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The Gymnotiformes, also known as the South American or Neotropical knifefishes, include the strongly electric Elec-
trophorus electricus and many other weakly electric species. These fish possess specialised electric organs that are able
to release electric discharges into the water, for electrolocation and communication, and sometimes for predation
and defence. All Gymnotiform species possess a myogenic electric organ (mEQO) derived from the muscle tissue, and
members of the Apteronotidae family uniquely possess a neurogenic electric organ (nEOs) derived from the nervous
tissue. A mEO may consist of Type A’electrocytes that develop within the tail muscle (for example, in Apteronotus
leptorhynchus), or ‘Type B'electrocytes that develop below the tail muscle (for example, in Brachyhypopomus gauderio).
In this review, we discuss the diversity in the anatomy, electric discharge and development of electric organs found in
different Gymnotiform species, as well as the ecological and environmental factors that have likely contributed to this
diversity. We then describe various hypotheses regarding the evolution of electric organs, and discuss the potential
evolutionary origin of the nEO: a pair of nerve cords that are located on either side of the aorta in B. gauderio, and
which may have expanded and developed into a nEO in the Apteronotidae family during its evolution from a com-
mon ancestral species. Finally, we compare potential Gymnotiform phylogenies and their supporting evidence.
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Introduction

Electric fish are unique models for studying the evolution
of both electric and sensory organs. Numerous differ-
ent linages have evolved these organs independently; the
taxonomic diversity of electric fish is so profound, in fact,
that Darwin specifically named them as an important
example of convergent evolution [12]. Amongst the most
well-studied are the Gymnotiformes, an order of teleosts
commonly known as the South American or Neotropical
knifefishes [32, 49]. These species possess a characteris-
tic anguilliform body, with a short head and trunk region
and a long tail; they do not have dorsal, adipose, pelvic,
nor caudal fins, but instead swim using a remarkably long
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ventral fin that extends throughout the length of the tail
[9, 33, 38, 47]. The Gymnotiformes can be divided into
three major groups: Gymnotidae (the Electrophorus and
Gymnotus genera), Rhamphichthyoidea (the Rhamphich-
thyidae and Hypopomidae families) and Sinusoidea (the
Sternopygidae and Apteronotidae families) [52].

Like other electric fish, the Gymnotiformes can be
categorised as either strongly electric (the electric eel,
Electrophorus electricus—a member of the Gymnoti-
dae group) or weakly electric (the vast majority of spe-
cies) [38]. Weakly electric species produce discharges for
electrolocation, during which they sense objects in their
environment by detecting distortions in the electric fields
they produce, and electrocommunication, during which
they communicate with other individuals of the same, or
sometimes different, species (for example, during mate
recognition and selection) [7, 8, 44]. Conversely, strongly

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-5373-2737
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13227-022-00194-5&domain=pdf

Bray et al. EvoDevo (2022) 13:9

electric species produce discharges to incapacitate prey,
and defend against being predated on themselves [38].

As with all electric fish, the Gymnotiformes are able to
generate electric discharges through the use of a special-
ised electric organ [44]. Most species possess a myogenic
electric organ (mEO) derived from the muscle tissue, but
members of the Apteronotidae family (commonly known
as the ghost knifefishes) possess a neurogenic electric
organ (nEO) derived from the nervous tissue [31]. The
current-producing cells of the electric organ are called
the electrocytes [27]. These function largely through the
production of action potentials [54], although this pro-
cess has been much better characterised for the mEO
than it has for the nEO.

In this review, we set out what is known about both
the mEO and the nEO in the Gymnotiformes, in terms
of anatomy, electric discharge and development. We
then consider the ecological factors that have shaped
their evolution, examine a wide range of theories regard-
ing how they have evolved, and finally, discuss potential
Gymnotiform phylogenies and their supporting evidence.

It is worth noting some additional concepts that come
into play (although they are not focuses of this review).
In addition to producing electric discharges, electric fish
must be able to sense them, which they do through elec-
troreceptors that are distributed over their skin [5, 37].
Each individual uses these for the detection of perturba-
tions of their own electric discharges, as well as the detec-
tion of discharges of other individuals [44]. Additionally,
the shape of an individual discharge may vary between
species; for example, the discharge of one species may
consist of a single phase (a monophasic discharge) [38],
while that of other species may consist of two or three
phases (a diphasic or triphasic discharge) [18, 31]. The
pattern with which these individual discharges are
released may also vary; for example, wave-type spe-
cies release discharges as continuous, oscillating signals,
whereas pulse-type species release discrete discharges
that are separated by pauses [17, 44]. Two non-Gymno-
tiform families are referred to during the discussion of
electric organ evolution: the Mormyridae (the elephant-
fishes) and the Malapteruridae (the electric catfishes).

The myogenic electric organ (mEO)

The majority of electric fish possess a mEO derived from
the muscle tissue [15, 31]. Since a multitude of studies
have been performed for this organ, it will be discussed
both as a whole and in the context of specific Gymnoti-
form species.

The anatomical diversity of the mEO in Gymnotiformes
In the Gymnotiformes, the mEO is a long structure
running throughout the tail, spanning the majority of
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the length of the body [31]. It is composed of horizon-
tal layers of electrocytes, and each layer consists of two
rows running along the length of the organ—one on
the left side of the body, and one on the right [1, 19,
45]. Electrocytes in different layers are also arranged in
vertical columns. We have characterised this structure
for the bluntnose knifefish, Brachyhypopomus gauderio
[1], and other studies have done so for E. electricus [45];
these findings show that the number of layers present
varies between species. E. electricus is unique in that
adults possess three electric organs instead of one: a
main organ, a Sach’s organ, and a Hunter’s organ [24,
57]. These organs dominate the posterior 80% of the
animal, while the viscera are crowded into the anterior
20% [24]. The main organ extends from just behind the
viscera along most of the tail, where it gives rise to the
Sach’s organ which extends along the remaining por-
tion of tail and the smaller Hunter’s organ is located
below the other two [45].

