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Ion Channels and the Tree of Life 

 

Benjamin Joseph Liebeskind, PhD 
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Supervisors:  Harold Zakon, David Hillis 

 

The field of comparative neurobiology has deep roots. I will begin by giving an 

overview of the parts of its history that I feel are most relevant for this dissertation. 

Within this history lies a wealth of zoological research and penetrating theories that are 

underutilized by modern evolutionary biologists. The age of whole-genome sequencing 

provides a perfect opportunity to revisit and perhaps update this corpus to better 

understand the deep roots of organismal behavior.  

The first three chapters of my dissertation will be case studies on the evolution of 

sodium-selective ion channels. Sodium channels are responsible for much of the 

electrical signaling in animal nervous systems and muscles, but their evolutionary 

relationships have not yet been explored with the modern tools of phylogenetics and 

comparative genomics. Chapter 1 will deal with the classic Nav channels which create 

action potentials in nerves and muscles. There I will show that this gene family pre-dates 

the nervous system and even animal multicellularity. Chapter two will investigate sodium 

leak channels, which likley create the leak conductance measured by Hodgkin and 

Huxley. These channels turn out to be close relatives of fungal calcium channels, a 

relationship which illuminates the evolution of both groups. Chapter three is on bacterial 

sodium channels and their use as models for other sodium channel types. The final 

chapter will turn away from sodium channels in particular and discuss the evolution of 

animal nervous systems by means of ion channel genomics. In that chapter I will show 

that genomic complements of ion channels that animals with nervous systems possess 

evolved independently to large degree, and that the early evolution of nervous systems 
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also involved periods of gene loss. I will end with a more general discussion of 

convergent evolution, a key theme of this dissertation, and its effect on comparative 

analyses in the age of genomics. 
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INTRODUCTION1 

All organisms react to their environment, but not all have what we call behavior. 

Discrete, stereotyped movements that occur on relatively short time scales are nearly 

ubiquitous in single-celled organisms, but are largely absent from multicellular lineages, 

with animals being the great exception. Other exceptions are humbler, but also 

fascinating and informative. Early-branching lineages of plants and fungi, for instance, 

have motile gametes– a characteristic that was lost in most lineages in favor of seeds and 

spores that disperse by other means– and some adult plants are capable of a few quick 

movements, notably Dionaea, the Venus fly-trap, and Mimosa, the “sensitive plant.” If 

life is to be understood on the broadest taxonomic scales, it is therefore necessary to ask 

questions about behavior. Above all, we cannot help but wonder at the fact that animals 

have such rich behavioral repertoires, while other multicellular lineages have none, or 

next to none. 

In all life forms, behaviors are attended at the cellular level by rapid changes in 

electrochemical gradients. These gradients are maintained by all organisms as a form of 

potential energy that can be converted into the work of metabolism. But rapid changes in 

ionic gradients, either locally on the subcellular level, or more globally, can also be 

turned into signaling cascades that create behaviors. Ionic gradients are maintained by 

protein pumps and channels. The fact that even some viral genomes encode ion channels 

attests to the importance of these gradients for the work of life, and suggests that these 

protein types are almost as ancient as life itself. But some ion channels function mainly in 

changing the gradients on short time scales, rather than maintaining them. These are the 

channels that often mediate behaviors. Their selectivity for certain ion species and the 

conditions under which they tend to open or close determines the role they play. 

For my dissertation, I have focused on the evolution of ion channels at the 

broadest taxonomic scales to better understand behavior at these scales. I have focused 

                                                 
1 Parts of the Introduction have been previously published in: Liebeskind BJ (2011) Communicative & 

Integrative Biology 4(6):679–683. 
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mostly on the role that ion channels played in the origin of animal nervous systems, but 

have been animated by broader questions to which I will make reference throughout. The 

proliferation of public databases of genomic and transcriptomic data have made possible 

the comparison of genomes on these broad taxonomic scales. My analyses take advantage 

of these resources and use comparative genomics and phylogenetics to reconstruct the 

genetic history of ion channel families that are central to nervous system function.  

Sodium is the ion that drives the most important aspects of cellular excitability in 

animals. I will present three case studies on the evolution of sodium channels as separate 

chapters. Then, for my last chapter, I turn to a wider analysis that covers most of the other 

ion channel types that power the nervous system. These chapters will tell a story about 

the origin, or origins, of animal nervous systems. They will also, I hope, help illuminate 

some broader principles about the evolution of complexity that I will discuss at the end. 

While most of the genomic data I use is quite new, the comparative study of animal 

nervous systems and questions about their origin are emphatically not. I will therefore 

start by reviewing some of the history of the field to give context to the discoveries made 

in the last few years by myself and others. 

 

PROXIMATE AND ULTIMATE CAUSES OF ANIMAL NERVOUS SYSTEMS 

Two thousand and three hundred years ago, Aristotle claimed that there are at most four 

types of causes of natural phenomena; four ways to answer the question “Why?” (Sachs 

1995). The four causes could be divided into two groups, the material and the formal. 

Niko Tinbergen and Ernst Mayr reformulated this ancient division for modern biology as 

“proximate” and “ultimate” causality, corresponding to physiological and evolutionary 

explanations (Tinbergen 1963; Mayr 1988). Studies of animal nervous systems tend to 

focus on one or the other type of causality, so I will begin by reviewing them separately. 

But the two are never truly separate, and much of this dissertation will be serve to 

illustrate how ultimate causes can force us to see proximate causes in a different light. 
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PROXIMATE 

The Action Potential 

Although the involvement of nerves in animal motion was known in antiquity, 

prior to the 17th century they were thought to be passive conveyors of whatever it was 

that caused animal motion. Descartes believed that nerves were essentially a hydraulic 

system, with some type of fluid passing through the nerves into the muscles. This 

hypothesis came under attack in the mid-17th century by thinkers who believed that the 

nerve itself moved or was otherwise active in some way. One key set of experiments was 

performed by a Dutch biologist named Jan Swammerdam in the 1660s. Using an excised 

frog neuromuscular preparation (the first use of this now classic system) and careful 

volumetric experiments, Swammerdam showed that muscles did not gain volume when 

they contracted as Descartes predicted (M. Cobb 2002; Verkhratsky, Krishtal, and 

Petersen 2006), and concluded that excitability was a motion of nerves themselves: 

 

Therefore the spirit, as it is called, or that subtile [sic] matter, which flies in an 

instant through the nerves into the muscles, may with the greatest propriety be 

compared to that most swift motion, which, when one extremity of a long beam or 

board is struck with the finger, runs with such velocity along the wood, that it is 

perceived almost at the same instant at the other end (Quoted from M. Cobb 

2002). 

 

The nature of the “swift motion,” which Swammerdam had presciently compared 

to a travelling wave, remained a mystery, but the vibrational model became a rival to the 

Cartesian school. In a notable conceptual leap, Thomas Willis, perhaps influenced by 

Gassendi, maintained that muscle generated its force independently of nerves, and that 

nerves carried only the “symbol of the motion to be performed” (Wallace 2003). This 

theory was actually a stepping back of the mechanistic philosophy of Descartes in favor 

of an autonomous faculty of the nervous system connected (by Gassendi at least) to 

Aristotle’s “sensitive soul,” the principle of motion shared by all animals (Wallace 2003). 
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The next phase of discovery would then be dedicated to understanding the basis of these 

nervous signals. 

Although Newton speculated in his General Scholium to the Principia 

Mathematica that nerve signals may be electrical in nature, it took 80 years for it to be 

shown experimentally by Luigi Galvani, also using the frog muscle preparation. 

Galvani’s experiments revealed two key properties of excitable tissue: threshold and 

refractory period after continued excitation. He also postulated the existence of water-

filled pores in cell membranes, which he likened to conductors connecting the two sides 

of a Leyden jar. Experiments on the electrical nature of animal tissue proliferated 

thereafter, with Matteucci, who measured the “injury current”, Walsh, and Faraday 

playing key roles (Piccolino and Bresadola 2002; Reynolds 2004). 

The next major advance was the biophysical measurement of the nerve impulses 

themselves. Early measurements of the motion of electrical potentials were made by 

Emile DuBois-Reymond and Hermann von Helmhotz, but Julius Bernstein’s invention of 

the differential rheotome allowed him to make the first true measurements of action 

potentials in the 1860s (Verkhratsky, Krishtal, and Petersen 2006). In a separate 

development, careful experiments on muscular contraction had led to the all-or-none 

theory of nervous excitation by the turn of the 20th century (Lucas 1909; Adrian 1914).  

Building on the work of Nernst and Helmholz on the dynamics of ions in 

solutions, Bernstein formulated a membrane-based theory of electrical conduction before 

cell membranes had been conclusively shown to exist (Cole 1968). Like Galvani, 

Bernstein postulated membranes as an insulating surface between two electrolytic 

solutions. The potential across them was built up by a selective permeability for 

potassium ions (K
+
), and when the nerve became active, this selectivity disappeared and 

the membrane became permeable to all ions (“membrane breakdown”). A key notion in 

Bernstein’s new hypothesis was that an action potential is not merely “an electrical sign 

of the impulse, but is the causal agent in propagation” (Hodgkin 1964), but this had yet to 

be shown experimentally. Hodgkin showed that this was indeed the case and that the 
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electrical impulse caused an increase in excitability in the surrounding tissue  (Hodgkin 

1937a; Hodgkin 1937b). The experimental evidence for the autonomous vibrations of 

nerves that Gassendi and Swammerdam had postulated 300 years earlier was finally in 

place.  

Bernstein’s membrane theory failed to explain one key phenomenon of action 

potentials, however: rather than just destroy the membrane potential, action potentials 

overshot the zero mark, and rose to a potential in the opposite direction of the resting 

potential. The key to answering this difficulty lay in the discovery of a new type of ionic 

selectivity involved in action potentials. Overton had shown that sodium was necessary 

for frog muscle excitation in the action potential (Hodgkin 1964), but it wasn’t until the 

classical experiments on the squid giant axon that the “sodium hypothesis” became the 

central dogma of electrophysiology. Hodgkin and Katz (1949) showed that Overton’s 

experiments could be recapitulated with voltage-clamp recordings of the squid axon, 

claiming that the hypothesis of “membrane breakdown” must be rejected in favor of a 

new hypothesis, one which “presupposes the existence of a special mechanism which 

allows sodium ions to traverse the active membrane at a much higher rate than either 

potassium or chloride” (Hodgkin and Katz 1949). Because sodium was an abundant ion 

in the ocean, but was at a relatively low concentration inside the axon, a sudden increase 

in sodium permeability would cause sodium to rush into the axon, causing not just 

depolarization of the potassium-based resting potential but an overshoot beyond zero. 

Finally, Hodgkin and Huxley built a mathematical model to show that three 

processes could explain the action potential in squid giant axons: a sodium current and a 

potassium current, both functions of voltage and time, and a current that was independent 

of voltage (a “leak” current) (Hodgkin and Huxley 1952). The Hodgkin and Huxley 

model could recapitulate the action potential almost perfectly, and predicted several other 

known properties of nerves, such as “anode break excitation.” And although some of 

their predictions about the nature of the two voltage-dependent processes (now known to 

be ion channels) were later refuted (Aldrich, Corey, and Stevens 1983), their model 
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turned out to be so powerful and predictive that it is now rightly seen as the starting point 

of modern biophysics, where the mechanism of specific molecules is the chief concern. 

In this brief review I have completely omitted the history of the anatomy of the 

nervous system and the structure of nerves themselves. I have instead focused on the 

history of the action potential and how it became seen as the prototypical proximate cause 

of animal behavior. The three distinguishing features of action potentials are a threshold 

for activation, an all-or-none response, and a refractory period. All three features were 

observed in frog muscle before action potentials were recorded. Action potentials are 

therefore not merely descriptions of the parts but reflections of the whole. That they have 

an explanatory power beyond their own functioning can be seen in the recent extension of 

the term “action potential” to the genomic and hormonal responses in the brain that 

underlie behavioral changes over longer time periods (Hofmann 2010). These responses 

also have thresholds, all-or-nothing peaks, and refractory periods. But the electrical 

action potential, and the ion channels that cause it, are the most basic units; the elements 

of animal behavior.  

 

Ion Channels 

Hodgkin and Huxley’s great contribution was to describe the action potential in 

terms of underlying processes, which were in turn described by just a few parameters. 

Their model ushered in a golden period of classical biophysics in which the nature of 

these underlying processes was described. Even a cursory telling of how these processes 

were shown to be ion channels, with transmembrane pores, gating processes, and voltage-

sensing components, is beyond my scope, so I will confine myself to a brief description 

of what is currently known about the structure and function of ion channels. Additional 

descriptions will be given in the chapters. 

Ion channels are membrane proteins that provide a pathway to the flow of ions 

across cell membranes, which are otherwise nearly impermeable. This pathway, or pore, 

is often selective for certain ion species and can often be opened or closed (“gated”) 
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under different conditions. Neither case is universally true: some ion channels are not 

selective or are constitutively open. The combination of these two properties determines 

the ion channel’s function. Ion channels may open in response to heat or light, 

transducing these forces into electrical signals in the body. Others may respond to 

intracellular signaling pathways or neurotransmitters. But the most important class of 

channels for action potential generation is gated by voltage. 

Voltage-gated ion channels are a large superfamily that includes the proteins 

necessary for action potential propagation and many other members of diverse function. 

Their pore is formed by four re-entrant pore loops that face one another, creating a 

pathway. They also have a voltage-sensing domain packed with positively charged 

residues that moves when the cell is brought from its resting voltage to more positive 

voltages. The force of this movement is then coupled to pore opening, the details of 

which depend on the channel type. The voltage sensing domain appears in non-channel 

proteins, such as the voltage-sensitive phosphatase (Murata et al. 2005). Likewise, some 

channels may have a pore domain without a voltage-sensing domain, so these domains 

are thought to be modular and their fusion a single evolutionary event (Bertil Hille 2001). 

Because I will largely be discussing voltage-gated channels, I will refer to the pore and 

voltage sensing domains together as one domain of a voltage-gated channel. 

The largest sub-family of the voltage-gated channels is the voltage-gated 

potassium channel family (Kv), the members of which are responsible for the re-

polarizing current that was observed by Hodgkin and Huxley. Kv currents shape the 

action potential, set the latency between depolarizations, and reset the cell for the next 

action potential, and are thereby responsible for much of the complexity in the neural 

code. These proteins are composed of one domain (i.e. one voltage sensor and one pore 

loop), and come together to form tetramers in the membrane. 

Voltage-gated sodium channels (Nav) are responsible for the upstroke of action 

potentials. They are activated by depolarization, and allow sodium ions to rush into the 

cell, creating further depolarization along the membrane until a potential is reached 
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beyond which sodium is forced back out of the cell (reversal potential). This runaway 

process gives action potential their explosive rise, and the reversal potential for sodium 

sets the height of their peak. The fact that Nav channels are both activated by 

depolarization and contribute to it allows action potentials to be both the “causal agent of 

propagation” and the effect of it. Nav channels have another important process that keeps 

action potentials narrow: rapid inactivation. Inactivation did not occur in the Kvs 

observed by Hodgkin and Huxley, but can occur in other channel types, including some 

Kv channels (Aldrich 2001). It is a separate process from activation and is caused by a 

different part of the channel. Like Kv channels, Navs require four domains to create a 

pore, but unlike Kvs, they include all four domains in one protein.  

The last voltage-gated group I will discuss, calcium or Cav channels, are also four 

domain proteins. Cavs do not play a central role in vertebrate action potentials. Ca
2+

 

activates numerous cellular pathways and is kept at very low levels in most cells. Their 

main role is therefore to transduce the action potential “symbols” into cellular signals 

(Bertil Hille 2001). These signals include neurotransmitter release, muscle contraction, 

and gene transcription. 

Early phylogenetic work by Strong et al. showed that four-domain voltage-gated 

channels evolved from single-domains channels by two rounds of internal duplication 

(Strong, Chandy, and Gutman 1993). Strong et al. used just one Nav channel and one Cav 

channel in their phylogeny. I will show later that their results are entirely substantiated by 

larger datasets that sample a wide range of channels and organisms. 

Ion channels play many other roles in the nervous system, and perform numerous 

roles outside of it, such as osmoregulation. I will explore some of these groups in the 

final chapter, but will refrain from discussing them here.  

 

ULTIMATE 

Not long after the work of Hodgkin and Huxley, George Bishop offered a helpful 

criticism or moderation of the action potential-centered view of nervous system function 
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(Bishop 1956). This view, in the extreme version, “deals with nervous systems as digital 

counting mechanisms, the digits being all-or-nothing impulses.” It was already known 

that dendrites had graded electrical potentials (as opposed to all-or-none), as did other 

cells not typically thought of as excitable. Bishop used this data to create a hierarchy of 

excitable cell types, from those with no excitability, to those with slow graded potentials, 

and finally to those with both graded and all-or-none spikes in compartmentalized regions 

of the cell, such as neurons. Many cell types have graded responses, while only a few 

have all-or-none action potentials. Importantly, the dendrites and axon terminal both have 

graded responses. A neuron is therefore a “graded response tissue into which has been 

interpolated an axonal segment, or within which such a segment has been evolved” 

(Figure I1).  Bishop interpreted this evolutionarily. Organisms evolved the ability to 

make all-or-none impulses as they grew larger because graded responses, which are not 

regenerative, would attenuate over distance.  The fundamental work of a neuron, 

sensation and transmission of a signal, does not require action potentials, but they are a 

beneficial adaptation for high-fidelity transference of the “symbol of the motion to be 

performed.” 

Bishop’s insight raises some important questions. What were the key steps in the 

evolution of a nervous system from precursor cells? What was the nature of these 

precursors? And, if the crucial aspects of nervous systems are shared by non-neural cell 

types, what then is a nervous system? Fortunately, the early years of electrophysiology 

were characterized by a zoological and comparative approach that informed these sorts of 

questions. This was partly necessitated by a need for systems that were tractable given 

the early stage of the instrumentation. Thus one finds work not just on the large nerves 

and muscles of myriad invertebrate bilaterians, such as barnacles, squid, leech, Aplysia, 

and crayfish, but on jellyfish, anemones, and even large protists like Paramecium 

(Kamada 1934) and the giant internodal cells of algae such as Chara and Nitella (Blinks, 

Harris, and Osterhout 1929). I will first review what studies like these revealed about the 
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phylogenetic distribution of different ion channel types, and then turn towards theories 

about the origin of nervous systems. 

 

Phylogenetic Distribution 

An early exception to the sodium hypothesis of action potentials came from 

studies in crustacean muscle, primarily crab (Fatt and Katz 1953; Hagiwara 1983). These 

muscle fibers have action potentials that depend on calcium for their upstroke rather than 

sodium. At first, this was viewed as an anomaly, but comparative work revealed a 

calcium component in the action potentials of many cell types, including vertebrate 

neurons, and slowly a pattern emerged.  

