFR and
Ephrin receptor subfamilies expanded through single-gene
duplications in jawed vertebrates, and specific expansions of
the Eph and EGFR subfamilies occurred between humans and
zebrafish.10 Although the highly conserved TK domain is pre-

sent in all TK proteins, these proteins also contain a diverse
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arrangement of sequence domains involved in interactions
with other molecules that allow for different signal transduc-
tion mechanisms.! Such divergent architectures are thought to
result from gene duplication and domain shuffling events.!!
Based on sequence similarity and secondary domain architec-
ture, TKs are further primarily divided into 30 subfamilies that
are composed of CTKs and RTKs with specific functions in
most metazoans. It has been assumed that 2 major episodes of
expansions occurring in TK family. The initial diversification
occurred before poriferans and the other metazoans diverged.
The other expansion occurred around the diverged time of the
cyclostomes and gnathostomes. The diversity of TKs may
imply the complexity of the pTyr-based signaling system in
metazoans.'>!3 The evolution of TK activity, its regulation in
metazoans, and its involvement in the evolution of multicellu-
larity have been the subject of intriguing studies,'»'> and such
research is facilitated by the completion of genome sequencing
projects for a variety of different animals.

The electric eel (Electrophorus electricus) is a freshwater fish
native to South America that is best known for its ability to
produce high-voltage electric discharges that are used for
communication, navigation, and even predation and defense.®
The taxonomic diversity of fishes that generate electricity is
particularly interesting that electric organs have evolved not
only in multiple independent fish lineages from myogenic
precursors; even within this lineage, there is a tremendous
amount of variation in their function.’” One of the challenges
in understanding protein function evolution involves the iden-
tification of a tractable model system that allows for an assess-
ment of the core assumptions. The electric fish is the only
known species that has evolved 3 distinct electric organs (EO)
and provides a unique case study opportunity. Gene family
construction is a widely used approach to underlying assump-
tions that are used to characterize the evolutionary process in
both systematics and functional biology.!® Despite extensive
studies of TK genes on many other species, little is known
about these supergene families in E electricus. Understanding
the regulation of TK genes will be valuable for efforts to
induce the differentiation of electrogenic cells in other tissues
and organisms and to control the intrinsic electric behaviors of
these cells. Recently, the availability of the complete electric
fish genome sequence provides an opportunity to perform a
genome-wide analysis of TK gene family.16.1

In this study, we analyzed the whole genome sequence of E
electricus and systematically identified putative full complement
of TK genes (Ee¢TKs). Through comprehensive phylogenetic
approaches together with a comparison of the orthology, pro-
tein domain organizations, as well as analyzed their expression
profiles in different tissues, we have elucidated in detail the evo-
lution of TK expansion and diversity. This article provides the
first comprehensive resource of electric eel TKs. The results of
this study reveal commonalities and differences for the EeTKs
among vertebrates and provide valuable information of E¢TK
diversity that we hypothesize underlie the functional differences

of specific organs, for example, in the production of voltages.
Our findings may also provide further insights into metazoan
TK genes evolution and would facilitate addressing the physi-
ological and developmental function of electric eel TKs.

Materials and Methods
Retrieval of TK sequences

To perform genome-wide identification and obtain sequences
of the PTK gene family in the electric eel, published genome
sequences of E electricus were first downloaded from the
Ensembl database (https://useast.ensembl.org/Electrophorus_
electricus/Info/Index), and redundant sequences were deleted
using an in-house Perl script. The Pfam database (http://pfam.
xfam.org/)*® was used to screen the genome of E electricus.
Proteins with Pkinase_Tyr domains (PF07714) were used to
identify the putative TK proteins in the E electricus using the
hidden Markov model (HMM) method. For the HMM search
(3.1b2),%! a coverage of 0.3 was used as the cutoff, and an
E-value of 101° was used for alignments longer than 150
amino acids. The online tools SMART (http://smart.emblhei-
delberg.de/)?? and CDD (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi) were used to verify the TK domains
of the predicted proteins. The human and zebrafish TK pro-
teins were retrieved from previous publication data.!%2324 We
also selected an additional 30 representative metazoan species
to identify their TK members, and the information for these
species is listed in Table S1.The TK sequences of these species
were obtained as described above for those of electric eel.