Two types of myogenic electrocyte have been iden-
tified in the Gymnotiformes. ‘“Type A’ electrocytes
originate from within the tail muscle, between muscle
fibres [31]. These have been observed in Eigenmannia
virescens, Sternopygus macrurus and the Tbrown ghost
knifefish, Apteronotus leptorhynchus. ‘Type B’ electro-
cytes originate from a distinct germinative zone located
below the tail muscle [31]. These have been observed in
E. electricus, B. gauderio, Brachyhypopomus pinnicau-
datus, and various Gymnotus and Rhamphichthys spe-
cies [1, 31, 45]. Though Type A electrocytes have been
reported to possess more similarities to muscle fibres
than Type B ones [31], the two types do not appear to
be drastically different. We have extensively studied the
mature electrocytes of B. gauderio, which are extraordi-
narily large compared with other cells such as myocytes
[1]. We found that although their centres are devoid of
cellular structures, there is a peripheral accumulation
of organelles and cytoskeleton near the plasma mem-
brane—notably numerous nuclei as syncytium, micro-
tubules, mitochondria and actin filaments [1]. Similar
features have been observed in the myogenic electro-
cytes of other Gymnotiformes [27, 45], although their
shape differ; for example, they are cigar-shaped in S.
macrurus and E. virescens, cuboidal in Bracyhypopo-
mus and Gymnotus species, and flattened in E. electri-
cus [61].

Since myogenic electrocytes are specialised for mem-
brane excitability rather than contraction (which is
explained further below), they have increased levels of
proteins involved in the former and are deficient in pro-
teins involved in the latter, when compared to the mus-
cle fibres from which they are derived [45]. However, in
the Gymnotiformes they have still been found to contain
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muscle-specific proteins, such as dystrophin, desmin and
two forms of actin [1, 27, 45].

The electric discharge of the mEO in Gymnotiformes

The Gymnotiformes are generally weakly electric,
although E. electricus is able to produce both a strong
discharge thanks to the main organ and a weak dis-
charge thanks to the Hunter’s and Sach’s organs [7, 38].
The shape of the electric discharge produced by the mEO
tends to change during development. In the vast major-
ity of species, the larval discharge is monophasic, and
some (including E. electricus, Gymnotus cylindricus, vari-
ous Eigenmannia species and a small Brachyhypopomus
species) still possess monophasic discharges as adults
[31, 38, 46]. However, most have more complex adult
discharge types; for example, some Brachyhypopomus
species, Gymnotus species and members of the Rhamph-
ichthyidae family have a biphasic adult discharge [7, 30,
38, 46].

The electric discharge from the mEO represents the
summated activity of many electrocytes, synchronously
transforming action potentials into external signals [54].
This process has been particularly well-characterised for
the monophasic discharge produced by E. electricus [58].
The electrocytes are polarised, with their transmembrane
proteins unevenly distributed between an ‘innervated’
membrane on the posterior side and a ‘non-innervated’
membrane on the anterior side. Specialised spinal motor
neurons activate the electrocytes by releasing the neu-
rotransmitter acetylcholine [27]. This binds to acetyl-
choline receptors in the innervated membrane, which
become permeable to sodium and potassium ions [58].
The movement of these ions into the cell depolarises
the innervated membrane, causing its normally negative
potential to become positive [19, 36, 58]. This triggers
voltage-gated sodium channels in the innervated mem-
brane to open, and the resulting influx of sodium ions
into the cell in turn amplifies depolarisation, creating a
positive feedback loop. This results in the formation of an
action potential on the innervated membrane. Following
this, the innervated membrane becomes repolarised and
regains its negative resting potential as the voltage-gated
sodium channels close, and ions exit the cell through
leak channels [58]. While an action potential is formed
on the innervated membrane, the non-innervated mem-
brane retains its negative resting potential thanks to the
activity of sodium potassium ATPase pumps and various
ion channels within it [2, 19, 26]. This results in a poten-
tial difference across the cell, and a net electric current
from the innervated membrane to the non-innervated
membrane [58]. Much like batteries, the electrocytes are
arranged in series and in parallel, which allows their cur-
rents to be summated [6, 14]. This current is channelled
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along the body towards the head by the insulating con-
nective tissue surrounding the electrocytes, and dis-
charged into the environment as a single ‘head positive’
phase [14].

Though the process described above is largely con-
served among electric fish species possessing a mEQ, it
can vary slightly to produce different discharge shapes
[14, 44]. For example, for a biphasic discharge, current
may first travel towards the head to form a head-positive
phase (as described above), then towards the tail to form
a ‘head negative’ phase. For this to occur, both the poste-
rior side and the anterior side of each electrocyte must
possess the same transmembrane proteins, so that the
posterior side can act as the innervated side during the
head-positive phase, after which the anterior side can act
as the innervated membrane during the head-negative
phase [14, 44].

The development of the mEO in Gymnotiformes

In Gymnotiformes possessing Type A electrocytes, the
mEO develops within the tail muscle [31]: A. leptorhyn-
chus and E. virescens are unique in that they initially
develop a larval organ, which produces an electric dis-
charge for a short period before degenerating and being
replaced by a second electric organ in a separate location
at the adult stage. In E. virescens, this adult electric organ
is another mEO, but in A. leptorhynchus it is a nEO. On
the contrary, S. macrurus produces only a single mEO
during development. In E. virescens and S. macrurus, the
adult mEO continues to grow longitudinally along the tail
until it reaches its full extension [31].