 

As a rule [sodium] channels are found wherever impulse conduction is the major 

function of the action potential, while [calcium] channels are found where the 

action potential is coupled with effector functions such as ciliary reversal, 

secretion of transmitters and hormones, contractions, and bioluminescence 

(Hagiwara 1983). 

 

It soon became clear that calcium channels were distributed far beyond the animal 

kingdom. The ciliate protist Paramecium uses a calcium-based action potential to trigger 

its obstacle avoidance response (Eckert and Brehm 1979; Bertil Hille 2001). The action 

potential is triggered via stretch receptors (also ion channels) when the protist collides 

with an obstacle, and the influx of calcium triggers a reversal of the ciliary beat. Calcium 

currents are also found in plants and brown algae (Taylor and Brownlee 1993). One 

notable similarity is that fertilization in numerous organisms, including animals, plants, 

and brown algae, sets off a calcium wave in the oocyte that is crucial for development 

(Hagiwara 1983). Although only a few studies on fungal cells exist, one such study found 

a voltage-gated calcium current in the early-branching fungus Blastocladiella (Caldwell, 

Brunt, and Harold 1986). In several lineages, including Blastocladiella, but also plants 

(Mimosa) and green algae (Chara and Nitella), action potentials are triggered by calcium 

influx but are primarily carried by chloride ions (Beilby 1984; Verret et al. 2010).  
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An overview of what was known about the phylogenetic distribution of action 

potentials and ion channels in eukaryotes when I began my dissertation work (2009) is 

given in Figure I2. It is immediately clear that action potentials are widespread, but that 

the ion which carries them is not always the same, suggesting independent evolutionary 

origins. The only lineage which appears not to make use of action potentials is the 

Dikarya, the “higher” fungi (Hille 2001). Most importantly, sodium-based action 

potentials are restricted to animals, with the strange exception of the heliozoan protist 

Actinocoryne (Febvre-chevalier et al. 1986). All other lineages use calcium as either the 

main charge carrier or as a trigger for a chloride action potential. 

Figure I2 only concerns the ions that create the upstroke of the action potential. In 

all cases where there is sufficient information, potassium, presumably carried by animal-

like Kv channels, repolarizes the action potential after it fires (Taylor and Brownlee 1993; 

Caldwell, Brunt, and Harold 1986; Beilby 1984). Even fungi have potassium channels, 

which they probably use for cell homeostasis (Reid et al. 1995; Bertil Hille 2001). 

Eukaryotes therefore appear to have complex electrical lives nearly across the board. 

Prokaryotes are so small that only a few electrophysiological studies on their 

membranes have been carried out. It is clear from these studies, however, that 

prokaryotes make use of channels as well (Martinac, Saimi, and Kung 2008). Stretch 

receptors and Kv-like channels both appear in bacteria, but very little is known about how 

they are used (Bertil Hille 2001). However, bacterial channels have become important 

model systems for channel crystallography (Payandeh and Minor Jr. 2014; Doyle et al. 

1998). Recently, a sodium selective channel from bacteria has been discovered and used 

as a model sodium channel (Payandeh et al. 2011; Ren et al. 2001). I will consider this 

channel and its usage in Chapter 3. 

Viruses have ion channels too. Influenza virions incorporate part of the host 

membrane in their viral envelope, and in this stolen membrane they express a tiny proton 

channel (Schnell and Chou 2008). HIV has a similar channel (Schubert et al. 1996). 

Larger DNA viruses, such as the Chlorella viruses, encode bona fide Kv channels, 
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probably horizontally transferred from host cells (Gazzarrini et al. 2006). It is therefore 

reasonable to believe that some kind of channel protein was present in the last common 

ancestor of all life forms, though no extant channel type is likely to be similar to this 

ancestor. 

When I began work on this dissertation, genomic studies had already begun to fill 

in the gaps in our knowledge. Many of these studies confirmed what already seemed 

likely: Kv channels are ubiquitous across all cellular life; Cav channels are nearly 

ubiquitous in eukaryotes (but are strangely absent in land plants) (Verret et al. 2010; 

Wheeler and Brownlee 2008); Nav channels are only found in animals. Based on the 

phylogenetic patterns of channels and currents, Bertil Hille hypothesized a scenario of 

ion channel evolution from a prokaryote ancestor up through extant animal nervous 

systems (Bertil Hille 2001; Bertil Hille 1989): 

Stage 1: Prokaryotes maintain a negative resting potential for energy storage and 

to drive ATP synthesis. They use channels, such as Kv and chloride channels, primarily 

for cell homeostasis in the face of osmotic changes. Because they create ATP using the 

highly negative voltage across their cell wall, the membrane potential must not be greatly 

disturbed. 

Stage 2: The evolution of eukaryotes meant that energy production was largely 

carried out by mitochondria, freeing up the outer cell membrane for ion-based signaling. 

Calcium signaling became a eukaryotic specialty, with the evolution of calmodulin, 

calcium pumps, intracellular calcium channels (such as IP3Rs), and Cav channels being 

the major innovations. 

Stage 3: Animals evolve in oceans where the sodium/potassium ratio and oxygen 

levels are increasing. Because calcium triggers numerous intracellular pathways, it must 

be kept at sub-millimolar levels within the cell. Calcium signaling is therefore localized 

within cells and its flow must be temporally restricted, preventing its use as a driver of 

continuous, “symbolic” electrical signaling. The evolution of Nav channels from Cav 
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channels, which they resemble molecularly, allows animals to develop this electrical 

neural code, and the elaboration of nervous systems is made possible. 

Nav channels therefore emerge as the major innovation in the evolution of animal 

nervous systems, particularly in the advent of a symbolic neural code. Their evolution 

from an ancestral Cav channel allowed the functions of this ancestor, which included both 

calcium delivery and signal propagation, to be split between the two new channel types. 

Nav channels functioned only in action potential propagation, and Cav channels primarily 

served as calcium delivery systems and signal transducers. Hille’s scenario fits perfectly 

with Bishop’s above, so it may further be hypothesized that this sub-functionalization 

coincided with the evolution of neurons with distinct regions specialized for signal 

propagation, mediated by Navs, and secretion, mediated by Cavs. 

 

Evolution of the first nervous systems 

Theories about early nervous system evolution were often prompted by 

electrophysiological work on early-branching animals, particularly cnidarians. Although 

this work has sadly declined over the years, interest in the evolutionary origins of nervous 

systems has remained and has been addressed using a variety of approaches. A variety of 

theories exist and although there has been little progress towards consensus, some 

important insights have been gained from comparative studies, and this admittedly 

speculative sub-field has provided a fertile ground for genomics researchers. It will 

therefore be helpful to briefly outline a few of these speculative theories and to review 

our inheritance from the golden era of coelenterate neurobiology. 

Speculations on the early evolution of nervous systems always suffer from the 

difficulty in saying with certainty what we mean by a nervous system. As Bullock and 

Horridge say in their classic textbook:  

 

Since the property of excitability is probably general for living material, and since 

any collection of like cells can be called a system, it is the combination of 
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connectedness and specialization for propagating an excited state that we must 

look for in a nervous system (Bullock and Horridge 1965). 

 

Theories on the emergence of nerves seek to describe the precursor cells from 

which nerves evolved and the series of steps in between, with particular interest in the 

“specialization for propagation.” 

Early work was largely focused on the evolution of the reflex triad: sensor, 

connector, and effector. Kleinenberg (1872) suggested that Hydra had “neuromuscular 

cells” that performed the work of sensor and effector within a single cell (Passano 1963; 

Moroz 2009). He postulated that cells such as these may have been the ancestral state, 

which then differentiated into sensory cells, nerves, and muscles, completing the reflex 

triad. The Hertwigs (1879) disputed his interpretation of these cell types, and claimed that 

the specialized cells of the reflex triad had arisen independently of one another from 

separate epithelial cells (Passano 1963; Moroz 2009). Parker’s influential book The 

Elementary Nervous System (1919) posited the evolution of first “independent effectors,” 

such as myocytes, and then receptors which modified these effectors in some way, and 

finally of early neurons interposed between sensor and effector that eventually became an 

integrative network (Passano 1963; Parker 1919; G. O. Mackie 1990). Central to Parker’s 

theory was the evidence that sponges has independent effector cells that mediated 

contraction without the need for nerves.  

Pantin suggested that nervous systems arose from the need to coordinate the 

contraction of whole muscular networks, rather than single cells (Pantin 1952). Passano 

pointed out that endogenous activity was at least as important to nervous systems as 

sensing and coordination, and therefore claimed that effectors may have “became 

endogenous activity centers, or pacemakers, by developing unstable specialized 

membrane areas capable of active depolarization” (his italics) (Passano 1963). Mackie, 

Horridge and others found that many cnidarians could conduct impulses through non-

nervous epithelial tissue that was connected via gap-junctions (Mackie 1990;  Mackie 
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2004). This lead to the hypothesis that neurons arose from electrically coupled epithelia, 

an idea which has remained influential (Holland et al. 2013). 

Other authors claimed that the first neurons arose from secretory cells (Mackie 

1990; Moroz 2009). Unicellular organisms release pheromones and other signals, and this 

type of signaling may have given rise to paracrine signaling in early animals. Secretory 

cells may then have developed more specific processes and receptors to fine-tune control 

of their target effectors. 

A recent study is also noteworthy. Jekely suggested that nervous systems may 

have evolved to control ciliary motion in larvae (Jekely 2011). This is attractive for 

several reasons. First, most early-branching animals have a biphasic life cycle with an 

active larval stage. Some sponges, for instance, have phototactic larvae with a far more 

complex behavioral repertoire than the adult. Second, because larvae have high mortality 

rates (Maldonado and Riesgo 2008), and because the adult form is often sessile and 

therefore dependent on larval settlement choices for its survival, much of the selection is 

likely to fall on the larval form, making it a likely locus for evolutionary novelty (Davies 

et al. 2014; Nielsen 2008; Liebeskind 2011). 

Many of these authors based their ideas on evidence from cnidarians, including 

anemones (Pantin 1952), medusas (Passano 1963), Hydra (Kleinenberg 1872), and 

siphonophores (Mackie 1986), and they often identify certain structures or faculties of 

cnidarian nervous systems with the plesiomorphic condition. Mackie has called this 

practice into doubt (Mackie 1990). His research and others’ had shown that medusozoan 

cnidarians had complex behavior, ganglia, giant axons mediating escape responses (also 

present in at least one ctenophore (Mackie, Mills, and Singla 1992)), complex sensory 

structures such as statocysts and eyes (Garm et al. 2006), integrative circuits, pacemakers, 

fast sodium-based action potentials, many common neurotransmitters, and fast synapses; 

in other words, all the trappings of invertebrate nervous systems. Mackie called this the 

“fundamental conventionality of hydromedusan nervous systems” (Mackie 1990) Such 

findings lead him and others to claim that although cnidarians don’t have brains, they do 
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have central nervous systems whose circular structure is appropriate for a radially 

symmetrical animal (Satterlie 2011; Mackie 2004). 

This complexity, and the deep evolutionary time periods involved, calls into the 

question our ability to find in cnidarians, and indeed any other extant taxon, the 

characters of ancestral animals frozen in time. Or, as Bishop (1956) poetically rendered 

it,  

the lowly medusa…has lived and died throughout only a relatively longer 

temporal expanse than has man, during which it has enjoyed and suffered the 

same or equivalent vicissitudes as has the self-anointed Lord of Creation; we have 

all been around a long time. 

 

There is another reason to be suspicious of the idea that cnidarian nervous 

systems represent an ancestral condition. Moroz suggests that nervous systems may have 

multiple evolutionary origins (Moroz 2009; Moroz et al. 2014). He brings several lines of 

evidence to bear. First, complex centralized nervous systems are not clustered on the 

animal tree. Each of the three major bilaterian lineages, deuterostomes, ecdysozoans, and 

lophotrochozoans, contain phyla with diffuse nerve-nets and phyla with centralized 

brains. It is even possible that nervous systems of any kind may not be monophyletically 

distributed on the tree. Dunn et al. finds ctenophores, which have nervous systems, to be 

the earliest-branching animal lineage, with sponges and placozoans, neither of which 

have nerves, branching later (Dunn et al. 2008; Hejnol et al. 2009). A second line of 

evidence concerns the genes expressed in nerves and the development of nervous systems 

across the tree. There are considerable differences between the developmental genes 

expressed in the nervous systems of ctenophores, cnidarians (Marlow 2009), and various 

bilaterian lineages (Pang and Martindale 2008; Marlow et al. 2009). Nor do all nerves 

originate in the ectoderm, as they do in vertebrates. Some cnidarian neurons originate in 

endoderm (Marlow et al. 2009).  

The developmental evidence is equivocal, however (Ryan 2014; Holland et al. 

2013), largely because we have little knowledge about the pace and mode of 

developmental evolution on large time scales. It is particularly difficult to predict 
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ancestral states from the presence or absence of a developmental gene in a given tissue. 

There are well known examples of convergent recruitment of similar genes in convergent 

structures (“deep homology” (Gehring 2005; Shubin, Tabin, and Carroll 2009)), of 

conserved gene networks expressed in divergent structures (“phenologs” (McGary et al. 

2010)), and of conserved structures lacking conserved developmental networks 

(“developmental systems drift” (True and Haag 2001)). Due to these difficulties, I have 

found myself agreeing with Mackie’s wise words: “It now seems most appropriate to ask 

not which cell lineages originally gave rise to nerves, but where the gene expressed in 

neurogenesis originally came from” (Mackie 1990). 
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Figure I1: Bishop’s neuron.  

Evolutionary stages of a neuron (A – C), and location of different kinds of potentials 

within the neuron (1 – 4). Only axons (2) have all-or-none spikes, other areas have 

graded potentials. From Bishop (1956). 
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Figure I2: Phylogenetic distribution of action potentials. 

The presence of action potentials, the carrier ion, and the channel type presumed to be 

mediating the action potential across eukaryotes are shown. Data reflects the state of the 

field in 2009 – 2010. Asterisks indicate channels that are known from genomic evidence 

alone. Question marks indicate a lack of information or uncertainty. 
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CHAPTERS 

Chapter 1: Evolution of Sodium Channels Predates the Origin of 

Nervous Systems in Animals2 

 

INTRODUCTION 

Early animals radiated explosively in the Precambrian (Rokas, Krüger, and 

Carroll 2005). This radiation was facilitated by the previous evolution of genes for cell 

adhesion that presaged the evolution of multicellularity (King et al. 2008).  Another key 

animal innovation was the nervous system, which is present in all but a few animals (i.e., 

sponges and placozoans).  Rapid, specific, long-distance communication among excitable 

cells is achieved in bilaterian animals and a few jellyfish (cnidarians) through the use of 

action potentials in neurons generated by voltage-dependent sodium (Nav) channels.  

Voltage-dependent calcium (Cav) channels evolved in single-celled eukaryotes and were 

utilized for intracellular signaling.  It has been hypothesized that Nav channels were 

derived from Cav channels at the origin of the nervous system (Bertil Hille 2001), thereby 

conferring the ability to conduct action potentials without interfering with intracellular 

calcium.  This view was reinforced by the apparent lack of sodium currents in sponges 

(Leys, Mackie, and Meech 1999). 

To test this hypothesis, we searched newly available genome databases from two 

animals with simple nerve nets (the sea anemone Nematostella vectensis and the 

ctenophore Mnemiopsis leidyi), a placozoan with no nervous system (Trichoplax 

adhaerens), a sponge (Amphimedon queenslandica), a single-celled eukaryote (the 

choanoflagellate, Monosiga brevicollis), as well as fungi and additional single-celled 

eukaryotes for homologs of Cav and Nav channels.  We then verified the expression of 

                                                 
2 Chapter 1 has been previously published in: Liebeskind BJ, Hillis DM, Zakon HH (2011) PNAS 

108(22):9154 –9159. 
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these genes in M. brevicollis and T. adhaerens and examined amino acid changes in these 

genes throughout the history of animal evolution.   

Choanoflagellates are widely distributed unicellular protists (King et al. 2008; 

Caron et al. 2009) that form the sister group to the multicellular animals (Carr et al. 

2008).  Placozoans are an early-diverging animal lineage that has been proposed to be 

sister to the eumetazoa, that is, to all animals with nervous systems (Philippe et al. 2009).  

But phylogenetic placement of the basal animal lineages is not yet fully resolved (Dunn 

et al. 2008; Hejnol et al. 2009; Pick et al. 2010; Philippe et al. 2011), and many aspects of 

placozoan life cycles remain unknown (Pearse and Voigt 2007; Signorovitch, Dellaporta, 

and Buss 2005).   Choanoflagellates and placozoans have received considerable attention 

due to their possession of numerous genes once thought to be exclusive to higher animals 

(King et al. 2008; Srivastava et al. 2008; Xinjiang Cai 2008).   

Cav and Nav channels have four domains, each of which has a pore loop (Fig. 

1.1).  A single amino acid at the deepest part of each pore loop is responsible for ion 

selectivity in the pore.  Cav channels have acidic residues (E and D) in the pore of 

domains I-IV (usually E/E/E/E or E/E/D/D).  Selectivity for sodium, on the other hand, is 

based on the residues D/E/K/A in the pore.  Sodium channels also have a cytoplasmic 

loop between their 3rd and 4th domains that swings up and occludes the channel pore just 

milliseconds after activation (Fig. 1.1).  This fast inactivation makes sodium signaling 

reliable on the millisecond time scale, and mutations at this region in human Nav channel 

genes cause many well-known pathologies (Goldin 2003).  Calcium channels do not have 

a similar motif at the homologous region.  Because of the differences in the amino acids 

responsible for ion selectivity, and because proteins are likely to be under strong 

evolutionary constraints along every point of their evolution (Smith 1970), it has been 

suggested that channels with intermediate pore sequences may exist in extant taxa (Zhou 

et al. 2004), and some invertebrate channels have been proposed as representatives of 

these intermediate states (Zhou et al. 2004; Spafford, Spencer, and Gallin 1998).  The 

phylogenetic relationships of these channels are not clear however (Spafford, Spencer, 
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and Gallin 1998; Nagahora et al. 2000; Hill et al. 2008), and no suggestion of an ancestral 

metazoan pore state has been put forth.   

Our objective was to find voltage-gated ion-channel genes in basal animals and 

their close unicellular relatives, determine whether the genes are expressed in a few key 

species, and analyze the evolutionary history of the genes for Nav and Cav channels.  We 

examined pore motifs, inactivation gate sequence, and inactivation gate secondary 

structure, and then mapped these states onto our phylogeny.  This work provides a new 

view of Nav and Cav channel evolution and the evolution of excitable tissues in animals. 