Phylogenetic analysis of TK proteins and gene

nomenclature

The identified TK proteins were aligned using T-Coffee with
the default settings.?> Phylogenetic analyses of all identified
TK domains were performed using the neighbor-joining (NJ)
and maximum likelihood (ML) methods. The NJ and ML
trees were constructed using the program MEGA 6.0% with
the gaps/missing data parameter set to “pairwise deletion” to
account for variable amino acid sites and topology support esti-
mated using a 1000-replicate bootstrap test. We used ProtTest
3.4 (https://github.com/ddarriba/prottest3) to assess the best
amino acid substitution model to infer the phylogeny.?” PhyML
3.128 was used for ML reconstruction under the LG model
(LG model is a method of amino acid replacement matrix,
which called after the two authors [LLe SQ_and Gascuel O]).
Invariable sites and the y-parameter were set to the values gen-
erated by ProtTest 3.4. Statistical support for the resulting
topology was determined by a 1000-replicate bootstrap analy-
sis. All phylogenetic trees were calculated based on the align-
ment of common TK domains. Genes that had been previously
reported were named accordingly, and others were named
according to their homologies to those of zebrafish and human
PTK subfamily genes in the phylogenetic tree and were tagged
with a species abbreviation.
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Protein architecture, conserved motif prediction,
and synteny analysis

Protein domain organization was analyzed using HMMER
software by searching the SMART (http://smart.embl-hei-
delberg.de) and Pfam (http://pfam.sanger.ac.uk/) databases.
We confirmed the presence of these predicted domains by
manually inspecting the alignments with HMMER. The
conserved motifs in the PTK protein sequences were first
identified using the online software MEME (Multiple
Expectation-Maximization for Motif Elicitation, http://
meme-suite.org)?’ with the following parameters: the opti-
mum motif width was set from 6 to 200, and the maximum
number of motifs was 15. The discovered motifs were then
annotated using the Pfam program. By checking their physi-
cal locations on individual chromosomes, tandem duplica-
tions were identified as 2 TK genes when they were separated
by no more than 1 intervening gene. For syntenic analysis of
the EeTK genes, MCScanX?3® with the default settings was

used to identify syntenic gene pairs in the E electricus genome.

Gene ontology annotation

The gene ontology (GO) terms associated with the genes were
obtained from the E electricus genome databases (https://efish-
genomics.integrativebiology.msu.edu/), and WEGO was used to
perform GO functional classification and identify the distribution
of gene functions in the electric eel at the macro level. To determine
the function of the unigenes, BLASTx alignments with an
E-value <10 were performed with different databases, including
Eukaryotic Orthologous Groups (KOG, http://www.ncbi.nlm.
nih.gov/KOG/), the NCBI nonredundant protein database (nr,
http://www.ncbi.nlm.nih.gov/), GO (http://www.geneontology.
org/), and Swiss-Prot (http://www.expasy.ch/sprot).

Transcriptomic data of TK genes from different
tissues of various animals

Publicly available transcriptomic data from 7 tissues (brain, spi-
nal cord, heart, skeletal muscle, Sachs’ electric organ, primary
electric organ, and kidney tissues) of E electricus from Gallant
et al'® were used. High-throughput RNA sequencing raw data
were downloaded from the SRA database (http://www.ncbi.
nlm.nih.gov/sra). Quality control of the raw reads was per-
formed with FastQC v0.11.5. After clipping of the Illumina
adapter sequences and trimming low-quality bases using fastx-
toolkit, short reads were individually mapped to their respective
transcriptome assemblies using Bowtie2 (v2.2.8) with default
parameters.3! To estimate gene expression levels, clean reads
were mapped to nonredundant unigenes to calculate the frag-
ments per kilobase transcript length per million fragments
mapped (FPKM) value using RNA-Seq by Expectation-
Maximization (RSEM).32 These expression values were normal-
ized for sequencing depth and transcript length and then scaled
via the trimmed mean of M values normalization under the
assumption that most transcripts are not differentially expressed.

Generally, genes with an expression of FPKIM <1 were regarded
as not expressed.?