In Gymnotiformes possessing Type B electrocytes,
the mEO develops beneath the tail muscle [31]. Devel-
opment is similar in all of these species, in that several
rows (or layers) of mature electrocytes are sequentially
formed parallel to the germinative region from which
they originate [1, 31]. However, E. electricus is unique in
that this germinative region continues to give rise to new
rows of electrocytes for a relatively long time, presumably
in order to produce all three of the electric organs [31].
The early stages of the main organ can be detected in a
10-mm-long hatchling and those of the Hunter’s organ
in a 140-mm-long juvenile, but the Sach’s organ appears
only very late during development [31]. We recently per-
formed an extensive study of the germinative region in B.
gauderio [1]. We found that the mEO begins to develop
below the tail muscle at 4.5 days post-fertilisation, then
grows downwards into the ventral fin. We also observed
the formation of a pair of dense cell masses at the bottom
of the tail muscle at 3.5 days post-fertilisation. Because
these are located at the leading edge of the developing
mEO and contain cells with features typical of undif-
ferentiated embryonic cells, we suggested that they
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represent an electric organ primordium, and deposit
precursor cells that differentiate into electrocytes. After
it appears, this primordium gradually moves down-
wards through the ventral fin, and each day between 6.5
and 9.5 days post-fertilisation, a pair of electrocytes are
formed behind it as it does so. Once the whole mEO has
been formed, the primordium gradually decreases in size
[1]. This developmental process is illustrated by Fig. 1. A
mEO primordium has also been identified in larval stages
of E. electricus, in which it was termed the ‘electromatrix’
[45]. The fact that this appears morphologically similar
to the B. gauderio primordium, and results in a similar
layered pattern in the newly formed mEO, suggests that
a mEO primordium is conserved among B. gauderio, E.
electricus and other Gymnotiformes that possess Type B
electrocytes [1].

An area of mEO development that is vital to consider is
the origin of the electrocytes, and there are multiple con-
trasting hypotheses concerning how they arise. This has
been studied in the Gymnotiformes through the process
of regeneration—observations following adult tail ampu-
tation have described the regeneration of numerous tis-
sue types, including the mEO [28, 29, 53, 55]. It has been
shown that during regeneration in S. macrurus, mature
muscle fibres fuse with one another before transdifferen-
tiating into electrocytes (in part by disassembling their
myofibrils) [41, 61]. Further studies suggesting the pres-
ence of undifferentiated myoblasts (the precursor cells
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that give rise to muscle fibres) around the regenerating
mEO [55] indicate that the process of transdifferentiation
involves the dedifferentiation of muscle fibres to myo-
blasts, followed by the redifferentiation of these myo-
blasts to electrocytes. However, more recent studies point
towards an alternative hypothesis: that electrocytes in
Gymnotiformes develop from distinct, electrocyte-spe-
cific precursor cells that have been termed ‘electroblasts’
[31, 55]. This is supported by observations in numerous
species that the electrocytes never pass through a true
muscle fibre stage before maturing—particularly in the
electric organ primordia that give rise to Type B elec-
trocytes [1, 31, 45]. Though this contradicts the transdif-
ferentiation observed in S. macrurus [41, 61], it has been
suggested that transdifferentiation is likely one of mul-
tiple mEO regeneration strategies in this species, rather
than a requirement of mEO development [55].

The neurogenic electric organ (nEO)

Instead of a mEO derived from the muscle tissue, mem-
bers of the Gymnotiform family Apteronotidae possess a
nEO derived from the nervous tissue [31, 51, 54]. Lim-
ited studies have been performed for the nEO, which is
probably due to the fact that it is restricted to a single
group within the Gymnotiformes. In addition, for some
earlier studies, it is not always clear which member of
the Apteronotidae family is being described. As a result,
the discussion in this section will be briefer than that of
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Fig. 1 A transverse diagrammatical representation of the development of the myogenic electric organ (mEQO) in Brachyhypopomus gauderio [1].

A pair of dense cell masses constituting an electric organ primordium (ep) develop on the ventral side of the somite muscle (sm) at around 3.5 to
4 days post-fertilisation. During the following days, these cell masses move downwards into the ventral fin fold (vff), and approximately each day a
pair of electrocytes (e) are formed behind them, in the space between them and the somite muscle. By 8 days post-fertilisation, approximately four
rows of electrocytes have formed within the ventral fin fold, and the cell masses have significantly decreased in size [1]
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the mEO. The vast majority of the data referred to was
obtained from A. leptorhynchus.

The anatomy of the nEO

Like the mEO in other Gymnotiformes, the nEO in mem-
bers of the Apteronotidae family is located in the tail
region, and spans the majority of the length of the body
[31]. It consists of a pair of structures that run below and
parallel with the spinal cord [44, 54]. Within the abdo-
men, these structures lie moderately separated, and
within the tail, they lie closer together and are separated
only by a septum of thin connective tissue, projections of
the vertebrae and nerves that run to the skin and ventral
muscles [54]. The structures are covered by a sheath of
connective tissue, and are distinctly separate to the sur-
rounding muscle [54].

The electrocytes of the nEO are the modified axons
of spinal motor neurons, and comprise the entire organ
with the exception of associated connective tissue and
blood vessels [54]. While the cell bodies of these neurons
are located within the spinal cord, the axons descend
from the spine into the electric organ below, where they
run anteriorly, then sharply turn and run posteriorly until
they end blindly at the approximate level at which they
entered the organ [44, 54]. Connective tissue strands
(bundles of collagen fibres) extend beyond the blind tips
of the axons [54]. Where they enter the organ and where
they sharply turn, the axons are approximately 20 um in
diameter, and where they run anteriorly and posteriorly,
they dilate to a diameter of approximately 100 pm before
tapering again. Two types of nodes of Ranvier can be
observed in these electrocytes: along the majority of each
axon, the nodes have a typical morphology with a gap
of about 1 pm in the myelin, and in the distal regions of
anteriorly and posteriorly running parts, there are three
to five unusually large nodes with gaps of more than
50 um in the myelin [54].

The electric discharge of the nEO

Members of the Apteronotidae family, like all Gymno-
tiformes except E. electricus, are weakly electric [31].
While the larval discharge is monophasic (as in the
majority of Gymnotiformes), the discharge of the adult
nEO is diphasic [54].

As is the case for the mEO, the electric discharge from
the nEO represents the summated activity of many elec-
trocytes, which synchronously transform action poten-
tials into external signals. Physiological data indicate that
within the electrocytes described above, current propa-
gates along the anteriorly running regions to generate an
initial head-positive phase, and the posteriorly running
regions to generate a second head-negative phase. Within
these regions, it is likely that the typical nodes of Ranvier

Page 5 of 11

are active and generate spikes of current, whereas the
unusual nodes are inactive and instead act as capacitors
(which they are able to do thanks to an extraordinar-
ily large membrane surface area) [54]. However, further
details on the mode of action of these neurogenic elec-
trocytes (and how similar it is to that of (a) myogenic
electrocytes and (b) typical motor neurons) have yet to
be deciphered.