 

RESULTS 

Sodium Channel Homologs in Early-Diverging Animals and Choanoflagellates 

We found that the genomes of Monosiga brevicollis, Trichoplax adhaerens,  

Nematostella vectensis, and Mnemiopsis leidyi contain genes for ion channels that group 

with the Nav family (Fig. 1.2), and we used these genomic sequences as references for 

further analyses.  We found pairs of Nav paralogs in Trichoplax, Nematostella, and 

Mnemiopsis which we name α and β.  The genome of the sponge Amphimedon 

queenslandica did not contain Nav homologs but did have one gene for a Cav channel.  

No Nav homologs were found in the genomes of Aspergillus niger, Saccharomyces 

cerevisiae, or any other fungi in the Joint Genome Institute database.  We sequenced the 

entire open reading frame (ORF) of an mRNA transcript from Monosiga, and partial 

transcripts from the two genes in Trichoplax, thereby demonstrating that these genes are 

expressed.  The genes have a pore motif D/E/E/A that is intermediate between Cav and 

Nav channels and is the same as some previously described invertebrate channels (Zhou 

et al. 2004; Nagahora et al. 2000).   

For one of the paralogs, Trichoplax β, only three of the four domains typical to 

Cav and Nav channels were found in the genome, likely due to a problem with the 

genome assembly.  It is unlikely that a three-domain protein could function as an ion 
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channel alone, but it is not yet known whether the genome sequencing effort simply 

missed part of the genome, whether our BLAST analysis misidentified the exons for the 

last domain, or whether it is actually a splice variant or some other regulatory transcript.  

The ctenophore Nav homologs and the sponge Cav channel are missing amino acids in the 

putative pore regions, perhaps also due to incomplete assembly. 

Four overlapping segments from choanoflagellate mRNA were compiled to yield 

4589 nucleotides, which we believe includes the whole ORF.  This sequence was 93.4% 

identical to the reference sequence obtained with BLAST.   

Sequencing of the Trichoplax genes yielded 868 bp from the Trichoplax α gene, 

which aligned to the reference with 92.7% identity, and 1062 bp from the Trichoplax β 

gene, which aligned with 91.0% identity.  Many of the mis-matches in the Trichoplax β 

segment are from indeterminate nucleotides, and may be due to the fact that this segment 

was sequenced directly from the PCR products rather than from cloned genes.  Although 

further confirmation of the exact sequences is needed, the presence of these sequences in 

the mRNA demonstrates that both Trichoplax genes are indeed transcribed. 

Phylogenetic Analyses 

We performed maximum likelihood (ML) analyses on a data set consisting of our 

sequenced choanoflagellate gene, a putative Cav gene from Monosiga, and Nav and Cav 

genes from all major animal lineages and two fungal species, Aspergillus and 

Saccharomyces (Fig. 1.2).  The phylogenetic placement of the ion channel genes agrees 

with the well supported parts of the phylogeny for animals, choanoflagellates, and fungi 

(Philippe et al. 2009; Dunn et al. 2008; Philippe et al. 2011), and the topology was robust 

to analyses on other platforms and removal of taxa.  The placement of the Amphimedon 

Cav channel as basal to Monosiga Cav (Fig. 1.2) is probably an artifact due to long-branch 

attraction (LBA).  This seems likely since the Amphimedon branch is long, and Monosiga 

Cav is a partial sequence.  The placement of these two sequences within Cav channels is 

not consistent with an LBA artifact, however, and is strongly supported by bootstrap 

analysis, indicating that these are true Cav channels.   The fungal Cav channels were 
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resolved as the sister-group to all animal and choanoflagellate channels.  These results 

support the hypothesis that Nav genes evolved from Cav genes, since the Nav family 

emerges from within animal and fungal Cav channels.   

Our phylogeny supports the view that placozoans, which have the simplest animal 

body plan, branched off the animal stem after ctenophores, and are therefore likely to be 

secondarily simplified.  This scenario was found in both Nav and N/P/Q type Cav genes.   

Bootstrapping scores indicate strong support for critical nodes of the Cav/Nav 

gene phylogeny.  The position of the choanoflagellate Nav channel gene at the base of 

animal Nav channel genes was supported in 100% of the bootstrap replicates.  The 

bootstrapping analysis also provides strong support for the monophyly of known groups 

of Cav and Nav channel genes, including the bilaterian Nav 1 clade and the three major 

groups of Cav channels.  The clades containing channels with pore motifs D/E/E/A in 

both Cnidaria and Bilateria were less well supported in the bootstrap analysis (50–65% of 

replicates).   

DISCUSSION 

Rooting the Nav and Cav gene families 

The choanoflagellate Monosiga brevicollis and the placozoan Trichoplax 

adhaerens express ion-channel genes that group phylogenetically with previously 

described sodium channels (Fig. 1.2) and have key molecular signatures of sodium 

channels (Fig. 1.3). Others have proposed that Nav channels evolved from an ancient Cav 

channel resembling the T-type channels (Bertil Hille 2001), and that there may therefore 

be extant channels that have properties mid-way between Cav and Nav channels (Zhou et 

al. 2004).  Candidates for such channels have been proposed (Zhou et al. 2004; Spafford, 

Spencer, and Gallin 1998), but the origin and genetic history of Nav channels has 

remained obscure.  Our phylogenies show that the Nav ion channel family originated not 

only before the advent of the nervous system, but probably even before the advent of 

multicellularity.  These results support the idea that Nav channels arose from Cav 
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channels, but push back this divergence date to at least the common ancestor of animals 

and choanoflagellates.  This demonstrates that complex systems like excitable tissues can 

evolve by co-opting existing genes for new functions, rather than by de novo evolution of 

new genes.  

Voltage-gated ion channels and the animal phylogeny 

The phylogenetic placement of basal animal lineages (sponges, ctenophores, 

placozoans, and cnidarians) is not yet fully clear, although some placements are less 

controversial than others.  The placement of sponges as sister to all other animals, and of 

cnidarians as sister to bilaterians, are fairly consistent results (Philippe et al. 2011).  The 

placements of ctenophores and placozoans, however, are less certain.  Our results are 

consistent with the traditional phylogenetic placement of sponges and cnidarians, but 

place ctenophores, which have a nervous system, outside of the placozoans, cnidarians, 

and bilaterians (Fig. 1.2, Fig. 1.4). This would suggest that placozoans have lost their 

nervous system or, much less likely, that the nervous system evolved twice in 

ctenophores and cnidarians.  Although our analysis has relatively strong bootstrap 

support, it has sparse taxon sampling, which has been shown to meaningfully affect 

phylogenetic inference (Pick et al. 2010; Hedtke, Townsend, and Hillis 2006) and cannot 

therefore be considered a decisive species phylogeny.  

Also interesting is the apparent loss of Nav homologs in the sponge Amphimedon, 

an event that may reflect the sedentary life style of these animals.  Electrical impulse 

conduction has not been shown in demosponges, the group which includes Amphimedon, 

but it has been shown in a hexactinellid sponge (Leys, Mackie, and Meech 1999).  

Hexactinellids differ drastically from demosponges in terms of morphology; further 

analysis of hexactinellids will be needed to determine if Nav homologs have been 

retained in this group.   
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Genetic history – Bilateria 

Our results help clarify the diversity of pore states observed in animal Nav 

channels.  The topology of our tree suggests that D/E/E/A is the ancestral pore sequence 

of the Nav gene family, and that genes with this motif have been retained in every 

metazoan lineage that we examined, except for sponges, vertebrates, and the cnidarian 

subgroup Medusozoa (Fig. 1.3, 1.4).  The topology of the Nav 1 and Nav 2 clades supports 

the hypothesis that a gene duplication occurred around the time of the bilaterian radiation, 

and before the split of protostomes and deuterostomes (Hill et al. 2008).  The Nav 1 

duplicate evolved a pore motif D/E/K/A and underwent further duplications in early 

tetrapods, creating the genes for Nav 1.1-1.9 in mammals (Zakon, Jost, and Lu 2011).  

The other duplicate retained the ancestral pore motif and was lost in vertebrates.   

Genetic history – Cnidaria 

Cnidarians diverged before the bilaterian gene duplication and do not have 

D/E/K/A channels, but the medusozoans have an amino acid substitution in the 2nd 

domain pore loop, resulting in a clade of channels with the pore motif D/K/E/A.  

Although the topology of cnidarian channels with glutamic acid (E) in the 2nd domain 

was not well supported, the clade of D/K/E/A channels was repeatedly found to represent 

a derived state and was monophyletic with 100% support.  In species-tree analyses, the 

medusozoans share a common ancestor that is not shared with the anthozoans (Philippe et 

al. 2009; Dunn et al. 2008).  The medusozoan subgroups represented here are Hydrozoa 

(Polyorchis) and Scyphozoa (Cyanea), both of which have D/K/E/A in the pore, whereas 

the anthozoan representatives (Aiptasia and Nematostella) both have D/E/E/A channels 

(Fig. 3).  Our Nav tree is therefore consistent with proposed species trees, and suggests a 

lysine (K) substitution in the common ancestor of medusozoans (Fig. 1.4).  There is also 

a Nematostella channel whose pore sequence D/E/E/T is unique among sampled ion 

channels.   

Sodium-based action potentials (APs) have been reported in both Cyanea 

(Anderson and Schwab 1983) and Polyorchis (Spencer and Satterlie 1981), whereas APs 
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in anthozoans and ctenophores seem to be carried mostly by calcium (White et al. 1998).  

The pore motif D/K/E/A has been shown to be less selective for sodium than the 

D/E/K/A pore but more so than the D/E/E/A pore (Heinemann et al. 1992; Schlief et al. 

1996).  Channels with D/E/E/A have a higher affinity for calcium than sodium.  The 

convergence to lysine in different domains of medusozoan and bilaterian ion channels 

may therefore have resulted from similar evolutionary pressure for sodium selectivity, as 

this would allow for less disruption of calcium homeostasis since Ca
2+

 is utilized for 

intracellular signaling in eukaryotes (Bertil Hille 2001).  Some medusozoans have 

concentrated nerve clusters and complex sense organs which likely emerged convergently 

with the bilaterian central nervous system, as such nerve concentration is absent in 

anthozoans (Watanabe, Fujisawa, and Holstein 2009).  It is not known whether the Nav 

genes function in these organs.   

Evolution of sodium selectivity and fast inactivation 

The pore sequence D/E/E/A is intermediate between Cav channel and Nav channel 

pore motifs.  It may also have an intermediate selectivity between calcium and sodium.  

The function of D/E/E/A channels in such a wide range of organisms and the reason for 

their apparent loss in medusozoans and vertebrates remains unknown.  Mutation studies 

of the DSC1 channel (called Drosophila Nav 2 here) showed an effect in olfactory 

behavior in flies (Kulkarni et al. 2002), but no function for these channels has been 

suggested in other organisms.  The wide-spread retention of these channels suggests that 

they probably have important, yet possibly divergent, functions (e.g., not all lineages with 

D/E/E/A channels have olfaction).  The sea urchin Strongylocentrotus purpuratus is only 

known to have an Nav 2 ortholog (Hill et al. 2008).   

Hydrophobic sites on the domain III/IV linker that are critical for inactivation are 

functionally conserved in all the sodium channels that we investigated here, albeit with a 

wide range of different amino acid combinations at homologous sites (Fig. 1.3).  

Secondary structure of the inactivation gate is also relatively conserved.  Two helices on 

either side of the hydrophobic triad that forms the “inactivation particle” have been 
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predicted before and may act to stabilize and direct the inactivation particle as it swings 

up and binds to the channel (Sirota, Pascutti, and Anteneodo 2002; Catterall 2000).  

These two helices are present across the Nav family, but not in the Cav families (Fig. 1.5).  

These findings suggest that all the Nav homologs presented here may include an 

inactivation gate, even in the single-celled choanoflagellate.   

Nav channels in the animal genetic repertoire 

This study adds to the growing evidence that much of the genetic repertoire for 

animal development, cell signaling, and even the nervous system was already present in 

the common ancestor of choanoflagellates and animals.  Choanoflagellates have genes for 

cell-adhesion proteins (King et al. 2008), tyrosine kinases and related proteins (King et al. 

2008), proteins related to the post synaptic density of neurons (Burkhardt et al. 2011), 

and a remarkable complement of calcium signaling proteins (Cai 2008).  Some 

choanoflagellate species have a colonial life stage (Carr et al. 2008), and these genes may 

function in colony maintenance.  

The function of sodium channel homologs in choanoflagellates or placozoans is 

unknown.  They may create calcium-based APs, as suggested by the presence of such 

APs in ctenophores, but there are other possibilities. Both organisms can inhabit coastal 

marine areas with abundant fresh water runoff (King et al. 2008; Pearse and Voigt 2007).  

Trichoplax is restricted to warm coastal waters and is known to be sensitive to lowered 

salinity (Pearse and Voigt 2007).  It is possible that the channels act as osmosensors or 

osmoregulators in these organisms.  Choanoflagellates have a long flagellum that they 

use to swim and to capture prey, and Trichoplax has a ciliated ventral layer that it uses for 

gliding across surfaces.  It is possible that the channels control flagellar or ciliary beating 

through the influx of calcium, which triggers actin, or sodium, which is known to mediate 

flagellar motors in bacteria (Fukuoka et al. 2009).  Trichoplax has a layer of contractile 

fiber cells that form a syncytium, and seem to function as muscle and a nervous system 

simultaneously (Rassat and Ruthmann 1979).  It is possible that the channels function in 

this dual purpose tissue. 
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Functional assays of Nav-channel homologs will shed light on their biological 

function and on the evolution of Nav channels as a whole.  Determining the ion selectivity 

of these channels is critical to understanding how sodium selectivity can evolve from 

calcium selectivity by sequential mutations.  Gaining insight into the function of these 

channels will not only enlighten the history of this protein’s “adaptive walk” (Smith 

1970), it will also help elucidate the evolution of the nervous system. 

MATERIALS AND METHODS 

Sources of RNA 

M. brevicollis and T. adhaerens were cultured in the laboratory using previously 

described and publicly available protocols.  Placozoans were provided by Andreas 

Heyland.  Choanoflagellate cells were fed on the bacteria present in the inoculum, and the 

placozoans were fed Cryptomonas sp. (LB 2423) from the University of Texas at Austin 

collection of algae (UTEX). To extract RNA from M. brevicollis, we mixed and 

centrifuged 2 ml of the culture medium at 4C.  Whole RNA was extracted using a RNA 

STAT-60 kit (Tel-Test, INC.) and then stored at –20C.  The same protocol was used to 

isolate and store RNA from 15 T. adhaerens individuals that had been kept in algae-free 

seawater for 2 days to reduce the chance of contamination with algal RNA.   

Gene Amplification and Sequencing 

Specific primers were designed from the BLAST sequences for RT and PCR 

reactions.  RT reactions were conducted with a SuperScript II kit (Invitrogen) using both 

specific and poly-T primers to prevent bacterial RNA contamination.  PCR reactions 

were carried out with the following cycle for 39 repetitions:  Denaturation at 94 (30 sec), 

annealing at a primer-specific temperature (30 sec), elongation at 72 (1 min/kb).  This 

cycle was preceded by an initial denaturation at 94° for 3 min 10 sec, and followed by a 

final elongation at 72° for 7 min.  PCR products were visualized and purified with gel 

electrophoresis, and then cloned using a TOPO cloning kit (Invitrogen) and One Shot 
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Top 10 (Invitrogen) chemically-competent E. coli.  We sequenced the M. brevicollis gene 

in four overlapping segments using vector-specific primers after cloning.   

Sequence Analysis 

We performed a maximum likelihood phylogenetic analysis using the translated 

mRNA sequence from M. brevicollis, and amino acid sequences from online databases 

for the other organisms.  The latter was obtained either from cataloged, known channels, 

or from BLAST searches of available genomes.  Amino acid sequences were aligned 

using the E-INS-I strategy in MAFFT (Katoh et al. 2005).  We used the GUIDANCE 

algorithm available on the GUIDANCE server to remove columns that had a score below 

0.377 from the alignment (Penn et al. 2010).  Maximum likelihood phylogenetic analysis 

and bootstrapping were performed in Garli (Zwickl 2006), using a model of amino acid 

replacement selected using the Akaike Information Criterion in Prottest (Abascal, 

Zardoya, and Posada 2010). The model of protein evolution selected in the Prottest 

analysis was WAG+I+G+F (Whelan and Goldman model, with invariant sites, parameter 

for gamma distributed rate heterogeneity, and amino acid frequencies matched to the 

observed data). The maximum likelihood tree was obtained using Garli set to use the 

WAG+I+G+F model. The full amino acid alignment was analyzed for 4 search 

repetitions operating across 5 million generations each.  100 bootstrap samples were 

collected using a halved topological termination condition, as recommended in the Garli 

manual, and a stop time of 1 million generations.  All bootstrap outputs were analyzed in 

PAUP (Swofford 2003).   

Secondary structure of the inactivation gate region was examined using the online 

server PsiPred (Bryson et al. 1995). 
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Figure 1.1: Hypothetical secondary structure of a sodium-channel protein.   

The top figure shows the trans-membrane domains (DI–DIV), their component segments 

(S1–S6), and their connecting loops (in white).   The pore loops (P-loop), which dip 

down into the membrane, form the ion-selectivity filter.  The inactivation gate resides on 

the long loop between DIII/S6 and DIV/S1.  The middle figure shows how the domains 

cluster to form the protein and its pore, and the lower figure shows the fine structure of 

one of domains with the pore loop in the foreground.  The black dots on the pore loops in 

the top and bottom figure represent the location of the amino acids which makes up the 

pore motif. 
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Figure 1.2: Maximum likelihood phylogeny of Nav and Cav channels.   

Bootstrap scores are indicated on branches, with stars indicating scores of 100%.  Clades 

corresponding to major ion channel groups are detailed on the right.   

  



34 

 

 

Figure 1.3: Phylogeny of Nav channels with key amino acid sequences. 

Taxa are color coded the same way as in Figure 1.2.  The amino acids are alignments of 

the pore loops of all four domains (DI, DII, etc.) and the critical inactivation particle on 

the inactivation gate.  The critical amino acids in the pore are indicated by the vertical 

lines, and there are red stars next to convergent lysines (red “K”s).  Note the functional 
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conservation of the hydrophobic triplet called the “inactivation particle” (1st three amino 

acids on the inactivation gate).   

 

 

Figure 1.4: Schematic gene tree of the Nav family with inferred ancestral states of 

the pore motifs.   

The gene duplication leading to the bilaterian Nav 1 and Nav 2 clades is noted, as are the 

points where we reconstruct fixation of lysines (K) in pore loops.  Taxonomic 

information and information about the nervous system is also given.  The Nematostella β 

and Trichoplax β genes have been left out for simplicity, but their addition would not 

change the proposed ancestral states.  Pore states for both Mnemiopsis genes are shown 

because neither has a complete pore motif.   
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Figure 1.5: Representative secondary structure predictions for Nav inactivation 

gates. 

