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Abstract

Little is known about the genetic basis of convergent traits that originate repeatedly over broad
taxonomic scales. The myogenic electric organ has evolved six times in fishes to produce electric
fields used in communication, navigation, predation, or defense. We have examined the genomic
basis of the convergent anatomical and physiological origins of these organs by assembling the
genome of the electric eel (Electrophorus electricus) and sequencing electric organ and skeletal
muscle transcriptomes from three lineages that have independently evolved electric organs. Our
results indicate that, despite millions of years of evolution and large differences in the morphology
of electric organ cells, independent lineages have leveraged similar transcription factors and
developmental and cellular pathways in the evolution of electric organs.

Electric fishes use electric organs (EOs) to produce electricity for the purposes of
communication; navigation; and, in extreme cases, predation and defense (1). EOs are a
distinct vertebrate trait that has evolved at least six times independently (Fig. 1A). The
taxonomic diversity of fishes that generate electricity is so profound that Darwin specifically
cited them as an important example of convergent evolution (2). EOs benefit as a model for
understanding general principles of the evolution of complex traits, as fish have evolved
other specialized noncontractile muscle-derived organs (3). Furthermore, EOs provide a
basis to assess whether similar mechanisms underlie the evolution of other specialized
noncontractile muscle derivatives, such as the cardiac conduction system (4).

Electric organs are composed of cells called electrocytes (Fig. 1B). All electrocytes have an
innervated surface enriched in cation-specific ion channels and, on the opposite surface, an
invaginated plasma membrane enriched in sodium pumps, and, in some species, ion
channels as well. The functional asymmetry of these cells, and their “in-series” arrangement
within each organ, allows for the summation of voltages, much like batteries stacked in
series in a flashlight. Although EOs originate developmentally from myogenic precursors,
they are notably larger than muscle fibers (5). Further, they either lack the contractile
machinery clearly evident in electron micrographs of muscle cells (Fig. 1B) or, if sarcomeres
are present, as in mormyroid fish, they are disarrayed and noncontractile (Fig. 1B). Finally,
electrocyte morphology varies widely: they can be long and slender, box-like, or flattened
and pancake-like (Fig. 1B). Despite these differences in morphology, the three lineages of
electric fish studied here share patterns of gene expression in transcription factors and
pathways contributing to increased cell size, increased excitability, and decreased
contractility.

We used next-generation sequencing technologies to construct a draft assembly of the
Electrophorus electricus genome. Like all Gymnotiformes, £. efectricus has a weak EO but
is most famous for its distinct strong voltage EO. To inform gene predictions in the genome
assembly, we generated short-read mRNA sequences from the main, Sachs’, and Hunter’s
EOs, as well as the kidney, brain, spinal cord, skeletal muscle, and heart (6). This resulted in
29,363 gene models representing an estimated 22,000 protein-coding genes (table S1).
Variance filtering of the gene models removed genes with low covariance among tissues, and
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subsequent A-means clustering (k= 12) revealed sets of tissue-specific cotranscriptionally
regulated genes (6) (fig. S1). We focused primarily on a reduced set of genes that were
highly up-regulated only in EOs (cluster 9, 211 genes) or down-regulated in EOs compared
with skeletal and heart muscle (cluster 1, 186 genes).

Next, we sequenced and performed de novo assembly of the transcriptomes from EQOs and
skeletal muscles in two other Gymnotiformes from South America ( Sternopygus macrurus
and Eigenmannia virescens), as well as in two other species with independently evolved
EOs, a mormyroid from Africa (Brienomyrus brachyistius) and the electric catfish from
Africa (Malapterurus electricus). For each species, we assigned orthology between
transcripts by reciprocal BLAST searching of the set of E£. efectricus genes followed by
manual confirmation of the matches (6). We focused on convergent properties of EOs versus
skeletal muscle among lineages, and we then examined patterns of gene expression in
transcription factors and developmental pathways to determine candidate mechanisms
underlying these similarities (Fig. 2). We highlighted genes likely to be involved in
phenotypic characteristics of electrocytes relative to muscle, including (i) down-regulation
of myogenic transcriptional “profile,” (ii) increased excitability, (iii) enhanced insulation,
(iv) elimination of excitation-contraction coupling, and (v) large size.