We obtained the human TK expression values for the
abovementioned tissues from the Genotype-Tissue Expression
(GTEXx) project®* (the electric organ was excluded) and selected
the median value as the expression value in a given tissue for
each gene. To assess the tissue-specific expression of genes, in
this study, we used the parameter tau ()% to determine whether
a given gene was expressed in a tissue-specific manner. The t
value was calculated as follows for each gene among the differ-
ent tissues according to Yanai et al3¢

_ Z;(l—;c:); X;

n-1 "~ i_max(x,)

1<i<n

where x; is the expression of the gene in tissue 7, and n is the
number of tissues. The reads per kilo base per million mapped
reads (RPKM) values were normalized by performing a log,
transformation after adding 1 to avoid negative values. The t
values ranged from 0 to 1, which indicate genes ranging from

broadly to specifically expressed.

Results
Identification of the TK repertoire of E electricus

For the genome-wide identification of EeTKs, we initially
identified the proteins using HMMER?' and SMART? as
described in the Materials and Methods section and ensured
the integrity of the data using BLAST searches.3¢ Our compu-
tational analyses led to the identification of 114 distinct TK
genes in the E electricus genome, with 70 RTKs organized into
20 subfamilies and 44 CTKs organized into 10 subfamilies.
Five of these 30 subfamilies have single members (CCK4,
Musk, Sev, Ryk, and Ret subfamilies of RTKs), while the other
subfamilies have multiple members, with the Src and Eph sub-
families having the greatest numbers of members (16 and 17,
respectively). The detailed information regarding these genes,
including the gene name, scaffold location, and the longest
transcript ID, is summarized in Table S1.

Phylogenetic position of EeTKs is consistent with

the conservation of core motifs

To elucidate the origin of EeTKs, we first conducted a prelimi-
nary phylogenetic analysis of the EeTK superfamily. We
observed that neither the CTKs nor the RTKs grouped into
clearly distinct monophyletic clusters (Figure 1), indicating
that CTKs and RTKSs were not derived from single genes.?” In
principle, conserved protein sites typically correspond to func-
tional significance. To analyze the organization of motifs in
EeTK proteins, 8 distinct motifs in the TK domain were iden-
tified with high E-values using the MEME tool. A schematic
distribution of these motifs is shown in Figure 1. Most TK
members within the same clade, especially the most closely
related members, typically share common motif compositions
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Figure 1. Phylogeny and motif architecture of electric eel TK genes. The left panel shows a maximum likelihood (ML) tree with 1000 bootstraps rooted by
sea squirt atk gene. For simplicity, the bootstrap support percentages are plotted as circle marks on the branch (only higher than 50% are indicated), and
circle size is proportional to the bootstrap values. The right panel shows the motif architecture for each Ee€TK gene identified using the MEME suite
according to the protein sequence. EeTK indicates electric eel TK; MEME, Multiple Expectation-Maximization for Motif Elicitation; ML, maximum

likelihood; TK, tyrosine kinases.
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(eg, Eph and Src), indicating potential functional similarities
among TK proteins. Among them, all groups of the RTK and
CTK protein subfamilies contain motifs 1, 7, and 8, in which
the highly conserved residues constitute the catalytic loop. In
addition, motifs 4, 5, and 7 contain the conserved glycine (G)
or glutamic acid (E) residues required for ATP binding, and
motifs 2, 5, 7, and 8 contain conserved glycine (G) or proline
(P) residues required for activity (Figure S1). It was found that
motifs 2, 3,4, 5,7, and 8 in Lmr subfamily are conservative,
while only motif 3 and 8 are conservative in Axl subfamily. In
the JakB (Janus kinase B) subfamily, each member has the
same motifs, with some members having additional motifs, and
the motif architecture differs among these proteins. These
results reveal that the phylogenetic position of E¢TKs is con-
sistent with the conservation of core motifs, while the struc-
tures of gene members were much more complicated.