The development of the nEO

Most developmental data concerning the nEO relate to
A. leptorhynchus. The development of the electric organ
in this species is complicated, with regard to both anat-
omy and physiology [31]. As mentioned previously, an
early myogenic organ first develops, and a neurogenic
organ appears only later on in development, proceed-
ing to replace the myogenic one. Larvae begin to exhibit
a monophasic discharge at around 9 days post-fertilisa-
tion; this initial discharge is the activity of a mEO, and at
11 days myogenic electrocytes can be found in the mus-
cle. At 13 days, additional neurogenic electrocytes begin
to develop, and provide the first detectable nEO-derived
activity [31]. By the time larvae reach 31 days old, the
proportion of the discharge provided by the mEO is quite
small, and at 43 days the discharge can be attributed to
the activity of the nEO alone [31]. Interestingly, even
after the 43-day stage, the form of the discharge continu-
ously changes until fish reach adulthood at about 1 year,
at which point they exhibit a typical biphasic discharge.
By 162 days, both the number of electrocytes in the nEO
and the number of associated motor neurons in the spi-
nal cord are increased [31, 51, 54].

The evolution of electric organs

After examining what is known about the anatomy, elec-
tric discharge and development of the mEO and the nEO
within the Gymnotiformes, it is important to consider
the ecological factors that are likely to have influenced
them, and how they may have evolved.

Ecological drivers of electric organ evolution
As seen in a variety of animal species, the ecological fac-
tors in the living environments of Gymnotiform species
would have exerted selection pressures, which led to the
evolution of electric organs with traits that enhanced
their main functions: electrolocation, electrocommuni-
cation, prey incapacitation and predation avoidance [38,
44]. Evidence for the role of these selection pressures
tends to be seen more in the discharge of the electric
organ than in its anatomy or development.

There is considerable evidence to support the role of
predation pressure in shaping electric organ evolution. It
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has been shown that electroreceptive predators such as
E. electricus can readily detect low-frequency discharge
components from weakly electric fish [46], making pre-
dation pressure a plausible explanation for the evolution
of high-frequency discharges in prey species [44]. By
extension, predation pressure is thought to have been a
strong driving force for the evolution of multiphasic dis-
charges, since the addition of phases can increase the
frequency of the discharge until it exceeds the sensitivity
range of certain predators [46—48].

The presence and characteristics of an electric organ
often reflects the lifestyle of the fish possessing it. For
example, the nocturnal lifestyle of some species is likely
to have led to the preferred use of an electric organ over
eyes for navigating the environment and communicating
with other individuals. Evidence for this can be seen in all
Gymnotiform species: in the eye, both the retina and the
lens are smaller than they are in most other fish, which is
consistent with its reliance on electrolocation and elec-
trocommunication [1]. Generally, a nocturnal lifestyle
also results in the electric organ discharge following a cir-
cadian rhythm, exhibiting a greater duration, amplitude
and frequency at night when the species’ activity level
is the highest [14, 50]. However, this change may incur
other costs, as it could make the discharge more detecta-
ble to electroreceptive predators such as E. electricus and
catfish species [46, 48, 56].

Electric organs are hypothesised to play a vital role in
reproductive fitness, and evidence for this can be seen in
the sexual dimorphism and short-term plasticity of dis-
charge characteristics in the Gymnotiformes [23, 35, 44].
For example, in many species, breeding individuals seem
to have discharges with significantly greater durations,
amplitudes and baseline frequencies than non-breeding
individuals [11, 47, 48, 56, 59]. This likely reflects a tem-
porary prioritisation of attracting mates, competing with
other individuals of the same sex and evading predation
in order to protect developing offspring [44]. The role of
the electric organ in intrasexual competition is particu-
larly well demonstrated by male B. gauderio, as the night-
time enhancement in discharge duration, amplitude and
frequency is increased in the presence of other, compet-
ing males, and decreased after a few days of social isola-
tion [14]. Similarly, when exposed to a discharge mimic
that simulates that of a competing individual, members
of the Apteronotidae family can increase their discharge
frequencies by several Hertz, and maintain this for sev-
eral hours [39].

All animals are subject to the selection pressures
exerted by the physical environment that makes up their
habitat. For example, waters that are well-oxygenated and
fast-flowing (such as those within large, deep river chan-
nels) are dominated by the Gymnotiform species with
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the highest baseline discharge frequencies [10, 11]. It has
been proposed that these higher frequencies result in a
higher temporal acuity, which would be a distinct advan-
tage in fast-flowing waters, where there would be a large
amount of background noise threatening to drown out
the signals produced by electric discharges [44].

Since the action potentials generated by the electro-
cytes are considerably large relative to those generated by
typical neurons, it is reasonable to assume that the pro-
duction of an electric discharge would be energetically
costly [44]. The daytime decrease in discharge duration,
amplitude and frequency seen in B. gauderio is a good
strategy for reducing energy expenditure when forag-
ing and reproduction-related activities are not required
[22]. A limited energy budget means that high discharge
frequencies, which are energetically costly, may come at
the expense of other discharge properties, such as ampli-
tude [44]. This particular trade-off can be observed in
members the Apteronotidae family [4, 21, 42], and per-
haps results in the detection range of a discharge being
sacrificed in favour of a higher temporal resolution [44].
When exposed to hypoxia, E. virescens and A. leptorhy-
chus exhibit a decreased in discharge amplitude (and to
a much lesser extent, frequency), demonstrating the use
of discharge plasticity for the reallocation of energy from
producing the discharge to meeting metabolic demands
[43].