The predictions are mapped onto a simplified phylogeny. The two major helices are 

present in all Navs but absent in Cavs. 
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Chapter 2: Phylogeny Unites Animal Sodium Leak Channels with 

Fungal Calcium Channels in an Ancient Voltage-Insensitive Clade3 

 

INTRODUCTION 

The eukaryotic super-group Opisthokonta contains two large kingdoms with very 

different life styles: fungi and animals (Parfrey et al. 2011; Torruella et al. 2011).  The 

most obviously distinguishing feature of animals is the elaboration of motile behavior in 

adults, facilitated by the evolution of nerves and muscle.  Recent studies have used 

comparative genomics and phylogenetics to examine the history of nervous system genes 

and show how this history bears on eukaryotic diversity (Cai and Clapham 2011; Emes 

and Grant 2011; Liebeskind, Hillis, and Zakon 2011; Cai 2012).  We continue this 

project, focusing here on the evolution of opisthokont four-domain ion channels.   

The voltage-gated ion channel family includes the potassium, calcium (Cav), and 

sodium (Nav) channels that mediate the neural code by creating action potentials (Hille 

2001).  Cav and Nav channels have four domains, each with six transmembrane segments.  

Each domain has a pore loop between the fifth and sixth segments, forming a pore motif 

of four amino acids that determines ion selectivity.  It is hypothesized that Cav channels 

arose from single domain potassium channels by internal duplication at the base of 

eukaryotes (Hille 2001), and that Nav channels arose from the Cav family just before the 

origin of opisthokonts (Cai 2012). 

Sodium leak channels, or NALCN (NA
+
 Leak Channel Non-selective), are four-

domain channels that are built on the same six trans-membrane segment domain as their 

better studied relatives, the Cav and Nav channels, but are voltage-insensitive. NALCN 

channels have been implicated in numerous rhythmic behaviors (Ren 2011) such as 

breathing in mice (Lu et al. 2007), crawling in C. elegans (Pierce-Shimomura et al. 

2008), and circadian rhythms in flies (Nash et al. 2002). 

                                                 
3 Chapter 2 has been previously published in: Liebeskind BJ, Hillis DM, Zakon HH (2012) Mol Biol Evol 

29(12):3613–3616. 
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NALCN channels maintain and regulate firing rates in rhythmically firing neurons 

by modulating neuronal resting potential (Lu et al. 2007).  As they leak sodium into the 

cell, the membrane becomes depolarized from the very negative potential set by the 

efflux of potassium, and moves towards the threshold at which Nav channels begin to 

open.  NALCN channels may therefore be thought of as affecting the gain of the neuron: 

the more NALCN channels are open, the more likely an input is to initiate firing (or that a 

rhythmic neuron will continue to fire).  Although they are insensitive to voltage, their 

open state can be affected by the presence of various neurotransmitters and by calcium, 

and they rely on accessory proteins for their function (Lu et al. 2009; Swayne et al. 2009; 

Lu et al. 2010). 

It has been shown previously that NALCN channels diverged from voltage-gated 

channels before the diversification of  Cav and Nav channels (Lee, Cribbs, and Perez-

Reyes 1999), and have some similarities to the lone family of fungal four-domain 

channels (Hong et al. 2010; Ren 2011).  These fungal channels are strongly selective for 

calcium, but like NALCN are voltage-insensitive and rely on an accessory protein for 

gating (Teng et al. 2008; Hong et al. 2010).  Fungal calcium channels have been 

implicated in mating in yeast (Paidhungat and Garrett 1997), calcium-store restoration in 

the meningitis-causing fungus Cryptococcus neoformans (Liu et al. 2006, 1; Hong et al. 

2010), and ascospore discharge in the plant pathogen Gibberella zeae (Hallen and Trail 

2008).  These channels will be called fungal calcium channels here for simplicity, but 

there are other calcium channels in fungi that are not homologous to animal four-domain 

channels (Zelter et al. 2004).   

In this study, we sought to clarify the phylogenetic relationships between the 

major lineages of opisthokont four-domain ion channels. We use this phylogenetic 

information to infer the historical timing of key amino acid replacements that may have 

had large-scale effects on opisthokont evolution.   This study builds upon and synthesizes 

previous work which identified the unique place of voltage-insensitive ion channels but 
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did not place this information in the context of opisthokont evolution (Paidhungat and 

Garrett 1997; Lee, Cribbs, and Perez-Reyes 1999; Ren 2011).   

RESULTS AND DISCUSSION 

We used BLAST searches to identify NALCN homologs in some of the oldest 

animal lineages, including cnidarians (Nematostella vectensis), placozoans (Trichoplax 

adhaerens), and sponges (Amphimedon queenslandica).  We also found four-domain 

fungal channels in diverse fungal lineages, including the early-branching Zygomycota 

(Phycomyces blakesleeanus, and Mucor circinelloides), and Blastocladiomycota 

(Allomyces macrogynus).  Fungal calcium channels and NALCN homologs were notably 

absent in single-celled opisthokont genomes.  We aligned the new sequences with 

previously identified Cav and Nav channels from animals, choanoflagellates, and the 

apusozoan protist Thecamonas trahens (Liebeskind, Hillis, and Zakon 2011; Cai 2012), 

thought to be the sister group to opisthokonts (Torruella et al. 2011).  Support for a 

monophyletic apusozoan clade is weak (Cavalier-Smith and Chao 2003), but we will 

refer to the apusomonad Thecamonas as an apusozoan to be consistent with the online 

database from which the sequence came and with recent literature (Torruella et al. 2011). 

Phylogenetic analysis using maximum likelihood and Bayesian methods places 

fungal calcium channels and NALCN-like sequences within a well-defined clade to the 

exclusion of voltage-gated Cav and Nav sequences (Fig. 2.1).  The topology was robust to 

model choice and estimation method and is consistent with known species trees 

(Torruella et al. 2011). This voltage-insensitive clade split from the voltage-gated group 

that includes animal Cav and Nav channels before the divergence of the fungal and animal 

lineages.    

Unlike Nav and Cav channels, which underwent several rounds of duplication in 

animals (Liebeskind, Hillis, and Zakon 2011; Zakon, Jost, and Lu 2011), NALCN 

channels were found in single copy in most species examined (Fig. 2.1).  The sponge A. 

queenslandica, the cnidarian N. vectensis, and the nematode C. elegans (Pierce-

Shimomura et al. 2008) are exceptions to this rule and each have two genes.  This is 
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notable because neither sponges nor nematodes have Nav channels.  The presence of 

NALCN in all examined species has been noted previously in bilaterians (Ren 2011), and 

this finding extends this trend to non-bilaterians. 

Non-bilaterian NALCN channels do not have the same pore sequence as 

previously identified NALCN channels (E/E/K/E or E/K/E/E).  NALCN channels in 

Amphimedon, Trichoplax, and Nematostella have E/E/E/E in the pore, identical to high 

voltage-activated Cav channels (Fig. 2.2).  The lysine (‘K’) in the third domain of 

NALCN channels is thought to render the channels non-selective amongst cations (Lu et 

al. 2007) because single lysine substitutions in wild-type (E/E/E/E) Cav channel pores 

eliminate selectivity for calcium over monovalent cations (Yang et al. 1993).  It is 

therefore likely that non-bilaterian NALCN channels actually function as calcium-

permeable channels.  These findings reinforce the view that changes in ion channel 

selectivity were major steps in the evolution of complex nervous systems in animals 

(Bertil Hille 2001; Liebeskind, Hillis, and Zakon 2011; Liebeskind 2011).   

The earliest branching fungal calcium channel (Allomyces) also had an acidic pore 

motif (Fig. 2.2), which suggests that the common ancestor of all voltage-insensitive 

channels had an acidic pore and was permeable to calcium. The most diverse lineages of 

fungi (ascomycetes and zygomycetes) then fixed for polar uncharged amino acids (N or 

Q) in the first domain pore loop (Fig. 2.2).  Basidiomycetes are another diverse fungal 

clade that was not sampled here, but have an identical pore to their sister group, the 

ascomycetes (data not shown).  Unlike animal Cav channels, fungal calcium channels 

with an N/E/E/E pore are not permeable to sodium even in the absence of calcium (Hong 

et al. 2010).  Because fungal calcium channels are necessary for survival in low-calcium 

environments in several fungal lineages, this may be adaptive (Liu et al. 2006, 1; Hong et 

al. 2010, 1).  The fixation for N or Q in the pore accompanied a loss of swimming 

zoospores in fungi at the blastocladiomycete/zygomycete boundary.  This is notable 

because calcium channels underlie mating in yeast and ascospore bursting in Gibberella 
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zeae (Fischer et al. 1997; Hallen and Trail 2008), and may therefore be involved in 

mating behavior in many other fungi. 

Thus the early branching lineages of both NALCN and fungal channels retained 

acidic motifs, but the most diverse groups of sampled animals and fungi, (bilaterians in 

animals, and ascomycetes and zygomycetes in fungi) evolved different pore motifs early 

in their diversification.  How these changes may have affected the evolution of animals 

and fungi will require characterization of channels that group close to the roots of these 

groups. 

Characterized NALCN and fungal calcium channels are voltage-insensitive (Lu et 

al. 2007; Hong et al. 2010), and all channels in this clade had reduced numbers of 

voltage-sensing residues relative to voltage-gated channels (Fig. 2.3). This suggests that 

the homolog in the common ancestor of animals and fungi was not voltage-gated and that 

voltage-insensitivity is therefore a shared, derived character of this clade. Since both 

fungal calcium channels and NALCN rely on accessory proteins for their function, it is 

also likely that this characteristic evolved at the base of the clade.  Although we found no 

obvious sequence similarity between the known accessory proteins of NALCN and 

fungal calcium channels, it seems likely that modulation by other proteins facilitated the 

loss of voltage-sensitivity in an ancestral channel and that the modulating proteins 

themselves have changed over time.   

Figure 2.1 is rooted at the midpoint.  To get a more reliable rooting, we used 

voltage-insensitive and voltage-gated channels as queries to search non-opisthokont 

genomes for a channel that diverged prior to the diversification of the channels 

represented in Figure 2.1. Most major eukaryote lineages have four-domain channels, 

many of which are hypothesized to be calcium channels on the basis of their pore motifs 

(Verret et al. 2010; Prole and Taylor 2011).  We added 11 non-opisthokont sequences 

that had good coverage of taxa and channel types to the phylogeny in Figure 2.1.   

These sequences could not be reliably placed within the phylogeny, however, 

making root placement and the status of the Thecamonas channels uncertain.  However, 
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rooting between voltage-gated and voltage-insensitive channels, as in Figure 2.1, 

produces a more parsimonious pattern of gene loss in fungi than rooting with either 

voltage-gated group (1 loss instead of two).  Some non-opisthokont channels were 

identical to animal Cav channels in their pore sequence, but had Nav –like inactivation 

loop motifs (Smith and Goldin 1997).  These enigmatic similarities cannot be adequately 

explained at present, but suggest a complicated evolutionary history. 

Our phylogeny suggests that an ancient loss of voltage sensitivity in a lineage of 

four-domain ion channels and key amino acid replacements affecting ion selectivity in 

this lineage were both factors in the diversification of fungi and animals. This 

phylogenetic information clarifies the evolution of voltage-insensitive four-domain 

channels and suggests fungal calcium channels as possible models for future NALCN 

research. 

METHODS 

Data Collection 

Human or mouse sequences were used as queries to search for orthologs of 

NALCN and Saccharomyces cerevisiae queries were used to search for orthologs of 

fungal calcium channels.  We used BLASTp to search NCBI’s non-redundant protein 

database, the Joint Genome Institute’s genomes, or the Origins of Multicellularity protein 

database (Altschul et al. 1997).  Putative orthologs were reciprocally BLASTed into the 

genome from which the original query came to verify strict orthology between subject 

and query. 

Alignment 

We used the GUIDANCE server (with the MAFFT option) to make alignments 

and to prune the alignments of the most unreliable columns, leaving 50% of the columns 

(Katoh et al. 2005; Penn et al. 2010).  The alignment of one sequence from the apusozoan 

Thecamonas trahens was found by GUIDANCE to be unstable, and was discarded.  

Since GUIDANCE often leaves areas with a high proportion of indels, we also removed 
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columns that were more than 50% gapped using the Gap-Streeze server (Los Alamos 

HIV Sequence Database: 

http://www.hiv.lanl.gov/content/sequence/GAPSTREEZE/gap.html).   For ion channels, 

this combined strategy produced alignments that consisted mainly of the trans-membrane 

regions, pore loops, and the intra-cellular linker between domains III and IV. 

Phylogenetics 

We used both maximum likelihood (ML) and Bayesian methods to estimate 

phylogenies.  The Whelan and Goldman model with a class of invariant sites (+I), 4 

gamma distributed rate categories (+G), and estimated amino acid frequencies (+F) was 

chosen by the Akaike information criterion in Prottest as the best model and was used for 

ML inference (Whelan and Goldman 2001; Abascal, Zardoya, and Posada 2010).  ML 

and bootstrap trees were estimated in Garli (Zwickl 2006)with the final ML tree being the 

best of four independent replicates.  The bootstrap proportions are out of 100 pseudo-

replicates.  Bayesian estimation was done using PhyloBayes 3.3 under default ‘automatic 

stopping-rule’ conditions (Lartillot and Philippe 2004). The authors of PhyloBayes 

recommend the CAT-GTR or CAT-Pois models for datasets larger than 1,000 aligned 

columns.  Both of our datasets are over this threshold, so we chose the default CAT-Pois 

model.  The mean numbers of site-classes assigned by the CAT model were averaged 

over the posterior distributions of both chains pooled together.  The mean of the data sets 

were 84.84 and 101.2 for the data sets in Figures 2.1 and the extended dataset mentioned 

above, respectively.  

Data Submission 

Data sets, alignments and trees used for phylogenetic analysis were submitted to 

TreeBase (accession URL: http://purl.org/phylo/treebase/phylows/study/TB2:S12662) 
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Figure 2.1: Phylogenetic tree of opisthokont four-domain ion channels.  

NALCN and four-domain fungal calcium channels group together in a well-supported 

clade. Bootstrap proportions and posterior probabilities are reported for each branch. The 

cartoon on the right shows major groups of channels, including low- and high-voltage 

activated Cav channels (LVA and HVA, respectively), Nav channels, NALCN, and four-

domain calcium channels. Hash marks on the left-hand tree denote branches that have 

been shortened for ease of display. 
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Figure 2.2: Pore states mapped onto the voltage-insensitive sub-tree.  

We show two fixations for a polar, uncharged amino acid along the branches leading to 

ascomycetes and zygomycetes, but it is equally possible that either an asparagine (N) or a 

glutamine (Q) could have fixed in the common ancestor of these lineages (black circle) 

and changed to the other amino acid along one of the branches. Early-branching lineages 

have pores with acidic residues (D or E). 
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Figure 2.3: Alignment of the voltage-sensing S4 segments from four-domain ion 

channels. 

Nav, Cav, NALCN, fungal calcium channels, and an apusozoan outgroup (Thecamonas 3) 

are all shown.  D1-4 are the constituent domains and the voltage sensing residues, 

arginine (R) or lysine (K), are in bold.  NALCN and fungal channels have reduced 

numbers of voltage sensors relative to Nav, Cav and apusozoan channels. 
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Chapter 3: Independent Acquisition of Sodium Selectivity in Bacterial 

and Animal Sodium Channels4 

 

INTRODUCTION 

Uni-cellular and multi-cellular organisms alike coordinate behavior with 

regenerative ionic currents on their cell membranes that (Bertil Hille 2001). This type of 

signaling system has its most complex expression in the action potentials and neural 

coding that occur in the excitable cells of animals.  

Coordinated ion fluxes are largely carried by proteins in the super-family of 

voltage-gated ion channels (Bertil Hille 2001). These proteins can be single domain 

tetramers, two domain dimers, or a four-domain protein that comprises the whole pore-

forming structure (Bertil Hille 2001). The function of the channel is largely determined 

by its selectivity to specific ion species and by the stimulus that opens the channels—its 

method of “gating.”  The voltage-gated sodium (Nav) and calcium channels (Cav), which 

drive the upstroke of action potentials and transduce electrical signals into cellular 

signals, respectively, have the four-domain architecture, whereas the voltage-gated 

potassium channels (Kv) have only one domain. Four-domain channels are hypothesized 

to have evolved from a single-domain channel by two rounds of internal duplication 

(Strong, Chandy, and Gutman 1993).  

Although crystallographic studies have led to important discoveries about Kv 

channels, structural studies of the four-domain Nav and Cav channels have not achieved 

the same level of precision (Sato et al. 2001), leaving the atomic details of the ion 

permeation and gating of these important proteins in the dark. The recent discovery of 

and subsequent structural work on a voltage-gated, sodium-selective, single-domain 

channel in bacteria (BacNav) was therefore greeted with excitement as a potential model 

                                                 
4 Chapter 3 has been previously published in: Liebeskind BJ, Hillis DM, Zakon HH (2013) Current 

Biology 23(21):R948–R949. 
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of four-domain Nav channels (Payandeh et al. 2011; Charalambous and Wallace 2011; 

Ren et al. 2001). 

BacNav channels have very different pores and domain structure than eukaryotic 

Nav channels, however, and these studies often lack clear statements of homology 

between the two channel types (Ren et al. 2001; Payandeh et al. 2011; Charalambous and 

Wallace 2011), making it unclear whether the molecular correlates of function are truly 

comparable between animal Nav and BacNav channels. BacNav channels are often 

referred to as “ancestors” of Nav channels (Charalambous and Wallace 2011), a claim 

whose evolutionary meaning is difficult to interpret. We addressed this by grounding the 

relationships of major channel groups in an evolutionary framework, with a special focus 

on BacNav channels. 

RESULTS AND DISCUSSION 

Using BLAST searches of publicly available genomes, we found several 

surprising sequences, including:  putative voltage-gated Cav channels in the zoosporic 

fungal lineages Piromyces (JGI protein ID: 58244) and Gonapodya (47550); BacNav-like 

sequences in several eukaryotic protists; and a BacNav homolog in the fungus Piromyces. 