Functional conservation and diversification of

EeTKs

To better understand the functional diversity of EeTKs, we
conducted a domain architecture survey for TK-encoding
genes (Figure S2). Of the 114 putative TK-encoding proteins
identified, 70 RTKs contain an intracellular KD, a transmem-
brane (TM) segment, a signal peptide, and known protein
domains or motifs in the extracellular region. The other 44
EeTKs lack a signal peptide and a TM and are thus classified
as CTKs (Figure 2). The CTK repertoire shared the domain
architecture with SH2 or SH3, which can mediate interprotein
interactions and promote n-Src catalytic activity, and thus
influence signal transduction.’® The Jak subfamily has dual TK
domains, it grouped into 2 clusters, designated JakA and JakB,
and this result was consistent with the report that 1 domain is
inactive and may regulate the catalytic activity and autophos-
phorylation of the other domain, which is active.? RTKs show
an extensive divergence in their architectures, containing 19
subfamilies with distinct organizations of protein domains.
The most common domains are fibronectin type III (FN3) and
immunoglobulin (IG) domains, which are extracellular
domains involved in interactions with extracellular ligands or
other receptors.* Members of the Eph, InsR, Axl, and Tie sub-
families typically have a single KD and 2 or 3 FN3 repeats. The
PDGFR, VEGFR, and FGFR subfamilies are very similar in
structure, with 5 or 7 IG domains characterizing the extracel-
lular portion of the proteins.’® In addition, the Tie, Axl, Ror,
Musk, Trk, and CCK4 subfamilies also possess an IG domain.

“General” kinase genes are associated with many diverse
biological processes, suggesting that different subfamily of
kinases may be involved in distinct functions. To study the
functions of EeTKs, gene ontology (GO) annotations were
obtained from the Ensembl genome databases to construct
GO graphs. As shown in Figure S3, almost all of the EePKs
(97.5% for CTKs, 100% for RTKs) are involved in catalytic
activity, binding, cellular process, and metabolic process, con-
sistent with their primary functions. The results also showed

that the majority of CTKs are involved in diverse biological
regulatory functions (52.5%) and predominantly participate in
responses to stimuli (50%), while RTKs tend to be related to
membrane part (64.3%), molecular transducer activity (71.4%),
and biological regulation (75.7%). Compared with the wide
range of genes with GO annotations, a high proportion of the
EeTK genes play roles in catalytic activity, binding, signal
transducer activity, metabolic process, localization, signaling,
and so on.

Whole-genome and tandem duplications contribute
to EeTKs diversity

Gene duplications in genomes could provide important infor-
mation for gene evolution analysis.**> Ray-finned fishes are
believed to have undergone a third genome duplication, the
role of which in specific fish genomes has yet to be under-
stood.* Thus, we assigned orthology to the E¢TKs based on
their zebrafish counterparts (Figure 3), and a list of electric eel
TKs, their orthologues, and percent identities are shown in
Table S2. The zebrafish TKs were identified by Challa and
Chatti,'0 with the results highlighting the effects of zebrafish
genome duplication events on TK evolution in teleosts. The
orthology assignments show a clear clustering of E¢TKs and
zebrafish TKs into identical families, indicating that the dupli-
cation of EeTKs in the E electricus presumably resulted from a
teleost-specific genome-wide duplication event (ie, ploidy).*4*
The results revealed that each Ee¢TK has a corresponding
zebrafish orthologue, except for bmx, which does not have
zebrafish orthologues. In addition, the zebrafish genes ptk2ab,
jak1,jak2b, src, yes1, lyn, and erbb4 have lineage-specific dupli-
cated copies in E electricus, whereas met, ephal0, fgfr1b, ptk2aa,
ptkéa, axlb, and tnk2a do not have electric eel orthologues.
Therefore, the TK composition of the electric eel, as a bony
fish, is similar to that of zebrafish but also has its own specific
features. We further investigated the number of E¢TK ortho-
logues present in the human genome, which encodes 90 TKSs,
with 32 CTKs and 58 RTKs.23 Of the 50 human TKs that
have single electric eel orthologues, whereas of the 30 human
TKs with multiple electric eel orthologues, only 9 are CTKs
and 21 are RTKs. The 9 human CTKs are represented by 19
electric eel orthologues, whereas the 21 human RTKs are rep-
resented by 44 electric eel orthologues (Figure S4). Such an
expansion of TKs is in accordance with genome duplication
events that occurred during the teleost radiation. Despite the
difference in the actual number of genes, we observed that
every human TK subfamily is represented in the teleost, sug-
gesting conserved TK evolution in vertebrates. In addition,
based on genome localization and MCScanX analysis results,
we found 7 of the 114 EePTKs were tandemly duplicated
genes, namely, erbb4, erbb4c, kdr, pdgfra, pdgfrb, kita, and
csflra (Table S3, Figure S5), which are clustered into 3 tandem
duplication event regions on the E electricus genome scatfolds.
Furthermore, 3 pairs of segmental duplication events were
detected in our analysis, namely, erbb4 and erbb4c, pdgfra and
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Figure 2. Classification of EeTKs. One hundred fourteen EeTKs were divided into 10 cytoplasmic tyrosine kinase (CTK) and 20 receptor tyrosine kinase
(RTK) subfamilies, respectively, by domain architecture. A typical domain organization is schematically displayed for each subfamily, with the number of
the genes that belong to each domain architecture shown in parentheses. The Pfam or SMART domain names are shown on the bottom. The domain