The evolution of the mEO

It has been identified that the first essential step in the
process of electric organ evolution must have been the
possession of electroreceptors able to sense electric
stimuli [25, 33]. Indeed, several species of fish (for exam-
ple, some catfishes and sharks) have been shown to be
highly sensitive to electric fields, but possess no electric
organs [13]. It is probable that these electroreceptors are
modified receptors of the lateral line system—a system of
sensory organs that is conserved among all aquatic ver-
tebrates and whose primary function is to detect move-
ment, vibration and pressure gradients in the water [5,
37]. It is thought that under selection for improved elec-
trolocation, the electrical sensitivity of these electrore-
ceptors increased as certain muscles lost the ability to
contract and became specialised for electric discharge
production [7]. After the evolution of a weakly electric
organ, an increase in the size of the discharge could have
increased its value for electrolocation and electrocom-
munication, until it achieved some limited usefulness as
a weapon for prey incapacitation and predation avoid-
ance [7]. Now under selection for these functions to be
improved, the organ would then have undergone a fur-
ther increase in strength and become strongly electric [7].
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This sequence of evolutionary events probably occurred
convergently in multiple lineages of electric fish.

Studies have investigated the genomic basis of con-
vergent electric organ evolution—specifically that of the
mEO in the Gymnotiformes, the Mormyridae and the
Malapteruridae [16]. Despite profound morphological
differences, the mEOs of these three lineages show com-
mon patterns of gene expression, in transcription fac-
tors and pathways that contribute to increased cell size,
increased excitability and decreased contractility (when
compared to normal muscle tissue). This suggests that
a common regulatory network may have been repeat-
edly targeted by selection during the independent evo-
lution of different mEOs—at least in the three lineages
investigated [16]. One gene that was found to be highly
expressed in all three lineages and which may provide
particular insight into mEO evolution is Scn4aa 3, 16].
Due to a fish-specific whole-genome duplication that is
estimated to have occurred 226—316 million years ago
[20], non-electric teleost fish possess two Scn4a paral-
ogs that are expressed in the muscle: Scn4aa and Scn4ab
[3]. These code for the voltage-gated sodium channels
that are partially responsible for the generation of action
potentials [3]. Studies suggest that in electric teleost
fish, Scn4aa was convergently lost from the muscle but
retained in the mEQO, before directly contributing to the
constructive evolution of the mEO [60]. The latter con-
clusion is based on evidence that, independently in both
the Gymnotiformes and the Mormyridae, (a) Scn4aa
expression was altered during the origin of the mEO;
(b) Scn4aa was subjected to extensive positive selection
during or immediately after this origin, and (c) this posi-
tive selection did not apply to Scn4ab, the paralog that
remains expressed in muscle [3].

It has been theorised that, in terms of the mEO in the
gymnotiformes, Type A electrocytes represent the plesio-
morphic condition, which largely stems from the fact that
their shape very much resembles that of muscle fibres,
which is not the case for Type B electrocytes [31]. This
implies that Gymnotiformes possessing Type A electro-
cytes first arose, after which Gymnotiformes with Type B
electrocytes subsequently evolved—a process that would
have involved a shift in the location of the electric organ
from within the tail muscle to below the tail muscle [31].
The same study also proposed that the electric organs of
species retaining Type A electrocytes shifted towards the
posterior end of the body during evolution, which can be
seen happening on a smaller scale in some species during
larval development [31]. In the case of A. leptorhynchus
(and presumably other members of the Apteronotidae
family), a mEO containing Type A electrocytes seems to
have been replaced during evolution by a nEO in a more
medial part of the body [31].
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The evolution of the nEO

It has been known that the nEOs in the Apteronotidae
species are branched out from the spinal cord motor
neurons therefore it has been thought that expansion of
such neuron has formed the nEO in these species [31, 51,
54]. In species with a mEQ, the electric discharge is con-
trolled and coordinated by the ‘pacemaker nucleus’—a
group of ‘pacemaker’ and relay neurons in the hindbrain
[44]. To activate the mEO, action potentials are produced
by pacemaker neurons, then transmitted down the spi-
nal cord by relay neurons to specialised spinal motor
neurons, which go on to activate the electrocytes (in the
process described earlier) [44]. It has been proposed that
the same pacemaker nucleus are connected to the mEO
and nEO when both tissues are present, causing similari-
ties between the discharges of the mEO and the nEO in
developing A. leptorhynchus—specifically, the same fre-
quency [31].

We have recently obtained further supportive evi-
dence from B. gauderio: in addition to a mEO, we found
a pair of pear-shaped nerve cords (PSNCs) located on
either side of the dorsal aorta, with a very similar shape
and position to that of the nEO in larval A. leptorhyn-
chus [1] (18). These similarities are illustrated by Fig. 2.
However, in mature A. leptorhynchus (and other mem-
bers of the Apteronotidae family), the nEO develops into
a very large tissue that occupies the majority of the pos-
terior end of the tail, at which point its morphology no
longer resembles that of the PSNCs found in B. gauderio
[1]. This, again, is illustrated by Fig. 2. These observa-
tions suggest that in B. gauderio, which may preserve the
form of an early Gymnotiform, and in both species, the
PSNCs could encompass the motor neurons that regu-
late the mEO, and during the subsequent evolution of
the Apteronotidae lineage, they may have developed and
grown large enough to produce a discharge themselves
and become a functional nEO, replacing the mEO. Dur-
ing this process, the PSNC-like tissue would have likely
undergone a massive expansion as a result of genetic
changes, involving both hypertrophy (an increase in cell
size) and hyperplasia (an increase in cell number). Were
this to be true, the ancestral form of the PSNCs observed
in B. gauderio could be considered the evolutionary ori-
gin of the nEO in the Apteronotidae family.

This hypothesis provides an evolutionary perspective
of the Gymnotiformes: the diversification of the mEO
and the nEO may have stemmed from an evolution-
ary branching point in an ancestral species. This spe-
cies could be an ancestor of B. gauderio that possesses
mEO and PSNC. In one branch containing the majority
of other Gymnotiformes, these PSNCs could have then
remained or diminished to leave only a mEO. In another
branch containing only the Apteronotidae family, the
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Apteronotus leptorhynchus Brachyhypopomus gauderio
v
v
v \\/
p p \o p
13dpf Adult 10dpf 25dpf Adult

Fig. 2 A transverse diagrammatical representation of Apteronotus leptorhynchus and Brachyhypopomus gauderio at various stages of development.
In A. leptorhynchus, a neurogenic electric organ (nEO) (e) develops during the larval stage on the ventral side of the vertebrae (v), as two
pear-shaped structures located on either side of the aorta (a) [31]. By the adult stage, this nEO has undergone a massive expansion. In B. gauderio,
we have recently discovered that a pair of pear-shaped nerve cords (PSNCs) (p) develop in an equivalent position at the embryonic stage [1].
However, their level of expansion by the adult stage is highly limited compared to that of the nEO in A. leptorhynchus [1, 31]. These findings suggest
that the PSNCs in B. gauderio may represent the evolutionary origin of the nEO in A. leptorhynchus

Electrophorus (genus)
Gymnotidae « Electrophorus electricus (MEO, Type B)

Gymnotus (genus)
+ Gymnotus carapo (MEO, Type B + Type A?)