The Cav sequences are the first Cav channels to be reported in fungi. Cav channels were 

thought to have been lost in fungi (Cai and Clapham 2012; Liebeskind, Hillis, and Zakon 

2012), but this discovery re-dates the loss to after these early-branching fungi diverged 

from other fungal lineages. A set of single-domain channels that resemble BacNav 

channels were found in several protists including ciliates (Paramecium and 

Tetrahymena), diatoms (Thalassiosira), the oyster pathogen Perkinsus, and Aureococcus, 

an alga responsible for brown tides. The BacNav homolog in Piromyces is likely to be a 

horizontal gene transfer event, perhaps conferring pH sensitivity (Ito et al. 2004) or other 

physiological adaptations that aid the unique lifestyle of Piromyces in the digestive 

system of ruminants (Liggenstoffer et al. 2010). 

The constituent domains of four-domain channels have what may be called 

molecular serial homology, where all four domains are equally related to the single-
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domain precursor.  We therefore followed the procedure of Strong et al. (Strong, Chandy, 

and Gutman 1993) and broke the four-domain channels into their constituent domains, 

making the smallest homologous unit (the domain) into the operational taxonomic units 

in the phylogeny. Figure 3.1 shows strong support for the traditional view of ion channel 

evolution (Strong, Chandy, and Gutman 1993), with a single origin of the four-domain 

structure in Nav and Cav channels.  DI and DIII form a clade, as do DII and DIV, in 

keeping with the hypothesis of two sequential round of internal gene duplication (Strong, 

Chandy, and Gutman 1993). 

BacNav channels fell outside the four-domain group with strong support, rejecting 

the notion that BacNav channels can be considered Nav channels (Payandeh et al. 2011) 

in the evolutionary sense.  Instead, they grouped near CatSper channels, in keeping with 

earlier studies that showed that both BacNav and CatSper channels are used as pH sensors 

in the bacterial and sperm cells in which they are respectively expressed (Ito et al. 2004; 

Kirichok, Navarro, and Clapham 2006). We therefore propose that the BacNav, CatSper, 

and the novel single-domain protist types be viewed provisionally as a pH-gated group, 

based both on evolutionary relatedness and conservation of function. 

This tree rejects the possibility of BacNav channels being placed within Nav 

channels, but it is still possible that BacNav are functionally similar to the precursors of 

animal Nav channels. There are two mutually exclusive hypotheses about the evolution of 

ion selectivity in voltage-gated ion channels. In one scenario (Fig. 3.2a), sodium 

selectivity is independently acquired in BacNav and animal Nav channels.  In the other, 

BacNav channels are similar in function to the common ancestor of all non-Kv channels, 

and selectivity for sodium is the ancestral state for all these channels (Fig. 3.2b). 

To test these hypotheses, we used ancestral state reconstruction to estimate 

whether functionally characterized BacNav channels have the same amino acids in their 

ion selectivity filter as the channel ancestral to extent BacNav channels. This method uses 

an evolutionary model to reconstruct the most likely ancestral sequence for a clade given 

an alignment and a tree. 
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The insert to Figure 3.1 shows the ancestral pore reconstruction for all sampled 

BacNav channels (The full tree used for reconstruction can be found in Figure 3.3).  

Functionally characterized BacNav channels have the selectivity filter sequence 

LESWAS or LESWSM (Yue et al. 2002; Koishi et al. 2004).  Aspartate residues (D) 

were more common in the ancestral pore than in characterized BacNav sequences. An 

aspartate in the sixth position, which occurs in the ancestral channel, is enough to nearly 

equalize the permeability to calcium and sodium in mutated channels (Yue et al. 2002). 

An aspartate at both the third position, which was nearly as probably as a serine in our 

reconstruction, and the sixth position would strongly suggest calcium selectivity in the 

ancestor of BacNav channels (Yue et al. 2002). We therefore find it most likely that the 

ancestor of BacNav channels was a non-selective, or even calcium-selective, pH-sensitive 

channel resembling CatSper channels in structure and function (Ito et al. 2004; Kirichok, 

Navarro, and Clapham 2006). Selectivity for sodium is therefore a derived trait in the 

channels that have been expressed and characterized. 

In this study we asked whether selectivity for sodium is directly comparable in 

Nav and BacNav channels by exploring the evolutionary history of the latter group. We 

found that sodium selectivity almost certainly arose independently in BacNav and Nav 

channels, and that BacNav should not therefore be thought of as evolutionary precursors 

of animal Nav channels. This finding does not preclude the use of BacNav channels as 

models for Nav channel function, however. Rather, our study begins the work of placing 

BacNav channels in an integrative framework that will allow more fruitful comparisons to 

animal channels in the future. 

METHODS 

Sequence Collection 

For the comparison of the major ion channel families in Figure 3.1, human genes 

were used as BLASTp queries against the NCBI’s Reference Sequence 

(http://www.ncbi.nlm.nih.gov/refseq/), the JGI (http://genome.jgi.doe.gov/), and the 
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Origins of Multicellularity 

(http://www.broadinstitute.org/annotation/genome/multicellularity_project/MultiHome.ht

ml) databases to collect sequences from the following gene families: Kv, Nav, Cav (T-

type, N-type, L-type), NALCN and Cch1, CatSper (subunits I-IV), CNG, TRP (NOMPC, 

TRPA, TRPC, TRPM, TRPML, TRPP, TRPV, Yvc), TPC (TPC1, TPC2; Canis TPC3). 

The BacNav channel from Bacillus halodurans (NaChBac) was used as a query to collect 

BacNav homologs from diverse bacterial lineages, and to find eukaryotic homologs in the 

abovementioned databases.  

For the ancestral state reconstruction, we desired an unbiased sampled of BacNav 

diversity.  The high rates of horizontal gene transfer among bacterial lineages make 

taxonomic sampling inappropriate for this end.  We therefore opted to use a 

representative proteome database, available through the HMMER server (Chen et al. 

2011; Finn, Clements, and Eddy 2011).  We used the voltage-gated ion channel hidden 

Markov model (HMM) from PFAM (PF00520.26, accessed on Sep. 28
th

, 2011) (Punta et 

al. 2011) to search the smallest representative proteome database (rp-15), gathered all 

bacterial sequences above threshold, and trimmed these of channels with Kv pores 

(GYG). These representative proteomes contain sets of sequences that are representative 

of sequence diversity in the larger databases, so this is a simple and repeatable way to 

cover BacNav channel diversity. 

Alignment and Tree Reconstruction 

We used GUIDANCE (Penn et al. 2010), driving MAFFT (Katoh et al. 2005), to 

estimate the uncertainty of global alignments due to poorly supported guide tree 

estimation.  The alignment was very unstable, and retaining only columns above 

GUIDANCE’s default threshold yielded a very sparse alignment.  We therefore chose to 

align the sequences to the HMM above using hmmalign, which is distributed with 

HMMER (http://hmmer.org/).  This produced well-supported alignments, as judged by 

the posterior probabilities output by hmmalign.  These alignments were stripped of non-

homologous regions (--trim option in hmmalign) and then pruned of columns that were 
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majority gapped on the GapStreeze server (Los Alamos HIV Sequence Database: 

http://www.hiv.lanl.gov/content/sequence/GAPSTREEZE/gap.html). 

We found that most of the channel types, including TRP, TPC, and NALCN-type 

channels, could not be reliably placed within the phylogeny, and they were excluded 

from the analysis.  These channels are functionally diverse relative to the typical voltage-

gated types, and this may have led to more extreme sequence divergence.  CNG channels 

were always found to be a sister group to Kv channels, and were also excluded for clarity.  

Two BacNav channels were highly divergent and were also excluded.  These exclusions 

did not change the conclusions of our analyses, only their support. 

The trees in Figures 3.1 and 3.3 were estimated in Mr. Bayes under the 

WAG+G+F model (Huelsenbeck and Ronquist 2001; Whelan and Goldman 2001).  We 

used two independent runs with four chains each in MCMC simulations, and ran them for 

6x10
6
 and 2x10

6
 generations, respectively.  To test for proper run convergence and 

mixing, we used Tracer (Rambaut and Drummond) to estimate effective sample sizes and 

verify parameter mixing, and AWTY (Nylander et al. 2008) to test for topology 

convergence.  Both analyses achieved combined effective sample sizes greater than 200 

and showed good topological convergence.  Ten independent replicates in Garli (Zwickl 

2006) under a slightly better fit model, LG+G+F (Le and Gascuel 2008), yielded very 

similar results (not shown). 

There was a high level of uncertainty in the distal branches the phylogeny of 

BacNav channels in Figure 3.3.  In addition, analyses in Prottest found that LG+G+F, 

which is not implemented in Mr. Bayes, was the also the best fit model of evolution for 

the dataset used in Figure 2, with WAG+G+F as the second best.  Since model choice is 

likely to affect ancestral state reconstruction, we estimated trees under Maximum 

Likelihood in Garli under this model for the ancestral state reconstruction analyses.  To 

get a good sampling of the topological uncertainty, we ran ten independent replicates of 

Garli. The best tree was found four out of the ten times.  We used Lazarus (Hanson-

Smith, Kolaczkowski, and Thornton 2010; Z. Yang 2007) to estimate the ancestral states 
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of the BacNav clade on the seven unique topologies, using the LG+G+F model.  Lazarus 

also estimates a maximum a posteriori ancestral state reconstruction, which we report in 

Figure 3.3, with the heights of the pore states in proportion to their posterior probability.  

The estimates were quite robust despite the topological uncertainty, in concordance with 

earlier findings (Hanson-Smith, Kolaczkowski, and Thornton 2010).  Several of the 

analyses above relied heavily on the Python libraries Biopython (Cock et al. 2009) and 

Dendropy (Sukumaran and Holder 2010).  
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Figure 3.1:  Unrooted tree of major ion channel types and ancestral state 

reconstruction of BaNav selectivity filter.   

The four homologous domains of Cav and Nav channels have a single, well-supported 

origin to the exclusion of all the single-domain channels.  The branching order of 

CatSper, BacNav, and eukaryotic single-domain channels is not well supported, but we do 

not find BacNav near eukaryotic Nav channels in any scenario. Novel sequences include a 

clade of one-domain channels in protists, and channels from early-branching zoosporic 

fungi (red lineages), including a horizontally transferred BacNav channel and the first 

described Cav channels in fungi. Bayesian posterior probabilities are provided for interior 

branches.  Ancestral states for the BacNav family’s selectivity filter are displayed in 

proportion to their a posteriori likelihood.  The wild-type selectivity filter for the 

founding member of the BacNav family, NaChBac, and a mutant channel with Ca
2+

 

selectivity (Yue et al. 2002) are displayed for comparison.  The ancestral pore is more 

similar to the calcium selective mutant. 
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Figure 3.2:  Two models of the evolution of ion selectivity in the voltage-gated ion 

channel superfamily.  

(A) The traditional view: Selectivity for sodium is acquired independently in BacNav 

channels and animal Nav channels. NALCN channels also independently acquired 

sodium permeability but are not highly selective (Ren 2011). (B) BacNav channels 

function like the precursors of all the non-Kv channels. Calcium selectivity is therefore 

independently acquired in several lineages. Our ancestral state reconstruction supports a 

change to sodium selectivity in one BacNav lineage (1), and makes a late acquisition of 

calcium selectivity in CatSper channels unlikely (5), supporting hypothesis (A). Further 

references can be found that support or reject the changes in ion selectivity implied in the 

two hypotheses: (2) (Liebeskind, Hillis, and Zakon 2012; Senatore et al. 2013); (3,4, and 

7) (Liebeskind, Hillis, and Zakon 2011; Gur Barzilai et al. 2012); (6) (Verret et al. 2010; 

Hille 2001).  
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Figure 3.3:  Phylogeny of the BacNav family and ancestral state reconstructions of 

selectivity filters.   

Bayesian posterior probabilities are reported for all bipartitions.  The founding member, 

NaChBac from Bacillus halodurans, is bolded. Pore states are reported next to clades 

with the heights of the residues in proportion to their frequency. The maximum a 

posteriori estimate of the ancestral pore is labeled with residue heights in proportion to 

their probability. Stars are placed over sites in the pore that, when changed to an 

aspartate, caused a significant shift towards calcium selectivity in NaChBac (Yue et al. 

2002). The ancestor has aspartates at the sixth position with high probability and at the 

third position with a similar probability to serine. An aspartate in the sixth position 

caused calcium block in NaChBac, a hallmark of calcium channels. Aspartates in both 

positions caused BacNav channels to be more selective for calcium than sodium (Yue et 

al. 2002; Shaya et al. 2011). 
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Chapter 4: Convergent Evolution of Ion Channel Genome Content in 

Early Animal Evolution5 

 

INTRODUCTION 

Animal nervous systems are complex cellular networks that encode internal states 

and behavioral output. They achieve this complexity primarily in two ways. First, 

nervous systems encode information in a wiring scheme whose connections differ in 

strength and sign (excitatory or inhibitory). The strengths can often change in an activity 

dependent fashion (Bullock and Horridge 1965). Second, nervous systems have a 

dynamic neural code made up of all-or-none action potentials and subtler graded 

potentials (Bishop 1956). The shape, timing, and duration of evoked electrical potentials 

vary greatly among and even within neurons, and can also be activity dependent. These 

two types of complex signaling, respectively among and within cells, are the fundamental 

work of nervous systems (Bullock and Horridge 1965) and they are made possible by the 

great variety of ion channel proteins expressed in neurons. 

Recent studies have found that most ion channels and proteins involved in the 

formation of synapses are ancient, having evolved long before the origins of nervous 

systems or even of animal multicellularity (Burkhardt et al. 2011; Cai and Clapham 2012; 

Chiu et al. 1999; Liebeskind, Hillis, and Zakon 2011; Sakarya et al. 2007). But the nature 

of the first animals and of the cells from which nervous systems evolved are not well 

understood, though many theories exist  (Jekely et al. 2008; Nielsen 2008; Pantin 1952; 

Passano 1963), and little is known about the genomic events that facilitated the rise of 

complex nervous systems. New information about animal phylogeny has demanded a 

return to these old questions concerning the nature of the first animals and the 

evolutionary history of nervous systems (Dunn et al. 2008; Ryan et al. 2013; Ryan 2014; 

Moroz et al. 2014).  

                                                 
5 Chapter 5 is in review: Liebeskind BJ, Hillis DM, Zakon HH (2014) PNAS. 
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This new information concerns the placement of the ctenophores, or comb jellies. 

Recent studies place ctenophores as the sister group to all other metazoans, a surprising 

finding given that ctenophores are complex predators with fairly sophisticated nervous 

systems (Moroz et al. 2014). In contrast, sponges, which traditionally were considered to 

be the sister-group of the remaining animals (Philippe et al. 2009), do not have nervous 

systems (but see (Leys, Mackie, and Meech 1999)). Recent genomic analyses have found 

that ctenophores are lacking many nervous system and muscle-associated genes, 

suggesting independent origins of these structures in ctenophores (Steinmetz et al. 2012; 

Moroz et al. 2014; Moroz 2009). These findings have revived the debate about whether 

animal nervous systems have one or more origins (Ryan 2014; Moroz 2009). 

Many studies have addressed the origin of animal nervous systems using 

comparative physiological, developmental, or morphological evidence (Arendt et al. 

2008; Holland et al. 2013; Watanabe, Fujisawa, and Holstein 2009). We used a different 

technique: ancestral gene content reconstruction. This approach has been used to explore 

the origin of multicellularity (Richter and King 2013), the evolution of prokaryotic 

metabolism (Boussau et al. 2004), and the expansion of G protein-coupled receptors in 

animals (Sakarya, Kosik, and Oakley 2008). Gene duplication has long been known to be 

a major source of novelty and complexity (Ohno 1970), and many of the families we 

analyzed play few known roles outside of nervous systems. We therefore hypothesized 

that the elaboration of nervous systems coincided with an expansion of the ion channel 

families that are expressed there. We employed two methods (Sakarya, Kosik, and 

Oakley 2008; Chen, Durand, and Farach-Colton 2000) to reconstruct the ancestral copy 

number for a variety of ion channel families, and tracked the evolution of gene 

duplications across the animal and fungal tree. The evolution of some of these families 

have been studied by other groups (Gur Barzilai et al. 2012; Jegla et al. 2012; Moroz et 

al. 2014; Sakarya, Kosik, and Oakley 2008), but here we combine current methods of 

ancestral genome content reconstruction with dense sampling of early-branching species 
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and gene families to search for patterns of gene duplication that might illuminate the 

early history of nervous systems. 

RESULTS 

Large Scale Patterns of Gene Gain and Loss 

We used a custom bioinformatics pipeline to collect and annotate predicted 

proteins from 16 ion channel families (Table 4.1) for 41 broadly sampled opisthokonts 

(the group that includes animals, fungi, and related protists), and an apusozoan outgroup. 

The ion channel families we analyzed play diverse roles in nervous systems (Table 4.1). 

Some families, such as the voltage-gated families, are almost solely associated with 

nervous system function in animals, while others, such as P2X receptors, play more 

diverse roles, with only some isoforms being expressed in nervous systems. This dataset 

was then used to infer ancestral genome content and the timing of gene duplications using 

EvolMap (Sakarya, Kosik, and Oakley 2008). 

Consistent with previous literature (Cai and Clapham 2012; Chiu et al. 1999; 

Liebeskind, Hillis, and Zakon 2011; Moroz et al. 2014), we found that these gene 

families are ancient, with all but two (LIC, ASC) being found in the most recent common 

ancestor of the taxa examined here. Only the ASC family was found to be metazoan 

specific. We then pooled all the families together and plotted net gains and percent losses 

on the species tree, represented as branch lengths (Figure 4.1). The animal lineage has 

been dominated by gains and the fungal lineage by losses. These patterns are not without 

exception, however: two major loss events occurred in the common ancestors of 

deuterostomes and ecdysozoans (Figure 4.1). Both loss events occurred just before major 

gene family expansions. We also found that the peripheral branches (near the tips) were 

especially enriched for gene duplications, suggesting multiple independent rounds of 

gene duplication among the taxa examined. 



60 

 

Convergent Evolution of Gene Content in Animal Nervous Systems 

To tease apart the role of the different gene families in these broad-scale patterns, 

we inferred ancestral gene content and the phylogenetic pattern of gain and loss for each 

of the 16 ion channel families separately. Counts for key internal nodes are shown on the 

animal subtree in Figure 4.2. We observed large expansions of the LIC, GIC, and Kv 

families at several places on the tree. These gene family expansions happened 

independently in the most recent common ancestors (MRCA) of bilaterians, vertebrates 

and cnidarians. The vertebrate gene family expansions occurred after the loss event in the 

MRCA of deuterostomes (Figs. 4.1- 4.3). This loss event involved reductions in several 

families, with the largest families, such as LIC, having the largest losses (Fig. 4.3).  The 

MRCA of ctenophores underwent an expansion resembling the expansions in bilaterians 

and cnidarians, but the LIC family was lost in ctenophores. No expansions were seen in 

the branches leading to the MRCA of cnidarians plus bilaterians, or in the MRCA of 

animals – two places where nervous systems have been hypothesized to have evolved 

(Ryan et al. 2013; Ryan 2014; Moroz et al. 2014; Moroz 2009; Dunn et al. 2008). 