organizations of all the proteins are shown in Figure S1. CTK indicates cytoplasmic tyrosine kinase; E€TK, electric eel TK; RTK, receptor tyrosine kinase.
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Figure 3. Dendrogram representing orthologous relationships between
electric eel and zebrafish TK proteins. Phylogenetic analysis was
conducted using the maximum likelihood (ML) method based on an
alignment of TK domains from the electric eel and zebrafish, with a TK
gene of Ciona intestinalis used as the outgroup. Only the subfamily
names are shown. The electric eel genes are prefixed with “Ee,” and the
zebrafish genes are prefixed with “Dr.” ML indicates maximum likelihood;
TK, tyrosine kinases.

pdgfrb, and kita and kdr. The Erbb kinases have ever been
reported as specified electric organ proteins*; here, we also
identified the other 2 closely tandem arranged EeTK genes,
which provided potential target genes for unique tissue-func-
tion specialization in electric eel. The diversified and specified
gene functions in each gene family may be the result of gene
expansion from ancient paralogs or multiple origins of gene
ancestry. Our results demonstrate that both whole-genome and
tandem duplication events have been fundamental in shaping
the diversity of TK repertoire in E electricus genome.

Lineage-specific expansion but conservation of TKs
in vertebrates

To better understand the phylogenetic relationships in this
multigene family during vertebrates evolution, we used the NJ
and ML algorithms to analyze EeTKs using sequences from 5
other representative chordates, including amphioxus
(Branchiostoma lanceolatum), sea squirt (Ciona intestinalis), sea
lamprey (Petromyzon marinus), elephant shark (Callorbinchus
milii), and zebrafish (Danio rerio) (Figure 4). To minimize phy-
logenetic artifacts, we inferred a simplified ML tree that
excluded sequences with identical structural domain composi-
tions in the same species, which were considered to be recent
closely related paralogs. The resulting tree topology generally
agreed with the original tree that used the complete data set
(Figure 1). Due to genome duplication during the teleost radi-
ation, all the EeTK genes clustered with duplicated paralogous

genes from vertebrates to form monophyletic clades. All the

TKs were analyzed in the amphioxus and elephant shark
genomes, and at least 1 TK member was identified among all
of the 30 major subfamilies. This finding strengthened the
notion that the basic repertoire of the CTK and RTK families
had already been established before the divergence of urochor-
dates and vertebrates. After the divergence of protostomes and
deuterostomes, the multiplicity of members in the same sub-
type rapidly increased by further gene duplication during the
first half of chordate evolution before the fish-tetrapod split,
giving rise to gene family expansion. Phylogenetic analyses
revealed that TK repertoire expanded and was maintained in at
least 1 major group of teleosts. We found gene members of Jak,
Src, and EGFR subfamilies expanded specifically in electric
eel, whereas Eph, FGFR, and Axl have more members in
zebrafish. Teleosts have a considerably larger repertoire of TKs
than tetrapods, which is in accordance with most recent large-
scale changes being limited to simple duplications, including
whole-genome duplications within vertebrates. Our results
supported that the TK repertoire showed a conserved but
expanded pattern that is markedly consistent with that observed
in the electric eel and other species.