Rhamphichthyidae (family)
Rhamphichthyoidea « Rhamphichthys sp. (mEO, Type B)

Hypopomidae (family)
+ Brachyhypopomus gauderio (mEO, Type B)
« Brachyhypopomus pinnicaudatus (mEO, Type B)

Sternopygidae (family)
« Sternopygus macrurus (mEO, Type A)
Sinusoidea - Eigenmannia virescens (mEO, Type A + Type B?)

Apteronotidae (family)
« Apteronotus leptorhynchus (mEO, Type A + nEO)

Fig. 3 A simplified phylogenetic tree of Gymnotiformes, within which the Gymnotidae, Rhamphichthyoidea and Sinusoidea are considered in
parallel. Notable example species are given, along with the corresponding presence of a myogenic electric organ (mEQO) with Type A or Type B
electrocytes and/or a neurogenic electric organ (nEO) [1, 31]

PSNCs could have instead differentiated to become a fully To determine the validity of the theory proposed
functional nEO, replacing the mEO which diminished. here, a number of steps need to be taken. The PSNCs
in B. gauderio should be further investigated, in order
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to determine their connection to both the spine and the
mEO, and subsequently the extent to which they regu-
late the mEO. Other species—both other Gymnotiformes
and more distantly related species (electric and non-elec-
tric)—should also be looked at to determine whether or
not they, too, possess PSNCs.

Potential Gymnotiform phylogenies

There are various hypotheses addressing the phylogenetic
relationships between different Gymnotiformes [40, 51].
As previously mentioned, three major groups seem to
be consistently referred to: the Gymnotidae, the Rham-
phichthyoidea and the Sinusoidea [52]. This is illustrated
by Fig. 3. Mago-Leccia proposed a phylogeny in which
the Sinusoidea lie separated from the Gymnotidae and
Rhamphichthyoidea [34]; however, this is not confirmed
by molecular and genetic analyses of representative spe-
cies [52]. Tagliacollo and colleagues later integrated
molecular and morphological data to propose an alter-
native phylogeny, in which the Gymnotidae lie separated
from the Rhamphichthyoidea and Sinusoidea [52].

As can be seen in Fig. 3, Mago-Leccia’s proposed phy-
logeny is supported by the fact that the Gymnotidae and
Rhamphichthyoidea tend to possess Type B mEOs, while
the Sinusoidea tend to possess Type A mEOs [1, 31]. This
grouping together of the Gymnotidae and Rhamphich-
thyoidea is further supported by similarities (described
earlier) in the larval development of Type B electrocytes
between E. electricus, a member of the Gymnotidae
group, and B. gauderio, a member of the Rhamphichthy-
oidea group [1, 45]. Conversely, the hypothesis that the
PSNCs in B. gauderio represent the evolutionary origin
of the nEO in the Apteronotidae family [1] favours a phy-
logeny more similar to that proposed by Tagliacollo and
colleagues, as it would group the Rhamphichthyoidea
and Sinusoidea together more closely.

Many theories concerning Gymnotiform evolution
are based solely or primarily on morphological traits.
Such evidence can be misleading, as morphological
traits are often more complex than the categorisation
they are given, and similarities can arise through conver-
gent evolution. For example, although Type A and Type
B myogenic electrocytes tend to be morphologically
and developmentally distinct, more complicated cases
are seen in some species [31], as illustrated by Fig. 3.
Although Gymmnotus carapo possesses primarily Type B
electrocytes, a small number with partial similarities to
Type A electrocytes can be found within the tail muscle
[31]. Additionally, although Type A electrocytes develop
within E. virescens at the larval stage, at a later stage the
mEO develops below the tail muscle, in a position simi-
lar to that of a typical mEO consisting of Type B electro-
cytes [31]. To avoid the caveats of a morphology-based
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phylogeny, further investigation into the developmen-
tal pathways of electric organs, in combination with
sequencing analysis and modern ‘omics’ technologies
(genomics, transcriptomics, proteomics and metabo-
lomics), should be used to deduce the precise evolu-
tionary relationships between different Gymnotiform
species. For example, transcriptomics could be used to
clarify anatomical conservations between different tis-
sues, particularly the PSNCs in B. gauderio and the nEO
in the Apterontidae family.

Conclusion

In this review, we have discussed what is currently known
about the myogenic and neurogenic electric organs of
the Gymnotiformes, using numerous example species to
demonstrate the diversity present. This diversity is likely
due to the combined adaptive responses of Gymnotiform
fish to ecological factors such as predation pressure, life-
style requirements, reproductive competition, habitat
characteristics and energetic demands. Numerous theo-
ries concerning when and how electric organs evolved
have already been proposed, and we make a suggestion
that the nEO evolved from a pair of nerve cords that orig-
inally functioned to regulate the mEO. Further investiga-
tions using conventional methods of studying anatomy
and physiology, combined with recent advancements in
whole genome research and ‘omics’ technologies, would
allow us to further clarify the evolutionary history of
electric organs in Gymnotiformes, and other lineages of
electric fish.

Acknowledgements
TK'is funded by the BBSRC research Grant BB/V000411/1.

Authors’ contributions
All three authors contributed in formulating the concept and in the writing of
this paper. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None.

Author details

'Biosciences, College of Life and Environmental Sciences, University of Exeter,
Exeter, UK. 2Department of Fisheries and Marine Resources, College of Agricul-
ture, University of Basrah, Basrah, Iraq.