Ecdysozoans and lophotrocozoans also had large expansions of LIC, GIC, and Kv 

channels, but also had huge expansions of the ASC family (Fig. 4.4). These expansions 

happened mostly in the terminal lineages leading to each species (Fig. 4.1). Figure 4.4a 

shows ion channel family counts from representative species from each major lineage 

represented in Figure 4.2. All taxa with nervous systems, with the notable exception of 

the tunicate Ciona, were enriched for similar gene families. The two taxa without nervous 

systems, Trichoplax and Amphimedon, had smaller ion channel complements. The 

MRCAs of chordates, cnidarians plus bilaterians, and animals each had ion channel 

complements that resembled extant animals without nervous systems more than animals 

with nervous systems. 

To visualize the genomic complements for all channels at all tips, we used 

principal components analysis (PCA) to reduce the 16 original dimensions (counts for 

each ion channel family) into the first two principal components (PCs) (Fig. 4.4c). PCA 
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transforms high dimensional data into new variables, the PCs, which are linear 

combinations of the original variables and are ordered by how much of the variance they 

explain. Proximity in the space of the first two PCs represents similar gene content 

distributions. Figure 4.4c shows the normalized gene contents plotted in the space of the 

first two principal components and the loadings of each gene on these two axes. We also 

plot the ion channel loadings, which show how the abundance of each channel family 

correlates with the PCs. Thus dots that cluster near arrows represent genomes with a high 

relative content of that ion channel type. 

We found that the genome contents of the major lineages were distinguished from 

each other on the PCA (Fig. 4.4c). The first principal component primarily distinguished 

fungi, which were dominated by the Leak (Cch1) and ClC families and had lost most of 

the other types, from animals, which mostly had all the gene families. Fungi with a 

swimming zoospore, however, tended to have more channel types, including Cav 

channels (Liebeskind, Hillis, and Zakon 2013). The second principal component 

separated genomes with a higher content of the Ca
2+

 channel families RyR and TPC from 

those that had more voltage-gated types, primarily Kv. Most genomes that were 

dominated by Ca
2+

 channels were from protists. 

Animal genomes have a relatively high proportion of synaptic (GIC, LIC, ASC) 

and voltage-gated channel types (Nav, Kv). These are the gene families in our dataset 

most closely associated with nervous system function. Genomes of animals with nervous 

systems clustered together to the exclusion of the two animals lacking nervous systems: 

the sponge Amphimedon and the placozoan Trichoplax. These two animals clustered 

closer to protists due to a larger proportion of Ca
2+

 channels. The tunicate Ciona was 

again an interesting exception. Ciona branched from the deuterostome lineage after the 

major loss event and before the major bout of gene duplication in the ancestor of 

vertebrates (Figs. 4.1, 4.2). Hence it clustered closer to protists and animals without 

nervous systems. 
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The MRCAs of chordates, cnidarians plus bilaterians, and all animals grouped 

more closely to sponges, placozoans, and protists than to any extant animal with a 

nervous system. This suggests independent gene family expansions of the ion channel 

that were enriched in extant animals with nervous systems. From these three ancestral 

points in the lower left quadrant, which is characterized by a relatively high proportion of 

calcium channels (TPC, Cavs), the ctenophores, cnidarians, and bilaterians independently 

evolved similar genome contents that caused them to cluster in the lower right quadrant, 

which is characterized by a high proportion of synaptic ion channel (ASC, GIC, LIC) and 

voltage-gated types (Kv and Nav) (Fig. 4.4c). 

Ancestral Reconstructions are Insensitive to Reconstruction Method 

The analyses reported above relied on ancestral gene counts inferred with 

EvolMap (Sakarya, Kosik, and Oakley 2008), which uses pairwise alignment scores, but 

not full gene trees. The reasons for choosing EvolMap for the main analyses are 

discussed below (Methods). We also inferred consensus gene trees using 100 bootstrap 

replicates in RAxML (Stamatakis 2006) and inferred ancestral genome content using 

gene tree/species tree reconciliation based on parsimony in the package Notung (Chen, 

Durand, and Farach-Colton 2000). Overall bootstrap support was poor, but reconciliation 

using the consensus trees recapitulated the EvolMap results, despite using a different 

method and a different dataset (Methods). In particular, the large gene family expansions 

in the MRCAs of vertebrates, cnidarians, and ctenophores are still found. The smaller 

expansion in the MRCA of bilaterians was not as clear, however, nor was the loss event 

in the MRCA of ecdysozoans. These smaller events are probably not visible because of 

erroneous overestimates of ancestral genome content (Hahn 2007). Similar results were 

found when maximum likelihood trees were used instead of consensus trees (not shown). 

Thus, even though there was uncertainty in our tree inference, topologies that would 

result in reconstructions that differ substantially from the EvolMap analysis were not 

favored. Our results are therefore robust to the method used to infer ancestral genome 

content. 
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Findings Extend to Other Nervous System Genes 

We wondered whether the general patterns found in ion channels extended to 

other genes, including those not associated with nervous systems. We therefore tested the 

three main classes of G protein-coupled receptors (GPCRs), which are closely associated 

with nervous systems, Actin, which is not specific to nervous systems but may correlate 

with muscular complexity (Steinmetz et al. 2012), and two protein domains not strongly 

associated with neuro-muscular function: ubiquitin, and DNA polymerase family A 

(polA). We found that the patterns of gain and loss in GPCRs were roughly similar to the 

ion channels, and that the patterns in ubiquitin and polA were not (Fig 4.5). Remarkably, 

GPCRs underwent the same loss event in the common ancestor of deuterostomes 

followed by a gain in the common ancestor of vertebrates. These gain and loss events 

were not observed in ubiquitin and polA and were only weakly present in actin, which 

functions in the musculature and may therefore correlate with nervous system 

complexity. This suggests that the pattern of gain and loss is specific to nervous system-

associated genes. 

Choice of Species Tree 

The radiation of the major animal lineages was ancient and probably quite rapid. 

This situation makes the inference of branching order very difficult (Rokas, Krüger, and 

Carroll 2005; Philippe et al. 2011). To see if there was any evidence for a certain species 

tree in our gene duplication data, we explored which species tree allowed the most 

parsimonious reconciliations with our gene trees. We tested all 15 resolutions of the four-

way polytomy between Amphimedon, Trichoplax, ctenophores (Mnemiopsis, and 

Pleurobrachia), and cnidarians + bilaterians, as well as the topology found by Philippe et 

al. (Philippe et al. 2009) that places ctenophores and cnidarians together, with sponges 

branching first, followed by Trichoplax. We refer to this tree as the Coelenterata 

hypothesis. PAUP was used to generate the 15 resolved species trees from the polytomy 

(Swofford, David L. 2003). We then reconciled the 16 topologies with each of our 16 ML 

gene trees using Notung, and counted up the total gene duplication/loss costs for each 
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species tree using Notung’s default rooting method. On the principal of parsimony, the 

correct species tree would be the one with the lowest incurred cost. 

We found that no one tree was clearly favored over the others (Fig. 4.6). 

Generally, trees with ctenophores near the base were favored. The best tree had 

ctenophores as the earliest-branching lineage, but grouped sponges and placozoans as a 

monophyletic clade, which has never been found in the major phylogenomic studies. The 

Coelenterata hypothesis, however, was strongly disfavored. Because of these 

considerations, we used a topology that reflects a growing consensus around early 

metazoan relationships, with ctenophores branching first, followed by sponges, 

placozoans, cnidarians, and then bilaterians (Dunn et al. 2008; Hejnol et al. 2009; Ryan et 

al. 2013; Moroz et al. 2014). The finding that several species trees are roughly equivalent 

in terms of duplication/loss costs also has the effect of showing that our results are not 

heavily dependent on the species tree topology. 

DISCUSSION 

We have shown that the major lineages of animals with nervous systems have 

acquired similar ion channel complements via convergent gene family expansions. The 

gene families that underwent the greatest expansions were two synaptic ion channels 

types, the Cys-loop receptors (LIC) and the glutamate-gated channels (GIC), as well as 

acid-sensing channels (ASC), and the voltage-gated potassium channels (Kv). The LIC 

family was lost in ctenophores, however. Recent evidence suggests that ASCs play a role 

in synaptic transmission and associative learning (Wemmie et al. 2002). Moroz has 

suggested that these genes are key neurotransmitter receptors in ctenophores (Moroz et 

al. 2014). Perhaps ASCs fill some of the roles that LICs do in other organisms. Early-

branching lineages such as ctenophores may therefore be good model systems to explore 

these understudied channels. 

Surprisingly, the major expansions we observed did not occur on any of the nodes 

where nervous systems are currently hypothesized to have evolved (Fig. 4.2). Rather, 

they occurred much later in the common ancestors of vertebrates, bilaterians, cnidarians, 
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and ctenophores, and also within the individual lineages of protostomes (Figs. 4.1 – 4.3). 

The animal stem lineage, from the MRCA of all animals to the MRCA of cnidarians plus 

bilaterians, experienced very little change in ion channel genome content, and this 

content did not differ substantially from the unicellular ancestor of animals and 

choanoflagellates (Fig. 4.2). The simplest explanation for this pattern is that nervous 

systems originated early, were very rudimentary for a long period, and then convergently 

evolved in complexity by relying on duplications of similar channel types. Another 

explanation is that stem animals employed nervous system-associated genes in proto-

nervous tissues to mediate simple behaviors, as is likely the case in Trichoplax or 

phototactic sponge larvae (Leys and Degnan 2001; Jekely et al. 2008), and extant nervous 

systems were derived independently from these excitable but non-neural tissue types 

(Mackie 1990; Moroz 2009). Regardless of which scenario is true, our findings suggest a 

very large role for convergence in extant animal nervous systems. A particularly striking 

feature of this convergence is the similarity between extant taxa in the relative 

abundances of the different ion channel families that underwent the largest expansions 

(Figs 4.2, 4.4c). 

A large repertoire of synaptic channels may have helped nervous systems encode 

more complex behaviors by facilitating neuronal connections of differing strengths, sign, 

and context dependent activity. Kv channels shape action potentials and spike trains, so 

an expansion of this family may have enabled a dynamic electrical code. This 

combination of electrical and network complexity is a hallmark of complex nervous 

systems. Gene family expansions of channel types associated with these two types of 

complexity may therefore be a genomic signature for increasing nervous system 

complexity, a signature which we found to occur at several places in the animal 

phylogeny. 

This study may therefore help explain the distribution of nervous system 

complexity across the animal tree. In an early attempt to synthesize comparative 

electrophysiological data and evolutionary theory, Bishop remarked of the phylogenetic 



66 

 

distribution of nervous system characteristics, that animals “seem to have available most 

of the tricks of functioning that any of them employ. Some other factor than availability 

determines the overall pattern” (Bishop 1956). This observation, though true, contrasts 

with the fact that animals with nervous systems do not form a monophyletic group (Dunn 

et al. 2008; Ryan et al. 2013; Moroz et al. 2014), nor do animals with highly complex, 

centralized nervous systems (Moroz 2009). We suggest that the ancient origin and 

independent expansions of the ion channel types explored here has helped determine this 

seemingly contradictory pattern. The ancient origins help explain why nervous systems 

employ similar genes in similar roles, and the independent expansions explain why, for 

instance, neurons and circuits in vertebrates, protostomes, and non-bilaterian 

invertebrates have such different morphologies (Mackie 1990; Bullock and Horridge 

1965). 

Ion channel gene expansion has not been monotonic throughout animal evolution. 

There were two major loss events in the ancestors of deuterostomes and ecdysozoans 

(Figs. 4.1 – 4.3). The deuterostome loss events caused the MRCA of chordates and the 

extant animal Ciona to seem to “revert” to more protist-like genomes (Figs. 4.4a, 4.4c). 

Both loss events were immediately followed by bouts of gene expansions, suggesting the 

possibility of genomic revolutions where loss events “clear the deck” for a period of 

increasing complexity and perhaps innovation. 

The evolution of animal nervous systems is therefore more complex than has been 

appreciated. Our results suggest repeated bouts of elaboration and simplification of 

nervous systems that correlated with expansions and contractions of ion channels (Figs. 

4.1 – 4.4) and GPCRs (Fig. 4.5). The shifts in ion channel gene content are largely 

captured by the second principal component of Figure 4.4c, meaning that animal 

genomes have fluctuated between a higher relative content of Ca
2+

-channels (TPC, RyR, 

Cav) and a higher relative content of other voltage-gated types (Nav, Kv) and synaptic 

channels (LIC,GIC, ASC). A switch from Ca
2+

-based intracellular signaling, which all 

eukaryotes employ, to complex electrical signaling between cells has long been 
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understood as a key animal innovation (Bertil Hille 1989; Cai and Clapham 2012). Our 

results suggest that this was not a single evolutionary transition, but that these two types 

of signaling represent alternate stable states of animal complexity.  

Our results are consistent with recent evidence that striated muscle evolved 

independently in multiple lineages (Steinmetz et al. 2012) and that ctenophores lack 

many neurotransmitters associated with vertebrate nervous systems (Moroz et al. 2014).  

Some studies have already begun to biophysically characterize the expansions of Kv 

channels and Nav channels in cnidarians and relate them to their homologs in vertebrates, 

which evolved convergently (Jegla et al. 2012; Martinson et al. 2014; Gur Barzilai et al. 

2012). Investigators have found striking similarities between these channels and those of 

vertebrates, despite their independent origins. Further study of the biophysical details of 

genome evolution in animals will help clarify the parallel origins of nervous system 

functions. 

METHODS 

Protein Sequences 

Protein sequences were collected from proteomes obtained from JGI’s Mycocosm 

(http://genome.jgi.doe.gov/programs/fungi/index.jsf), The Origins of Multicellularity 

(http://www.broadinstitute.org/annotation/genome/multicellularity_project/MultiHome.ht

ml) , Ensembl (http://www.ensembl.org/index.html), the Ctenophore genome project 

websites provided by the Baxevanis and Moroz laboratories 

(http://research.nhgri.nih.gov/mnemiopsis/; http://neurobase.rc.ufl.edu/pleurobrachia), 

and the Matz laboratory website 

(http://www.bio.utexas.edu/research/matz_lab/matzlab/Data.html). Only proteomes that 

had protein-locus information were used to avoid redundancy, and only the longest 

isoform was used for each gene. We then used a three step process to collect and hand-

annotate the data used for all subsequent analyses. We used appropriate hidden Markov 

models for each protein to search proteomes from each organism using the hmmsearch 
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algorithm in the HMMER package (Eddy 1998). All families had unique HMMs except 

for the voltage-gated channel superfamily, which includes the families Kv, Nav, Cav, 

Leak, TPC, TRP, Slo, and CNG/HCN. All hits with a hmmsearch e-value below 1 x 10
-2

 

were then searched against the Uniprot protein database using Blastp (Altschul et al. 

1990) and hand-annotated.  

GPCRs, and proteins containing actin, polA, and ubiquitin domains were not 

reciprocally blasted against Uniprot, but rather were reciprocally searched against PFAM 

using hmmscan. Only proteins hitting the desired domain with an e-value below 1 x 10
-4

 

were retained. Proteins from the voltage-gated superfamily were first sorted into families 

before Uniprot annotation by annotating against the Transporter and Channels Data Base 

(Saier, Tran, and Barabote 2006) using Blastp. Both of these Blast analyses used 1 x 10
-2

 

as an e-value threshold and discarded any sequences with no hit below this threshold. The 

final result was a hand annotated set of protein sequences for each of the 16 channel 

families, the GPCRs, and other protein families. 

These sequences were then quality filtered by first aligning each family using the 

e-ins-i algorithm in Mafft (Katoh et al. 2005), and then searching for sequences that 

differed by only one aligned position or less (i.e., not just gaps). If such similar groups 

were found, only the longest protein sequence was retained. This was the final dataset 

used for EvolMap analysis, and should represent a conservative estimate of the copy 

number for each species. 

Ancestral Genome Reconstruction 

We used two different methods to reconstruct ancestral genome content. These 

two methods employ very different techniques, so the results consistent between the two 

methods should be robust to any biases unique to each method. The two different 

methods, their potential biases, and the way that these biases were offset by the other 

analysis will be briefly discussed here. 

The first method, implemented in the software EvolMap (Sakarya, Kosik, and 

Oakley 2008), was used for all the main figures because it has fewer known biases. 
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EvolMap uses Blast to identify putative orthologous groups, and then creates sparse 

matrices of within-group pairwise alignment scores based on Needleman-Wunsch 

alignments. This information is then used to identify symmetrical best hits and create 

estimates for ancestral genome size in a post-order trace of a supplied species tree. Then 

the tree is traversed in pre-order, and gains and losses are inferred using Dollo parsimony. 

EvolMap outputs information on ancestral gene copy number, and number of gains and 

losses for each node. For Figure 4.1, all channel types were pooled together. To create the 

data for the other figures, each ion channel family was analyzed by EvolMap separately, 

and copy number information was collected into genome-by-family matrices using 

custom scripts. One potential bias in this analysis is that all proteins that passed the hand-

annotation and trimming steps were kept, many of which were partial. These partial 

sequences may have had poor Needleman-Wunsch alignment scores and therefore have 

been incorrectly characterized as evolutionary novelties in proximal branches. This bias 

was dealt with in the second analysis by discarding short sequences. 

The second method we used was parsimony-based gene tree/species tree 

reconciliation implemented in Notung (Chen, Durand, and Farach-Colton 2000). Each 

ion channel family was aligned using the e-ins-i algorithm in MAFFT. The original 

dataset had many partial sequences, as discussed above. This first alignment was used to 

discard sequences by first trimming columns that were over 50 percent gapped using 

Trimal (Capella-Gutiérrez, Silla-Martínez, and Gabaldón 2009), and then flagging 

sequences that had fewer than 150 amino acids in the trimmed alignments. These 

sequences were then removed from the unaligned data, and all families were realigned 

and trimmed in the same fashion. These alignments were then used for phylogenetic tree 

inference using RAxML (Stamatakis 2006), under the LG + CAT model (Lartillot and 

Philippe 2004; Le and Gascuel 2008) with the rapid bootstrap and ML tree reconstruction 

algorithm. The maximum likelihood trees were then used for species tree reconciliation. 

The unrooted gene trees were reconciled using the rooting algorithm in Notung, which 

finds the rooting point that minimizes gene gains and losses across the species tree, and 
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then outputs information on the number of gains and losses for each branch. We used 

custom scripts to parse the Notung output and create data matrices of ancestral node 

counts. 