Diwersity and commonality of metazoan TK
repertoires

Both the timing and the rapid expansion in the number of
TK genes provide a glimpse into the mechanisms involved in
promoting the coordinated emergence and increasing sophis-
tication of signal transduction during eukaryotic evolution.*’
We further traced the origins and diversification of TK sub-
families in 31 genomes covering the major clades of metazo-
ans. As shown in Figure 5, all of the TK members were placed
into corresponding clusters, including 1674 TK genes among
the 31 subfamilies (Table S4). Among the bilaterians, the
number of subfamilies ranges from 13 to 30. The protos-
tomes possess 13~23 subfamilies, and the deuterostomes
possess 21~30 subfamilies. A similar number of represented
subfamilies (ranging from 26 to 30) are present across the
vertebrates, which indicates that the TK repertoire tends to
be evolutionarily conserved. In addition, the total number of
TKs across different lineages exhibited considerable varia-
tion (ranging from 32 in fruit fly to 110 in electric eel), indi-
cating that clade-specific gene duplication and domain
shuffling can increase the number of metazoan TK subfami-
lies with a premetazoan origin. We observed that 11 of the
30 TK subfamilies generally possess a single representative
gene among protostomes, and a few subfamilies, including
VEGFR, Met, and InsR, have undergone species-specific
expansions. The Src subfamily was established before the
emergence of protostomes, and this subfamily contains some
members (src, yes1, fyn, and lyn) that expanded in the elec-
tric eel and may be associated with the electric organs
reported in previous studies.*>* For the Tec, Tie, Ddr, and
Eph subfamilies, lineage-specific duplications were detected
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Figure 4. Phylogenetic relationships of major tyrosine kinase subfamilies in 5 representative chordata. The ML tree was based on multiple sequence
alignments of TK domains, with bootstrap values shown on the branches. Abbreviated species names are as follows: Bf, Branchiostoma lanceolatum; Ci,
Ciona intestinalis; Pm, Petromyzon marinus; Cm, Callorhinchus milii; Ee, Electrophorus electricus; and Dr, Danio reri. The RTK subfamily is marked in
blue, and the CTK subfamily is marked in red. CTK indicates cytoplasmic tyrosine kinase; ML, maximum likelihood; RTK, receptor tyrosine kinase; TK,

tyrosine kinases.

in the nonvertebrate deuterostome genomes (in the sea squirt and srm are present in mammals but not the electric eel.
and/or the amphioxus). Subfamily genes ddr2]l and Kdrl, These results show that some TKs may have a higher pro-
which have distinct orthologues in the chicken and stickle- pensity to become useless and may have been independently
back genomes, were not maintained in mammals and euthe- lost in different lineages. For the electric eel, the exceptional

rians. The RTK genes ephal and insrr or the CTK genes fgr and independent diversification of the TK repertoire through
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the creation of TKs with diverse architectures may be associ-
ated with an increase in organismal diversity and tissue-
function specializations.

Comparative gene expression profiling of TKs

across different tissues

The expression patterns of genes are typically related to their
functions, and the results of RNA-Seq experiments have
provided preliminary information regarding EeTK gene
expression profiles. Therefore, we investigated the expression
patterns of EeTK genes in different tissues via RNA-Seq
analysis and retrieved expression data for corresponding
human tissues from GTEx. Our results showed high vari-
ance in the expression levels of human and electric eel TK
genes among different tissues (Figure 6). Considering the
available RNA-Seq data for the electric eel, the brain showed
the highest number of expressed TK genes (87 genes) among
the tested tissues, while the kidney and electric organ pre-
sented the fewest (only 17, 28, and 25 genes for the kidney,
primary electric organ [EO], and Sachs EO, respectively;
Figure 6A). In humans, the lung presented the highest

number of expressed TK genes (78 genes), while the skeletal
muscle showed the fewest (30 genes). Only a few genes from
humans and electric eels, including ddr1, txk, epha4b, ddr2b,
fgfr4, axl, and fyna, presented no expression in a few or even
all tissues, with most genes, especially fynb, syk, hck, and
pdgfrb, exhibiting relatively high expression in all tissues
(Figure 6A). These similar expression patterns may indicate
that these genes play fundamental roles in regulating organ-
ism growth and tissue development. We also found a few
genes presenting distinct expression patterns. For instance,
epha8 showed low expression across almost all the tested tis-
sues in the electric eel but high expression in human tissues.
Ptk2bb was observed to be expressed at low levels in all of
the electric eel tissues except in the brain, while this gene was
highly expressed in all human tissues except muscle. In addi-
tion, we observed that electric organ tissues and muscle
shared a similar pattern with specific highly expressed TKs
(ie, epha7, musk, jakl, and pdgfra), suggesting regulation of
TKs might play an important role in specifying an electric
organ identity from its muscle precursor. The epha4 and
epha6 were shown to be predominantly high expressed in
electric organ and lower expression in muscle, but other
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members of Epha members expressed lowly in both electric
organ and muscle. These results indicate that members in
TKs subfamily participated in subfunctionalization repre-
senting an evolutionary divergence required for the perfor-
mance of electric organs and muscle.