Bray et al. EvoDevo

(2022) 13:9

Received: 2 April 2021 Accepted: 28 February 2022
Published online: 01 April 2022

References

1.

20.

21.

22.

23.

24.

Alshami 1JJ, Ono Y, Correia A, Hacker C, Lange A, Scholpp S, Kawasaki M,
Ingham PW, Kudoh T. Development of the electric organ in embryos
and larvae of the knifefish, Brachyhypopomus gauderio. Dev Biol.
2020;466:99-108.

Altamirano M. Electrical properties of the innervated membrane of the
electroplax of electric eel. J Cell Comp Physiol. 1955;46:249-77.
Arnegard ME, Zwickl DJ, Lu Y, Zakon HH. Old gene duplication facilitates
origin and diversification of an innovative communication system—
twice. Proc Natl Acad Sci. 2010;107:22172-7.

Assad C, Rasnow B, Stoddard PK, Bower JM. The electric organ dis-
charges of the gymnotiform fishes: Il. Eigenmannia. J Comp Physiol A.
1998;183:419-32.

Baker CV, Modrell MS, Gillis JA. The evolution and development of verte-
brate lateral line electroreceptors. J Exp Biol. 2013;216:2515-22.

Bennett MVL. Modes of operation of electric organs. Ann NY Acad Sci.
1961,94:458-500.

Bennett MVL. Comparative physiology: electric organs. Ann Rev Physiol-
0gy. 1970;32:472-528.

Bullock T. Species differences in effect of electroreceptor input on electric
organ pacemakers and other aspects of behavior in gymnotid fish. Brain
Behav Evol. 1969;2:85-118.

Bullock THW. Electroreception. NewYork: Wiley; 1986.

Crampton WGR. Effects of anoxia on the distribution, respiratory
strategies and electric signal diversity of gymnotiform fishes. J Fish Biol.
1998;53:307-30.

Crampton WGR, Hopkins CD. Nesting and paternal care in the weakly
electric fish gymnotus (Gymnotiformes: Gymnotidae) with descriptions
of larval and adult electric organ discharges of two species. Copeia.
2005;2005:48-60.

Darwin C. On the origin of species: John Murray; 1859.

Dijkgraaf S. Electroreception in the catfish, Amiurus nebulosus. Experientia.
1968,24:187-8.

Franchina CR, Stoddard PK. Plasticity of the electric organ discharge
waveform of the electric fish Brachyhypopomus pinnicaudatus. I. Quantifi-
cation of day-night changes. J Comp Physiol A. 1998;183:759-68.
Gallant JR. The evolution and development of electric organs. In: Carlson
BA, Sisneros JA, Popper AN, Fay RR, editors. Electroreception: fundamental
insights from comparative approaches. Cham: Springer International
Publishing; 2019. p. 91-123.

Gallant JR, Traeger LL, Volkening JD, Moffett H, Chen PH, Novina CD,
Phillips GN Jr, Anand R, Wells GB, Pinch M, et al. Genomic basis for the
convergent evolution of electric organs. Science. 2014;344:1522-5.
Gavassa S, Goldina A, Silva AC, Stoddard PK. Behavioral ecology, endo-
crinology and signal reliability of electric communication. J Exp Biol.
2013;216:2403-11.

Gavassa S, Roach JP, Stoddard PK. Social regulation of electric sig-

nal plasticity in male Brachyhypopomus gauderio. J Comp Physiol A.
2013;199:375-84.

Gotter AL, Kaetzel MA, Dedman JR. Electrophorus electricus as a model
system for the study of membrane excitability. Comp Biochem Physiol A
Mol Integr Physiol. 1998;119:225-41.

Hoegg S, Brinkmann H, Taylor JS, Meyer A. Phylogenetic timing of the
fish-specific genome duplication correlates with the diversification of
teleost fish. J Mol Evol. 2004;59:190-203.

Hopkins CD. Stimulus filtering and electroreception: tuberous
electroreceptors in three species of Gymnotoid fish. J Comp Physiol.
1976;111:171-207.

Hopkins CD. Design features for electric communication. J Exp Biol.
1999,202:1217-28.

Hopkins CD, Comfort NC, Bastian J, Bass AH. Functional analysis of sexual
dimorphism in an electric fish, Hypopomus pinnicaudatus, order Gymno-
tiformes. Brain Behav Evol. 1990;35:350-67.

Hunter J. An account of the gymnotus electricus. In: John Hunter FRS.
Philos Trans (1683-1775). 1775; 65, 395-407.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 10 of 11

Kajiura SM, Holland KN. Electroreception in juvenile scalloped hammer-
head and sandbar sharks. J Exp Biol. 2002;205:3609-21.

Keynes RD, Martins-Ferreira H. Membrane potentials in the electroplates
of the electric eel. J physiol. 1953;119:315-51.

Kim JA, Jonsson CB, Calderone T, Unguez GA. Transcription of MyoD and
myogenin in the non-contractile electrogenic cells of the weakly electric
fish, Sternopygus macrurus. Dev Genes Evol. 2004;214:380-92.
Kirschbaum F, Meunier FJ. Experimental regeneration of the caudal
skeleton of the glass knifefish, Eigenmannia virescens (Rhamphichthydae,
Gymnotoidei). J Morphol. 1981;168:121-35.

Kirschbaum F, Meunier FJ. South American gymnotiform fishes as model
animals for regeneration experiments? Monogr Dev Biol. 1988;21:112-23.
Kirschbaum F, Schugardt C. Reproductive strategies and developmental
aspects in mormyrid and gymnotiform fishes. J Physiol. 2002;96:557-66.
Kirschbaum F, Schwassmann HO. Ontogeny and evolution of electric
organs in gymnotiform fish. J Physiol. 2008;102:347-56.

Lavoué S, Miya M, Arnegard ME, Sullivan JP, Hopkins CD, Nishida M. Com-
parable ages for the independent origins of electrogenesis in African and
South American weakly electric fishes. PLoS ONE. 2012;7:e36287.
Lissmann HW. On the function and evolution of electric organs in fish. J
Exp Biol. 1958;35:156-91.