Parsimony-based gene tree/species tree reconciliation is well known to have 

biases that result from incorrect gene tree inference. Misplaced taxa can artificially inflate 

the estimates of ancestral genome sizes (Hahn 2007). This bias, however, is not expected 

to affect the EvolMap analysis. We also note that this bias would tend to lead to the 

conclusion opposite to ours because the bias artificially inflates ancestral genome size 

and puts many losses on terminal branches, whereas we find small ancestral genomes and 

many duplications on terminal branches. Thus, although this bias is present in our Notung 

analysis (note that ancestral genomes reconstructed by Notung are larger than those 

reconstructed by EvolMap, despite the fact that some sequences were removed from the 

Notung analysis), our conclusions are robust with respect to the method used for analysis.  

Principal Components Analysis 

We used normalized gene content matrices for the PCA. Each row of the matrix 

corresponded to one genome, extant or ancestral, and each column to a gene family. The 

entries were therefore the number of each ion channel type normalized by the total 

number of ion channels present in each genome. The matrix was then centered and scaled 

using the scale method in the standard R package. The PCA was performed in R using 

the method prcomp and visualized with the package ggbiplot (R Development Core Team 

2008; Vu 2011). 

Program Availability 

All scripts used for the analysis are available on Github 

(https://github.com/bliebeskind). The programs used for parsing relied heavily on the 

python packages pandas, dendropy, and BioPython (Cock et al. 2009; McKinney 2013; 

Sukumaran and Holder 2010). 
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Figure 4.1: Gain and loss of ion channel families in opisthokont evolution.  

The two trees have identical topologies. The branch lengths of the tree on the left are the 

net gain (gains minus losses). The branch lengths of the tree on the right represent percent 

loss (losses minus gains as a percentage of parent copy number). Two branches in 

animals that had large loss events are labeled: the common ancestors of deuterostomes 

(1) and of ecdysozoans (2). 
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Figure 4.2: Ion channel genome content of internal nodes on the animal phylogeny.  

Ion channel families that underwent large expansions are colored green (GIC), burnt 

orange (Kv), and black (LIC). Voltage-gated sodium channels, which drive action 

potentials but did not experience duplication events on the same scale, are colored grey. 

All other families are left blank but are shown for comparison. Branches with many 

duplications are colored red and those with net losses are colored blue. Two hypotheses 

about nervous system origins from the literature are also shown. Open symbols show one 

hypothesis which posits one origin (open circle) in the common ancestor of animals and 

two losses (open cross) in placozoans and sponges (Ryan 2014; Ryan et al. 2013). Solid 

circles show an alternative hypothesis that nervous systems have two origins, one in the 

common ancestor of cnidarians and bilaterians, and one in the ctenophore lineage (Ryan 

et al. 2013; Dunn et al. 2008; Moroz 2009; Moroz et al. 2014). Neither hypothesis 

corresponds with nodes that have large duplication events. 
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Figure 4.3: Gain and loss of ion channel genes in the lineage leading to humans.  

Gene expansion in the MRCA of vertebrates was directly preceded by a large loss event 

in the MRCA of chordates. The gene families LIC, Kv, GIC, and TRP underwent the 

largest reductions. 
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Figure 4.4: Analysis of gene content.  

(A) Channel counts of extant species and ancestral species. (B) Species tree showing the 

relationships of extant taxa and the location of key ancestral nodes. (C) Principal 
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components analysis of normalized ion channel gene contents for all tips and three 

ancestral nodes. Proximity in the space of the two principal components indicates similar 

gene contents. Loadings of the ion channel families are shown as vectors in the two axes. 

The size and direction of the loading vector indicates its correlation with the two 

components. Thus families with small vectors do not change greatly among taxa, whereas 

those with large vectors distinguish different genomes from one another. Loading arrows 

point to regions where that gene family is in high relative abundance. Labeled species 

are: Amphimedon (Aq), Ciona (Ci). 
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Figure 4.5: Gene gain and loss of GPCRs and three non-nervous system genes in the 

human lineage.  

The inset is shown on a smaller scale so that the pattern of duplication and loss can be 

seen for genes families other than A-type GPCRs, which are a much larger family. 

GPCRs resemble ion channels in their pattern of gain and loss whereas the other genes do 

not. In particular, GPCRs underwent loss events in the common ancestor of chordates 

followed by a period of gain, primarily in the ancestor of vertebrates. The shaded regions 

highlight the periods of loss (1) and gain (2). 
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Figure 4.6: Support for different species tree topologies based on parsimony scores 

of gain and loss events. 

Scores were calculated from gene tree/species tree reconciliation in Notung. A.) Scores 

for different resolutions ordered from best (left) to worst (right). B.) Topologies ordered 

from best (top left) to worst (bottom right) and numbered as in A.). Taxa are labeled as 

follows: bilaterians (B), cnidarians (C), ctenophores (Ct), placozoans (Pl), and sponges 

(Sp). Scores generally support ctenophores as the sister-group of remaining animals, but 

do not strongly favor this placement over other scenarios with the exception of the 

Coelenterate hypothesis (“Coel.”, Philippe 2009). The latter tree yields a highly 

unparsimonious pattern of gain and loss. 
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Abbreviation Full Names Function 

Ano Anoctamin, Ca
2+

 activated Cl
-
 Smooth muscle, excitability 

ASC Epithelial (ENaC), acid sensing 

(ASIC) 

Osmoregulation, synaptic 

transmission 

CNG/HCN Cyclic. nucleotide gated Sensory transduction, heart 

Cav Voltage-gated Ca
+
 channel AP, muscle contraction, secretion 

ClC Voltage-gated Cl
-
 channel Muscle membrane potential, kidney 

GIC Glutamate receptor, iGluR Synaptic transmission 

LIC Ligand-gated, Cys-loop receptor Synaptic transmission 

Kv Voltage-gated K
+
 channel AP, membrane potential regulation 

Nav Voltage-gated Na
+
 channel AP propagation 

Leak Sodium leak non-selective (NALCN), 

Yeast calcium channel (Cch1) 

Regulation of excitability (animals), 

calcium uptake (fungi) 

P2X Purinurgic receptor Vascular tone, swelling 

PCC Polycystine,Mucolipin Sensory transduction, kidney 

RyR Ryanodine receptor, IP3 receptor Intracellular, muscle contraction 

Slo Voltage and ligand-gated K
+
 AP, resting potential 

TPC Two-pore channel Intracellular, NAADP signaling 

TRP Transient receptor potential Sensory transduction 

Table 4.1: Ion channel families used in this study.  

The channels play a variety of roles. Some are almost exclusively associated with 

nervous system function, whereas others have additional roles outside the nervous 

system. 
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CONCLUSION 

A brief overview of the key findings of this dissertation can be found in Figure 

C1. Lysine (K) substitutions were found to occur convergently in the pores of cnidarian 

and bilaterian Nav channels. Gur-Barzilai et al. have recently shown that the lysine 

substitution in the second domain of cnidarian Navs conferred sodium selectivity to these 

channels (Gur Barzilai et al. 2012). Similar substitutions were found in NALCN 

channels, and though the precise phylogenetic history is unclear, it appears that these 

occurred at least three times in animals: once in ecdysozoans, once in lophotrocozoans, 

and once in deuterostomes (Chapter 2; Senatore et al. 2013). Finally, gene family 

expansions, primarily in Kv channels and the synaptic channels LIC (Cys-loop receptors), 

GIC (iGluRs), and ASC (ASIC/ENaC), were found on several peripheral branches, 

including the common ancestor of vertebrates, the common ancestor of cnidarians, and 

the common ancestor of ctenophores. 

The inadvertent theme of this dissertation has therefore been convergent 

evolution. Bertil Hille’s hypothesis that sodium channels evolved from calcium channels 

has been shown to not only be correct in the case of voltage-gated channels (Chapter 1), 

but predictive of other types of sodium channels (Chapters 2 and 3) and in some sense of 

the whole complement of ion channel proteins (Chapter 4). This suggests that certain 

principles, in this case the evolution of sodium selectivity from calcium selectivity, can 

hold across systems and perhaps be a driver of convergence. In this conclusion I will 

explore some of the ramifications of convergent evolution for the study of the nervous 

system, focusing first on the use and abuse of comparative studies for the study of ion 

channel selectivity and then turning to the nervous system as whole. I will finish by 

discussing some of the challenges that are pointed to by the studies presented here. The 

theme throughout will be character states and their meaning in evolution. 
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SODIUM CHANNELS 

Evolving a sodium channel appears not to be very difficult. My dissertation 

documents four independent occurrences, at minimum. Hodgkin and Huxley-type 

voltage-gated sodium channels (Nav) evolved twice in animals, once in cnidarians and 

once in bilaterians. The voltage-insensitive sodium channels (NALCN) evolved at least 

once, but perhaps three times in animals. Bacterial sodium channels were another 

independent event. There are at least two other occurrences currently known that I did not 

cover. A certain splice form of T-type calcium channels in the snail Lymaea can select for 

sodium over calcium (Senatore et al. 2014). This splice form is present in many other 

protostomes, and, remarkably, is the only sodium channel expressed in the Lymnaea 

heart. There is also the epithelial sodium channel family (ENaC). These channels have 

the highest sodium selectivity of all, but are not part of the same family as the others, and 

select for sodium in a very different fashion (Kellenberger and Schild 2002). There is 

also some recent evidence the two-pore channel family is actually selective for sodium 

(Wang et al. 2012) whereas previously they had been described as calcium selective 

channels (Zhu et al. 2010). This is a relatively new claim from just one group, so further 

evidence will be necessary. 

Sodium channels have therefore evolved at least six times independently, possibly 

more. This stands in marked contrast to potassium and calcium channels, both of which 

likely have only one origin, although these origins are so ancient that we can’t be entirely 

sure. Even more remarkable than their multiple origins is that in all cases save the ENaC 

channels, that is, in all cases involving the voltage-gated family, sodium channels most 

likely evolved from calcium channels. I have detailed the evidence for this in the 

previous chapters for the first four sodium channel types. It is obviously the case in the 

protostome T-type Cav channel splice forms as well, and may also be true of the TPCs. 

Why do sodium channel so reliably evolve from calcium channels, and what does this 

mean about sodium channel function? 
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One answer immediately suggests itself: sodium channels are just degenerate, or 

collapsed, calcium channels. There is much to recommend this hypothesis. First, sodium 

is one of the smallest physiological cations and the most abundant in sea water and the 

extracellular fluid. Sodium channels could therefore arise by the formation of simple 

pores that are small enough to exclude larger cations like potassium. Calcium is in low 

abundance relative to sodium, so a sodium channel could arise when a calcium channel 

simply loses the ability to select calcium over sodium. This is likely the case in NALCN 

channels, which are only weakly selective for sodium (Lu et al. 2007). There is also good 

evidence that size selection (molecular sieving) plays a large role in sodium channel 

selectivity (Hille 1975; Hille 2001). But Nav channels are more selective for sodium than 

NALCN, and the complete story is more complicated.  

Exactly how sodium channel selectivity works is still under debate. Much of the 

current research on sodium channel selectivity has shifted to the bacterial sodium 

channels, the only sodium channels that have been crystallized with enough resolution to 

see the pore. But it is often difficult to interpret how much this work tells us about human 

Navs because it is rarely placed in a rigorous comparative framework. A full description 

of ion channel selectivity is far beyond my scope, but a few remarks about the molecular 

basis of selectivity are necessary to appreciate the comparative data and to make a case 

for how it should be used. Selectivity in potassium channels is by far the best described 

but is not relevant here, so I will omit discussion of it. I will, however, describe a few 

aspects of what is known about calcium and sodium channel selectivity in order to show 

the complexity of comparative molecular studies in the face of convergent evolution.  

On the face of it, calcium channels are the real magicians. Sodium ions are about 

100 times as abundant as calcium in the extracellular fluid and roughly equal in radius, 

yet calcium channels effectively exclude them while maintaining a high throughput of 

calcium ions. Selectivity for calcium over sodium is roughly 1000-fold in L-type calcium 

channels (Sather and McCleskey 2003; Bertil Hille 2001). Because the ions are similar in 

size, the selectivity for calcium is thought to rely on the difference in charge between 
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divalent calcium and monovalent sodium (reviewed in Sather and McClesky 2003). The 

data suggests a binding site in the pore that binds calcium more strongly than sodium and 

prevents sodium from entering. Such a site accounts for the calcium block observed in bi-

ionic solutions (Hagiwara 1983), but a simple “sticky pore” with one site would also 

prevent high throughput of calcium because the ability of calcium to block sodium by 

binding in the pore would be negatively proportional to the speed with which it could 

release from the binding site; it is in fact much larger, i.e. calcium is highly effective at 

blocking sodium but the two ions have a comparable conductance (Hess and Tsien 1984; 

Bertil Hille 2001). This results in the “anomalous mole fraction effect,” which is when 

solutions with calcium and sodium together result in channel block, while calcium or 

sodium alone in the solution leads to large currents. Thus one must posit multiple sites; 

either two high-affinity sites, or one high-affinity in conjunction with multiple low-

affinity sites (Hess and Tsien 1984; Sather and McCleskey 2003).  

Two high-affinity sites can account for high-throughput because the electrostatic 

interaction between two bound calcium ions effectively increases the off-rate while still 

excluding sodium. Several lines of evidence suggest that there is only one high-affinity 

site however: the E/E/E/E locus or selectivity filter ring (Sather and McCleskey 2003; 

Heinemann et al. 1992; Schlief et al. 1996; J. Yang et al. 1993). These four glutamates 

project their carboxylate side chains into the pore at the narrowest point, whose negative 

charge is then thought to coordinate the permeating ions. If, however, there are low-

affinity sites on either side (intra- and extra-cellular) of the E/E/E/E locus, calcium ions 

may “step through” the channel because the energy barriers between the binding sites are 

sufficiently low (Sather and McCleskey 2003).  

This latter scenario seems the most likely, but there is no clarity as to the 

molecular locus of these low-affinity sites. Several studies favor the idea that the E/E/E/E 

locus is flexible, and may therefore play the role of both high- and low-affinity site, 

depending on how many calcium ions are present (Lipkind and Fozzard 2001). 

Experimental evidence suggests that the four sites do not contribute equally to ion 
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selectivity. Site E3 has the greatest effect, followed by E2 (J. Yang et al. 1993). This 

suggests an asymmetry among the four sites in the selectivity filter. Perhaps the two 

central sites, E2 and E3, are the high-affinity site with the other two forming a second, 

low-affinity coordinating site (Sather and McCleskey 2003). 

These data are all from Cav channels, primarily L-type. Very little work has been 

done on fungal calcium channels (Cch1), and none has been done on ancestral 

reconstructions of the calcium channels from which the various sodium channel lineages 

are thought to have arisen. Nevertheless there is some evidence that these may function in 

a similar manner to L-type Cav channels. For instance, the pore sequence of fungal 

calcium channels is Q/E/E/E or N/E/E/E. The presence of a glutamine in the first position 

is known not to strongly affect L-type Cav function (Ellinor et al. 1995), suggesting that 

the filter is functioning in a similar way in both channel types. 

The data from Nav channels suggests that they are indeed only slight 

modifications of Cav channel pores. For instance, Nav channels can still be blocked by 

calcium, just like Cav channels, but only at much higher, non-physiological 

concentrations (Armstrong and Cota 1999). Nav channels probably also have a flexible 

pore (Lipkind and Fozzard 2008). On the other hand, Nav channels likely do not hold 

multiple sodium ions at physiological concentrations (Hille 1975; Hille 2001), unlike Cav 

and Kv channels for their respective ions.  

In both Cav channels and Nav, there is now evidence that discrimination between 

these two ions depends at least in part on residues outside of the main selectivity filter. 

Gur-Barzilai et al. recently showed that the D/K/E/A selectivity filter of cnidarian sodium 

channels, which developed this lysine (K) in the pore and sodium selectivity 

convergently with animals (Chapter 1), is not sufficient to induce sodium selectivity in 

the paralogs with D/E/E/A. Rather, all four pore loops must be replaced in their entirety 

(Gur Barzilai et al. 2012). Senatore et al. found that a splice variant of T-type Cav 

channels in Lymnaea is sodium selective, but the variable region is on the pore turret, not 

the selectivity filter itself (Senatore et al. 2014). Both lines of evidence suggest that, 
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while the selectivity filter is still the main locus of ion selection in most channels, other 

regions contribute as well in ways that have not yet been fully fleshed out. 

In vertebrate Nav channels, however, the K3 residue is known to be necessary, and 

almost sufficient for sodium selectivity (Schlief et al. 1996; Heinemann et al. 1992), and 

there are several models that try to account for its importance. Charge conserving 

replacement with arginine (R) is known not to confer sodium selectivity, suggesting the 

precise side-chain orientation of K is necessary (Lipkind and Fozzard 2008). One model 

proposes that interactions between the positively charged K3 and the negatively charged 

E2 normally block cations, and only small cations such as lithium and sodium can 

compete with K3 for the negative carboxylates on D1 and E2 (Lipkind and Fozzard 2008). 

Note that sites E2 and K3 are homologs of E2 and E3 in Cav channels, the most important 

sites for calcium selectivity (J. Yang et al. 1993; Sather and McCleskey 2003), and that 

all the important substitutions in Chapters 1 and 2 above concern charge reversing 

changes (from E --> K) at one of these two sites, putatively conferring sodium selectivity. 

Asymmetry is therefore a crucial part of Nav selectivity, and the main locus, the sites in 

domains 2 and 3, are the same in sodium and calcium channels. It is suggestive that the 

charge reversing mutation to a positive lysine leads to selectivity for the monovalent 

sodium over divalent calcium, as if the lysine were simply supplying the extra charge. If 

this is, Nav filters would truly be collapsed Cav filters, with the interaction between K3 

and E2 providing just the right steric environment for sodium to slip through. 

Several researchers are investigating how bacterial sodium channels (BacNav), 

which unlike Navs are homotetramers and therefore have quasi-symmetric pores with 

E/E/E/E at the narrowest point (Yue et al. 2002; Ren et al. 2001; Payandeh et al. 2011; 

Shaya et al. 2011), can be selective for sodium. A crucial difference from Nav channels is 

that BacNav channels hold multiple ions in the pore at once and single ions are bound 

much too tightly to account for observed conductances (Furini and Domene 2012; Corry 

2013; Finol-Urdaneta et al. 2014). This makes them more like Cav and Kv channels and 

less like Nav channels. BacNav channels also have an anomalous mole fraction 
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dependence in sodium/potassium solutions. Remarkably, the current is at a maximum 

when both ions are present (~ .8 sodium/potassium with high internal potassium) (Finol-

Urdaneta et al. 2014). This is the precise opposite of Cav and Kv channels which are 

blocked in bi-ionic conditions and at a maximum in single-ion solutions. Selectivity may 

therefore rely on the presence of other ionic species, with sodium skirting around a bound 

potassium or calcium (Corry 2013; Finol-Urdaneta et al. 2014). 