Since the T parameter has been recently proposed as a regu-
lar method to measure expression specificity,3® we used this
value to determine whether a given gene is expressed in a tis-
sue-specific manner. We refer to those genes with t values
greater than 0.8 as being genes exhibiting tissue-specific
expression, such as ephb8, alk, and fgfrllb (Figure 6B), and
they were observed to be predominantly expressed in the elec-
tric eel brain and spinal tissues at high levels. Most genes
(~71%) with t values less than 0.4 were regarded as broadly
expressed genes, including rbmx and jak2b (Figure 6B). Mst1rb,
ntrk3b and ephb3a were shown to be expressed at low and
similar levels in the electric organ. Epha8, alk, and musk exhib-
ited a similar pattern between humans and electric eels.
Expression-specific pattern may reflect their unique tissue-
function specializations and provide insight into evolutionary
conservation and divergence between duplicated gene expres-
sion, maintenance, and regulation.

Discussion

This study was conducted to create an unambiguous resource
providing detailed information on E¢TKs and their relation-
ship to multiple metazoan TKs. The information we report is
crucial for gaining a better understanding of the TK repertoire
in an emerging model electric fish and for studies of TK biology
in various model organisms. To our knowledge, no such study
has previously been reported, and because the annotation of the
electric eel genome is ongoing (Figure S6), our study generated
systematic and useful annotation data for the EeTK genes.

Evolutionary relationships within the vertebrate

TK repertoire

Comparing the EeTK genes with the TKs of human and
zebrafish, the majority of their features appear to be largely sta-
ble, including subfamily numbers and sequence characteris-
tics.”%1 Most metazoan genomes encode 30 TK subfamilies,
although the total number of TKs representing each subfamily
of orthologues varies among different lineages (Figure 4, 90 in
humans, 122 in zebrafish and 114 in the electric eel). Because
the conservation of gene family size across multiple species
may reflect specific functional constraints,’>>? this observation
is consistent with our TK identification results in the electric
eel. The difference in the total number of TKs is due to the
specific expansion of a few subfamilies, such as the Eph and Src
subfamilies. Similarly, among the bilaterians, the differences in
the total number of TK genes may also result from the specific
expansions of specific subfamilies. In the present study, our
of E electricus identified 114

TK-encoding genes belonging to 30 subfamilies, and sequence

genome-wide analysis
identity matrix analysis results suggested that TKs in verte-
brates tend to be remarkably conserved and stable.3’

Sequence architecture reveals functional
conservation and diversification

TKs have significant roles in cell growth, apoptosis, and
development. A simple way to assess functional use is to
assess the extent to which a consistent order of domain
architectures is maintained.’* A comparison of the number
of distinct domain combinations may more accurately reflect
the diversity of functional usage of protein families. The evo-
lutionary origin of the canonical/functional domain organi-
zation of each TK subfamily is indicated where a conserved
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function has been demonstrated. A highly conserved sub-
family of TKs may be responsible for highly conserved sign-
aling pathways regulating target gene expression, and the
diversity of domain architecture within a subfamily (such as
Eph and Src) can indicate the linkage of historically dispa-
rate functional domains into a novel molecule during the
evolution of complex multicellular life.>> Of the 10 common
metazoan CTK subfamilies, at least 4 (Src, Csk, Tec, and
Abl) are designated as Src-related CTKs for their shared
SH3-SH2-TyrKc domain architecture, whereas in the RTK
subfamilies, almost all the subfamilies evolved extracellular
domains, which are probably used for sensing extracellular
signals. The distantly related domain patterns of RTKs and
CTKs reflect that the generation of these 2 types of TKs may
have been due to different evolutionary conservation, envi-
ronmental variability, and biological functions during the
unicellular-multicellular transition.’¢ The lineage-specific
TK repertoire, which diversified independently of the com-
mon set of TKs in metazoans, may reflect the constant expo-
sure of their tissues to the environment.5” The more stable
evolution of CTKs would then reflect a relatively stable
intracellular environment, with CTKs generally acting
downstream of RTKs or other receptors to transmit extracel-
lular signals. The far fewer changes in domain architecture in
more evolutionarily recent times may coincide with a more
stable multicellular environment.