We found elevated expression of several transcription factors (Fig. 2 and fig. S2) expressed
early in muscle differentiation (7) that are typically down-regulated in skeletal muscle after
differentiation. Six2ais of particular interest, given that it is known to target ARE promoter
elements in Na*/K* adenosine triphosphatases (8, 9). Concordant with the expression of
early muscle transcription factors is the down-regulation of some transcription factors
involved in muscle differentiation (e.g., myogeninand six4b) in E. electricus, B.
brachyistius, and M. electricus, although not in the gymnotiform S. macrurus. Interestingly,
hey1, which is one of the most consistent highly up-regulated genes in the EOs across all
groups of electric fishes, is abundant in zebrafish somites and down-regulated in mature
muscle, and its overexpression in mammalian muscle precursor cells prevents their
differentiation into muscle (10). Furthermore, /ey is transiently expressed in the developing
cardiac conduction pathway, and its overexpression in the heart prevents assembly of the
sarcomeres (4).

A key feature of EOs is that current dissipation must be minimized and conducted
unidirectionally from the EQOs through the body of the fish and into the water. We noted two
collagen genes, col6a6 and col141al, that are up-regulated in EOs. The first is associated
with muscle fibers, and the second is more generally expressed and ties the collagen fibers
together. Collagen is deposited in the extracellular domain of basal lamina and is maintained
by a cluster of molecules that span the membrane and attach to the cytoskeleton. Two of
these membrane-spanning proteins, including a glycosyltransferase (gy/t/16) and dystrophin
(mutations of which cause muscular dystrophy) (11), are also up-regulated in EOs and are
probably involved in assembling the components that direct the flow of current.

Also, as expected, several transporters (afplaZaor afpla3a) and voltage-dependent ion
channels (scn4ad) were highly expressed in all EOs, along with molecules that regulate them
(znrfZa and fgf13a, respectively). Interestingly, the highly expressed gene encoding the a
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subunit of the sodium pump (atpZaZa) most closely resembles the isoform also expressed in
transverse tubules (T-tubules) of muscle (12) and is abundant in the villi located within the
invaginated side of the £. electricus electrocyte (13), suggesting that the uninnervated face of
the electrocyte is derived from the T-tubule membrane.

A key step in the evolution of electrocytes requires disabling the excitation-contraction
pathway. We noted variation in the extent to which genes for sarcomeric and sarcoplasmic
reticulum—associated proteins are down-regulated in different species (Fig. 2, fig. S3, and
table S2). Furthermore, mormyroid electrocytes still have sarcomere-like structures,
although they appear disrupted (Fig. 1B). Despite these differences, the gene encoding the
L-type calcium channel, or dihydropyridine receptor (cacnals), which is localized in T-
tubules and associated with excitation-contraction coupling in muscle, is down-regulated in
all lineages. The smydsand hspb11 genes are also down-regulated in all lineages. These
proteins associate with the sarcomeres, and zebrafish and mice with reduced expression or
mutant gene copies have disrupted sarcomeres (14). The observed low levels of these genes
in EOs suggest that they may promote disassembly of the sarcomeres, and we hypothesize
that the early evolution of the EO included the down-regulation of this suite of genes,
disabling contraction.

As electrocytes are much larger than muscle fibers, we hypothesized that this might be due
to changes in insulin-like growth factor (IGF) signaling pathway genes (Fig. 2 and fig. S4).
IGF signaling enhances body size and developmental rate in an organism-wide and tissue-
specific fashion (15-18). IGF ligands are produced and released by muscle in an autocrine
fashion (19), and differences in IGF signaling may result in differential growth of muscles.
IGF signaling activates the insulin receptor substrate 1 protein (IRS1), which then binds to
the regulatory subunit of phosphoinositide 3 kinase (PIK3) (20). PIK3 acts through distinct
signaling targets to regulate cell size, cell proliferation, and protein synthesis and
degradation (21). The IGF pathway is also autoregulated by a muscle-specific protein,
Fbxo40, which brings IRS1 to an E3 ligase complex. Thus, up-regulation of IRS1 is likely a
key step in increasing IGF signaling activity in electrocytes.

Finally, the nuclear-envelope-related protein (Net37), abundant in cardiac and skeletal
muscle tissues (22), regulates autocrine and/or paracrine release of IGF signaling and is
required for myogenic differentiation of mouse myoblast cells (23). We detected electrocyte-
specific up-regulation of /gf//, a gene for PI3K (0ik3r3b) and a net37-like gene in all
lineages, as well as down-regulation of the negative inhibitor fbxo40. The net37-like protein
was also recently reported to be highly expressed in the EO of another electric fish, the
Torpedo ray (24). Together, the observed changes in expression in these key IGF signaling
pathway genes suggest a conserved pathway among electrocytes that contributes to their
increased size. The independent changes and the resulting enhancement in cell size highlight
these genes as possible intracellular effectors in other insulin- or IGF-sensitive systems, as
observed in male horned beetles (18).