Mago-Leccia F. Electric fishes of the continental waters of America : clas-
sification and catalogue of the electric fishes of the order Gymnotiformes
(Teleostei : ostariophysi) with descriptions of new genera and species.
Caracas FUDECI; 1994.

Markham MR, Stoddard PK. Cellular mechanisms of developmental and
sex differences in the rapid hormonal modulation of a social communica-
tion signal. Horm Behav. 2013;63:586-97.

Mermelstein CD, Costa ML, Moura Neto V. The cytoskeleton of the electric
tissue of Electrophorus electricus, L. An Acad Bras Cienc. 2000;72:341-51.
Modrell MS, Bemis WE, Northcutt RG, Davis MC, Baker CVH. Electrosen-
sory ampullary organs are derived from lateral line placodes in bony
fishes. Nat Commun. 2011;2:496.

Moller P. Electric fishes history and behavior. London: Chapman & Hall;
1995.

Qestreich J, Zakon HH. The long-term resetting of a brainstem pacemaker
nucleus by synaptic input: a model for sensorimotor adaptation. J Neuro-
sci. 2002;22:8287-96.

Pappas GD, Waxman SG, Bennett MV. Morphology of spinal electromo-
tor neurons and presynaptic coupling in the gymnotid Sternarchus
albifrons. J Neurocytol. 1975;4(4):469-78. https://doi.org/10.1007/BF012
61376.

Patterson JM, Zakon HH. Transdifferentiation of muscle to electric organ:
regulation of muscle-specific proteins is independent of patterned nerve
activity. Dev Biol. 1997;186:115-26.

Rasnow B, Assad C, Bower JM. Phase and amplitude maps of the electric
organ discharge of the weakly electric fish, Apteronotus leptorhynchus. J
Comp Physiol A. 1993;172:481-91.

Reardon EE, Parisi A, Krahe R, Chapman LJ. Energetic constraints

on electric signalling in wave-type weakly electric fishes. J Exp Biol.
2011;214:4141-50.

Salazar VL, Krahe R, Lewis JE. The energetics of electric organ dis-

charge generation in gymnotiform weakly electric fish. J Exp Biol.
2013;216:2459-68.

Schwassmann HO, Assung¢ao M, Kirschbaum F. Ontogeny of the electric
organs in the electric eel, Electrophorus electricus: physiological, histologi-
cal, and fine structural investigations. Brain Behav Evol. 2014;84:288-302.
Stoddard PK. Predation enhances complexity in the evolution of electric
fish signals. Nature. 1999;400:254-6.

Stoddard PK. Electric signals: predation, sex, and environmental con-
straints. Advances in the Study of Behavior. Cambridge: Academic Press;
2002. p. 201-42.

Stoddard PK.The evolutionary origins of electric signal complexity. J
Physiol Paris. 2002;96:485-91.

Stoddard PK, Markham MR. Signal cloaking by electric fish. Bioscience.
2008;58:415-25.

Stoddard PK, Markham MR, Salazar VL, Allee S. Circadian rhythms in
electric waveform structure and rate in the electric fish Brachyhypopomus
pinnicaudatus. Physiol Behav. 2007;90:11-20.


https://doi.org/10.1007/BF01261376
https://doi.org/10.1007/BF01261376

Bray et al. EvoDevo

51

52.

53.

54.

55.

56.

57.
58.
59.

60.

61.

(2022) 13:9

Streit P, Van Buren JM, Sandri C, Akert K, Bennett MV. Differential HRP
labeling of motoneurons and electromotor neurons in the spinal cord of
the gymnotid Sternarchus albifrons. Brain Res. 1978;142:559-65.
Tagliacollo VA, Bernt MJ, Craig JM, Oliveira C, Albert JS. Model-based total
evidence phylogeny of Neotropical electric knifefishes (Teleostei, Gymno-
tiformes). Mol Phylogenet Evol. 2016;95:20-33.

Unguez GA, Zakon HH. Phenotypic conversion of distinct muscle fiber
populations to electrocytes in a weakly electric fish. J Comp Neurol.
1998;399:20-34.

Waxman SG, Pappas GD, Bennett MV. Morphological correlates of
functional differentiation of nodes of Ranvier along single fibers in

the neurogenic electric organ of the knife fish Stern archus. J Cell Biol.
1972;53:210-24.

Weber CM, Martindale MQ, Tapscott SJ, Unguez GA. Activation of
Pax7-positive cells in a non-contractile tissue contributes to regenera-
tion of myogenic tissues in the electric fish S. macrurus. PLoS ONE.
2012;7:€36819.

Westby GWM. The ecology, discharge diversity and predatory behaviour
of gymnotiforme electric fish in the coastal streams of French Guiana.
Behav Ecol Sociobiol. 1988;22:341-54.

Xu J, Cui X, Zhang H. The third form electric organ discharge of electric
eels. Sci Rep. 2021;11:6193.

Xu J, Lavan DA. Designing artificial cells to harness the biological ion
concentration gradient. Nat Nanotechnol. 2008;3:666-70.

Zakon HH. Weakly electric fish as model systems for studying long-term
steroid action on neural circuits. Brain Behav Evol. 1993;42:242-51.
Zakon HH, Lu'Y, Zwickl DJ, Hillis DM. Sodium channel genes and the evo-
lution of diversity in communication signals of electric fishes: convergent
molecular evolution. Proc Natl Acad Sci USA. 2006;103:3675-80.

Zakon HH, Unguez GA. Development and regeneration of the electric
organ. J Exp Biol. 1999;202:1427-34.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The diversity and evolution of electric organs in Neotropical knifefishes
	Abstract 
	Introduction
	The myogenic electric organ (mEO)
	The anatomical diversity of the mEO in Gymnotiformes
	The electric discharge of the mEO in Gymnotiformes
	The development of the mEO in Gymnotiformes
	The neurogenic electric organ (nEO)
	The anatomy of the nEO
	The electric discharge of the nEO
	The development of the nEO
	The evolution of electric organs
	Ecological drivers of electric organ evolution
	The evolution of the mEO
	The evolution of the nEO
	Potential Gymnotiform phylogenies

	Conclusion
	Acknowledgements
	References