Distinct evolution of the vertebrate CTK and RTK

repertoire after gene duplication events

Phylogenetic analysis suggested that expansion and sequence
variation events have occurred in the TK family in verte-
brates. The TK repertoire appears to be largely stable after
the initial expansion, with a unique set of vertebrate TKs
retained after the occurrence of whole-genome duplica-
tion.”® The duplications of genes and entire genomes are
believed to be important mechanisms underlying morpho-
logical variation and functional innovation in the evolution
of life and especially for the wide diversity observed in the
speciation of fishes.*»*” The results of our analysis further
show that gene duplication, which is known to be common
in teleost due to the whole-genome duplications in the tel-
eost lineage, occurs more in RTK genes than CTK genes
(RTK vs CTK for multiple orthologs is 21 vs 9 and 44 vs 19
in human and electric eel, respectively; Figure S4). This
finding is consistent with the theory that following genome
duplication, gene duplicates that acquire novel functions
and contribute to diversity are retained more frequently to
contributors to the evolution of organisms. RTKs are longer
and contain more domains with greater variation than
CTKs, suggesting a greater probability of the evolution of
novel combinations and functions that results in greater
duplicate gene retention for RTKs. This explanation is also
consistent with the recent discovery of a higher divergence

among RTKs during metazoan evolution, which may have
facilitated cell-to-cell communication and allowed for
responses to a variety of extracellular cues during the evolu-
tion of multicellularity.® The same rationale would help
explain the retention of a larger RTK than CTK repertoire
in the electric eel. Our studies assessing these features in
electric eel provide a unifying and consistent explanation
with those observed in zebrafish, which aids in explaining
the observed retention of a larger RTK than CTK repertoire
in vertebrate lineages.

Expression pattern of TK genes in the electric eel

Expression profiling analyses revealed tissue-specific or sex-
dimorphic expression patterns of EeTK genes. Our findings
complement the systematic information available on the TK
family in the electric eel and increase our understanding of
metazoan TKs. The results showed that 90 TKs were
expressed in at least 1 tested tissue, and there was high vari-
ance in the expression levels among different tissues. The
expression pattern analysis of EeTK genes among 7 different
tissues showed that 9 EeTK genes exhibited tissue-specific
expression, while 12 EeTK genes were broadly expressed. The
former group includes alk and ephb2 (Figure 6A), while the
latter group includes ryk and jakl (Figure 6B). Our results
suggest that the variable expression patterns of genes exhibit-
ing tissue-specific expression may indicate that they have dif-
ferent roles between species, and the similar patterns of
broadly expressed genes may suggest that they have funda-
mental roles in organism development.!660 We observed that
the tykl gene is highly expressed in the muscle and EO,
which may indicate that this TK is involved in bioelectricity
generation. It has been reported that when this gene is over-
expressed, phosphatidylinositol 3’-kinase (PI3K) pathways
can be activated to induce cell invasion and metastasis to dis-
tant organs.®! PI3K acts through distinct signaling targets to
regulate cell size, cell proliferation, and protein synthesis and
degradation. These results are consistent with the previous
finding that electrocytes, the electrical cells in EOs, are much
larger than muscle fibers, which may be due to changes in
insulin-like growth factor (IGF) signaling pathway genes.®
Overall, the above results show variable expression of major
TXKs in different tissues and may indicate that each gene plays
different roles during the organogenesis process. Considering
that the electric eel has electric organs, making it unusual
among teleost fish and that TKs are one of the components of
the P-Tyr cell signaling pathway in metazoans, we considered
that TKs may be related to the specialization of electric organ
discharge. Although the functions of most TK genes in the
electric eel remain to be examined, our phylogenetic and
expression analyses provide a solid foundation for future
research.1%62 Follow-up functional studies are required for a
better understanding of the roles of TKs in the regulation of
key growth and developmental processes.
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