Our analysis suggests that a common regulatory network of transcription factors and
developmental pathways may have been repeatedly targeted by selection in the evolution of
EOs, despite their very different morphologies. Moreover, our work illuminates convergent
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evolution of EOs and emphasizes key signaling steps that may be foci for the evolution of
tissues and organs in other organisms.
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Fig. 1. Originsand diversity of EOsin vertebrates
(A) Phylogenetic tree of vertebrate orders and major groups of electric fishes, after (25).

Geological periods and ages [in million years ago (MYA)] are shown at bottom. The origins
of electrogenesis are indicated with bars (see legend) at internal branches. Black silhouettes
denote lineages surveyed in the present study; gray silhouettes represent electrogenic
lineages that were not surveyed. (B) (Top left) Sagittal sections through the £. electricus EO
for the innervated, invaginated face and uninnervated smooth faces of the electrocyte and
their in-series arrangement. (Top right) Sagittal section through the EO of the mormyroid
Paramormyrops kingsleyae. Anterior is left; posterior is right. In mormyroids, innervation is
restricted to a narrow region of the stalk system (S) protruding from the innervated, anterior
face of the electrocyte. Also note the central filament of sarcomeric proteins (SP) between
the multinucleated electrocyte faces. (Middle left) An electron micrograph of both skeletal
muscle (SM) and electrocytes (EC) from the gymnotiform S. macrurus, which contain an
amorphous cytoplasm devoid of sarcomeres: the striated, contractile structures that fill the
cytosol of muscle cells. Peripheral nuclei (n) are marked in both electrocyte and muscle
cells. In electrocytes, thick arrows point to mitochondria, thin arrows point to satellite cells,
and arrowheads mark membrane-bound vesicular structures. Scale bar, 2 pm. (Middle right)
An electron micrograph of an electrocyte of the mormyroid P, kingsleyae, illustrating the
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disorganized sarcomeric proteins in the center of the electrocyte. The outer edge of an
electrocyte forms a “footplate” that apposes the connective tissue sheath (ct) surrounding the
EO. The anterior face (a) of the electrocyte forms the major surface of the plate lying against
the connective tissue surface. Fibroblast nuclei (fn), papillae (p), and stalk (st) are also
indicated. Double arrows correspond to invaginations of the posterior face. Scale bar, 4 um.
[Image provided by Andrew Bass (Cornell University)] (Bottom left) A confocal
reconstruction of an E. electricus electrocyte from anterior and posterior views. The nerve
(N) innervating the innervated (Inv.) face is clearly visible, along with the many cholinergic
nerve terminals (NT). The numerous invaginations (1) of the noninnervated (Non-Inv.) face
are visible. (Bottom right) A confocal reconstruction of a 2. kings/eyae electrocyte, clearly
showing the protruding stalk system (S) from the anterior face. The stalk junction is
innervated by motoneurons (N) in a highly localized fashion to contrast with £. electricus.
Penetrations (P) are also visible in the electrocyte face.
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Fig. 2. Common toolKkit for convergent evolution of EOs
(A) RNA-Seq was performed on five species, representing three independent origins of

electrogenesis (cladogram, red lines). Also shown are plots of the log-transformed ratio of
EO to skeletal muscle expression genes (red, up-regulated in EO; blue, down-regulated in
EO) in several categories of function, including (i) nuclear transcription factors, (ii) genes
that regulate cell excitation, (iii) genes that regulate cell size, (iv) genes involved in
contraction and excitation contraction coupling, and (v) genes encoding proteins that
surround individual electrocytes to provide the scaffold for insulation. /ey1b data for £.
electricus was derived from the Trinity transcriptome assembly (6). (B) Interaction of
identified IGF signaling and transcription factors (TFs). IGF signaling pathway genes and
early TFs influence the expression of muscle regulatory factors (MRFs), which ultimately
lead to the expression of muscle-specific effector genes (table S3). (C) Interactions of genes
identified in (A) are shown, grouped by function. For each, we list known patterns of
expression in electric fish or the result of knockout studies in other vertebrates (table S4).
IGFR, IGF receptor; MAPK, mitogen-activated protein kinase.

Science. Author manuscript; available in PMC 2017 August 03.



	Abstract
	References
	Fig. 1
	Fig. 2