Thus there are several overlapping features of sodium selectivity in eukaryotic 

Nav channels and prokaryotic BacNav channels. Both have a roughly similar selectivity 

series (the basic Eisenman series: Li
+
 > Na

+
 > K

+
 > Rb

+ 
> Cs

+ 
(Eisenman and Horn 

1983)). In both cases, selectivity relies on the energetics of dehydrating the permeating 

ion as it binds and on steric features. In both cases, some other charged particle interacts 

with negatively charged binding sites to provide sodium with a better chance of 

permeating. But the molecular bases for these features are different in BacNav and Nav 

channels, despite the fact that the pores can be homologized. In Navs, the positively 

charged side chain of K3 probably competes for the carboxylates in the pore, and can best 

be competed away by a permeating sodium ion (Lipkind and Fozzard 2008). In BacNav 

channels, another ion species such as potassium helps create the conditions for sodium 

permeation by binding to a high-affinity site. The ground is therefore ripe for confusion, 

but also for meaningful comparison if evolutionary analyses are used as a framework for 

further study.  

A key experiment will be the characterization of the channel pores that preceded 

the extant BacNav pores. I have suggested above that these were calcium selective based 

on their similarity to known calcium selective mutants of BacNav and to CatSper. A 

recent crystal structure has been made of a calcium selective BacNav mutant, but is 

unfortunately without evolutionary guidance or interpretation (Tang et al. 2014). The 

central question to be answered is whether there are conserved principles of calcium and 

sodium selective pores over and above their molecular basis. We have seen one candidate 

already: the presence of another positively charged particle in the pore is important for 
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sodium selectivity in both Nav and BacNav channels, but the nature of the charged 

particle is different. If similar principles could be could be found of the calcium selective 

ancestors of BacNav channels, we would be well on our way to understanding the 

evolution of sodium selectivity as such, but the ongoing confusion as to the homology 

between BacNav channels and eukaryotic channels will preclude such studies as long as 

the dislocation between the homologous characters and the functionally similar characters 

is ignored. 

ON THE MULTIPLE ORIGINS OF THE NERVOUS SYSTEM 

The question of the origin of nervous systems always suffers from a lack of clarity 

on the defining characteristics of a nervous system. As mentioned in the introduction, the 

sophistication of electrical excitability within cells appears to be a continuum (Bishop 

1956), ruling out its use as a criterion for defining a nervous system. The complexity of 

inter-cell connections may also be a continuum, or at least admit of several states that 

fulfill largely similar purposes and cannot be easily ranked in their complexity. Such 

states include: 1.) An electrically coupled sheet, like that in cnidarians and tunicates; 2.) 

Non-polar and diffuse neuronal connections, as in cnidarians and ctenophores; 3.) Non-

polar and heavily branched neurons like those in invertebrate bilaterians; 4.) Vertebrate-

like polar neurons (Mackie 1990; Bullock and Horridge 1965). Another possibility is an 

excitable syncytium. Trichoplax has a contractile and presumably excitable syncytium 

between its dorsal and ventral layers that appears to serve as both muscle and nervous 

system. I have observed that Trichoplax can reorient itself when it lands on its dorsal side 

after being picked up in a transfer pipette.  

Asking whether nervous systems have one origin or several may therefore be an 

ill-posed question. Nevertheless, I would like to suggest one way in which these continua 

of complex signaling systems might be more profitably understood, and add one more 

theory to the morass of others. As mentioned in the introduction, many of the existing 

theories seek to explain, in Bullock and Horridge’s words, the “combination of 

connectedness and specialization for propagating an excited state” that defines a nervous 
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system. This definition is acknowledged to be loose. Is there a qualitative break between 

this “specialization” of nervous systems and the electrical activity of non-nervous tissue? 

I think there is. 

We saw several cases of action potentials outside the animal kingdom in the 

introduction. One of the best studied is the calcium-based action potential of 

Paramecium. This action potential serves to deliver calcium to the cilia which then 

causes them to reverse the direction of their beat. The length of the action potential 

therefore sets the time scale over which the change in behavior happens, and the calcium 

drives both the regeneration of the action potential (via voltage-gated channels) and the 

cellular signal. A direct link between the ion involved in the action potential and the 

behavioral effector is not unique to calcium-based action potentials. In the Venus fly trap, 

the action potential is thought to effect closure by affecting the osmotic pressure or pH in 

the cells of the trap wall (Simons 1981), causing them to slacken. Again, the action 

potential is the direct effector of the behavior. 

This differs qualitatively from the way that action potentials are most often 

employed in animal nervous systems. Action potentials in nerves form a code in which 

the spikes and spike trains are just the symbols, and not direct effectors of the behavior. I 

have shown in the introduction that this understanding dates back to the 17
th

 century. 

Hille, Bishop and Hagiwara all make reference to the qualitative difference between 

calcium-based action potentials and symbolic ones based on sodium (Bertil Hille 2001; 

Bishop 1956; Hagiwara 1983). Hille hypothesized that the duplication that resulted in the 

Nav and the animal Cav lineages allowed the ancestral calcium-based action potential to 

be partitioned into a calcium delivery system, carried by Cav channels, and a neural code 

of action potentials, carried by Nav channels. This corresponds to an “escape from 

adaptive conflict” model of gene duplication (Hughes 1994), where two functions cannot 

both be optimized in one gene and this conflict is then relieved by the duplication event. 

Thus Hille’s hypothesis is based on adaptation. But the fact that animal gene 

compliments seem to have undergone several reversals back towards calcium-based 
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signaling suggests instead that calcium-based signaling and sodium-based signaling are 

two alternate stable states in which animals can specialize (Chapter 4). Furthermore, the 

fact that the large gene duplication events described in Chapter 4 happened later than any 

currently contemplated starting point for nervous systems suggests that nervous systems 

did not take off in complexity for a very long period. I would therefore like to suggest a 

hypothesis of the evolution of neural codes that is based on neutral evolution. 

It seems possible that action potentials that directly trigger behaviors can evolve 

into symbols or codes via a process resembling that of behavioral ritualization. 

Ritualization describes how behaviors that initially exist for one purpose (e.g. foraging), 

begin to be used as a cue for conspecifics and then steadily evolve into signals as they 

come under a new form of selection, such as sexual selection. It is then possible for them 

to lose their original purpose and become, for instance, exaggerated or “supernormal.”  

Action potentials may similarly come to trigger other processes in the behavioral 

pathway, becoming both indirect mediators of behavior and the direct mechanistic cause. 

The action potentials would then steadily be subducted deeper into the system, becoming 

“symbols of the motion to be performed,” as the intermediate processes take over the task 

of triggering the behavior. Such a build-up of intermediate pathways constitutes 

constructive neutral evolution (Stoltzfus 1999), and these intermediates could come to 

play any number of modulatory roles, such as amplification (Jekely 2011). One such 

process is schematized in Figure C2. It differs from other views of nervous system 

evolution in that the buildup of complexity is at first a neutral process, and only later, 

after divergence, do the new components become a substrate for lineage-specific 

adaptations. 

There is an important quality that differentiates the symbolic system (after 

subduction) from the direct system. In the symbolic system, the precise makeup of the 

parts, their types and organization, may easily be one of several states and still give rise 

to the exact same output. The greater the complexity, the more likely it is that other 

organizational schema may perform the same role by simply reorganizing the sign and 
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strength of different internal symbols. Thus the particular elements of the system, say the 

action potentials themselves, are “screened off” from selection (to borrow a term from 

(Roth 1991)) by the organization of the whole system. They are free to drift to different 

states while maintaining the same output as long as such states are available via neutral 

one-step changes. This is called “systems drift” (True and Haag 2001). We are therefore 

permitted a fairly simple definition of the nervous system: it is any cellular system which 

includes interconnected excitable cells with a purely symbolic electrical code that is not 

directly exposed to a selective regime, i.e. where systems drift is possible. 

The process I have described imagines a large role for creative neutral evolution 

(Stoltzfus 1999). I think this helps explain the patterns we see along the animal tree. 

Trichoplax, for instance, has no nervous system under my definition but seems to get 

around just fine. More than fine, it can roll over to right itself, find food, move with two 

different modes (gliding and amoeboid), and divide by fission. Nematodes are about the 

same size as Trichoplax but have nervous systems and perhaps a more complicated 

behavioral repertoire. On the other hand they have lost their sodium channels and do not 

have all-or-none action potentials (Lockery and Goodman 2009). Echinoderms have a 

very similar lifestyle to Trichoplax and are probably not much more complex 

behaviorally. They are much larger and have a nervous system, but only possess Nav 

channels with D/E/E/A in the pore and probably don’t have sodium-based action 

potentials (J. L. Cobb 1989; Chapter 1). If the early evolution of the nervous system 

involved a largely neutral accumulation of complexity, as I have imagined it, and did not 

coincide with a large fitness advantage, as many authors assume (Hille 2001; Jekely 

2011; Passano 1963), then there is no reason to imagine that nervous systems have not 

evolved and been lost many times throughout animal evolution. This is especially true if 

some sort of excitable but non-nervous cell type like that of Trichoplax was present in the 

ancestor, which seems likely given the full complement of ion channels present then 

(Chapter 4). It will be particularly interesting to see whether this scenario can be used to 
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understand the evolution of the genomic and neuroendrocrine action potential (Hofmann 

2010) and therefore whether it can be understood to be a more general process. 

HOMOLOGY 

We have seen two cases of convergent evolution on two vastly different scales of 

complexity. The states “sodium selective” and “nervous system” are not monophyletic, 

and this can lead to problems in interpretation. When one says “Nav” does one mean any 

voltage-gated channel selective for sodium, or does one mean the monophyletic group in 

which animal Navs fall? As data acquisition becomes easier for more and more levels of 

biological organization, mismatches in the phylogenetic pattern of phenotypes, 

mechanisms, and genotypes are likely to be found more and more often. The continuity 

of character states over evolutionary time, the most common criterion of homology, may 

therefore be a problematic touchstone in the era of high-throughput data acquisition. 

Some researchers have already begun to extend the concept of homology to meet 

the new challenges. The three best known extensions are “deep homology” (Shubin, 

Tabin, and Carroll 2009), “phenology” (McGary et al. 2010) and “systems drift” (True 

and Haag 2001), which has already been mentioned above. These describe cases where, 

respectively, convergent phenotypes rely on the same genes, divergent phenotypes rely 

on the same genes, and where conserved phenotypes rely on different genes (Fig. C3). 

All three definitions address cases where phylogenetic continuity does not correspond 

across different levels of organization, with either the phenotype or the genotype being 

discontinuous while the other is continuous. The new definitions are helpful, but there are 

key differences between the cases they describe. For instance, deep homology and 

phenology identify mechanistic similarities between seemingly distant phenotypes. These 

shared mechanisms can be used as the basis of a powerful model systems approach 

(McGary et al. 2010). But in systems drift, the mechanisms are more incidental to the 

phenotype and the species involved are therefore not expected to be good mechanistic 

models of one another.  
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Systems drift seems to be ubiquitous in complex systems (True and Haag 2001), 

and in many cases may be indistinguishable from convergence if adequate comparative 

data is not available. As more details of complex systems are uncovered, I suspect that 

non-trivial cases of systems drift and convergence will be uncovered with them. In fact, 

most complex phenotypic characters are likely to be a mixture of components, some of 

which were co-inherited and thus also homologous, some of which are lineage-specific 

and non-homologous, and some which are structural necessities that have remained 

constant in terms of function, but which may be performed by different non-homologous 

mechanisms in different organisms either because of convergence or systems drift. It may 

therefore become inappropriate to use homology-as-monophyly as a blanket justification 

for the phenotypic comparisons employed in a model systems approach. 

In my opinion, too much effort is exerted in pursuit of solid criteria for assigning 

homology, and not enough in the explaining what we hope to learn from such assignment 

in the first place. Homology has been called the basis of comparative biology (Hall 

1994). Why do we want to identify homologous characters in comparative studies? I 

think Owen’s original definition is useful here: A homolog is “the same organ in different 

animals under every variety of form and function,” whereas an analog is “a part or organ 

in one animal which has the same function as another part or organ in a different animal” 

(Owen 1843, quoted from Hall 1993). Homology therefore has two main aspects: it 

assigns “sameness,” and it provides a contrast to analogy, where similarity is due to 

function. Homology and analogy are two ways of answering the question “why are these 

characters similar?” And, ever since homology came to be interpreted in an evolutionary 

framework, they have corresponded to the two forms of ultimate causation that Tinbergen 

adapted from Aristotle: homology identifies similarity due to phylogenetic history, and 

analogy identifies similarity due to function, or survival value (Tinbergen 1963). 

In practice, homology is mostly used to highlight phylogenetic continuity of a 

character state in contrast to convergence so that the characters can be used for some 

other end; phylogenetic estimation, perhaps, or as a model system for studying 
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mechanisms. The problem, as we have seen above, is that the phylogenetic continuity of 

a character at one level of organization does not guarantee the continuity of characters at 

different levels of the same phenotype. It is therefore incorrect to assume that 

homologous characters rely on similar mechanisms, and are therefore directly 

comparable, but convergent characters do not and are not. The problem is likely to be 

general because the common descent of all life-forms means that all or most characters 

are homologous when viewed at a sufficiently large time scale. It is therefore not very 

useful to search for a single, unified definition of sameness when multiple levels of 

organization are considered. 

On the other hand, the second aspect of homology, its use as a contrast to 

functional similarity, seems especially useful and pertinent in the modern era of complex 

systems. All character states will have aspects that are due to historical contingency 

(Gould and Lewontin 1979) and aspects that are due to functional constraint. These 

tightly constrained aspects can be phylogenetically continuous, but they can just as easily 

have come about by convergence or have experienced systems drift at lower levels of 

organization. Homology assignment can still be profitable if we use it to separate aspects 

of complex systems that are caused by historical contingency from those caused by 

functional constraint. Such aspects may exist at any level and, crucially, any given 

character state is likely to have aspects that are due to history and aspects that are due to 

function. These aspects may be genes, mechanistic principles, developmental systems, or 

selective regimes, and it is the work of comparative analysis to discern the relative 

importance of phylogenetic versus functional causation for each. Which components are 

used for downstream studies depends on the nature of those studies. If one wishes to find 

phylogenetically informative characters, characters that are chiefly defined by their 

history must be used, but if design principles are being sought, an analog may be more 

powerful. However, the comparative method must always be used to identify which 

characters are necessary and which are historically contingent. 
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It is a routine part of comparative biology to discern which components of a 

system are homologous. But what would it mean to study the survival value or function 

of non-homologous traits in a comparative framework? Can mechanisms be comparable 

if they are not homologous? Can common principles be found among phenotypes which 

have evolved convergently or whose mechanisms have drifted apart? The way in which 

an ion channel selects for a certain ion is an ideal test case for such a comparison. It 

seems appropriate to study sodium selectivity as such because common principles are 

likely at play in the different independently evolved lineages. The presence of a non-

sodium charge in the pore of sodium channels, whether the lysine side-chain in 

eukaryotic Navs or a potassium ion in BacNavs, is one such principle.  

The nervous system is a more complicated case. I showed in Chapter 4 that the 

same ion channel types radiated several times on branches where nervous systems may 

have evolved independently. This suggests some commonality in the way that these ion 

channels are employed, even though the families radiated independently. Such a pattern 

hints at some broad design principle that makes, for instance, a gene duplication of a Kv 

channel more likely to fix than a duplicate Nav. Cases of convergent evolution are 

eminently suited for the study of such design principles. In Ctenophores, however, the 

LICs, which are the largest ion channel family in vertebrates and cnidarians, are absent. 

Moroz (2014) suggested that ASCs may be playing a major role as synaptic ion channels 

in ctenophores. If ASCs are taking the place of LICs, then perhaps they can be used as 

models in some sense, but it is also possible that the nervous systems of ctenophores have 

fundamental differences that preclude such a comparison. For complex tissue types like 

nervous systems, such situations are likely to be ubiquitous and finding general 

mechanistic principles may therefore be more difficult. 

In my definition of nervous systems, it is difficult to compare mechanisms across 

taxa in principle. This is because, in my definition, nervous systems must have a code, 

and codes can always be different than they are; that is, they can experience systems drift 

at almost every level. Developmental systems, for which the term systems drift was 
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coined (True and Haag 2001), are also codes and systems drift is therefore also a part of 

them in principle. Another classic case is sex determination: many types of sex 

determination exist in vertebrates, but a differentiation of the sexes is thought to be 

homologous. I think it is useful, therefore, for comparative studies to distinguish between 

phenotypes that can experience systems drift in principle and those that cannot. All 

systems can drift somewhat, of course, but there is a difference between mechanisms 

whose function is tightly constrained by certain physical parameters and those that are 

only bounded by their signal fidelity and the energy it takes to maintain them. 

Intriguingly, a recent study showed that genes involved in morphology evolve differently 

than genes affecting physiological traits; the former being more likely to diverge in 

expression pattern and the latter evolving by changes to the coding sequence and 

gain/loss (Liao, Weng, and Zhang 2010). It would be interesting to see whether similar 

patterns can be seen when genes are categorized by how well they are “screened off” 

from selection by the system in which they are expressed.  

The two types of systems are not equally useful for the model systems approach. 

In systems with intrinsic physical constraints, for instance the atomic radius of sodium, 

the comparative method can be used to determine which parts of the system are due to 

historical contingency, and are therefore incidental, in order to expose which parts are 

necessary, and therefore predictive. The necessary components of different channels can 

be true models of each other, even if they are analogs rather than homologs. But in cases 

where systems drift is ubiquitous, it is less likely that necessary components can be 

found, and a model systems approach will have to contend with an indeterminately large 

number of configurations or architectures of the underlying mechanism. It is easy to 

imagine how such scenarios could confuse the search for models of complex diseases, for 

instance. 

Is it correct to call a phenotype a “character state” if its underlying mechanism 

can drift indeterminately? Such questions will have to be dealt with if clarity is to be 

achieved in the era of high-throughput. It is possible that as the level of detail becomes 
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greater, we will find that even simple systems like ion channel pores can be solved by an 

indeterminate number of mechanisms. Conversely, it is not unthinkable that broad 

principles may be found for structures as complex as a nervous system. But I think the 

dichotomy I’ve presented here between systems that can drift in principle and those that 

cannot is a useful one, even if it’s a simplification. Comparative studies always depend 

on simplified version of homology, but a subtle shift in the current paradigm along the 

lines I’ve indicated may be useful as the power and precision of systems biology 

increases. 
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Figure C1: Brief summary of findings.  

The tree reflects new information about the branching order of animals discussed in 

Chapter 4. Key lysine (K) substitutions occurred convergently in Nav and NALCN 

channels at several places on the tree (Chapters 1 and 2, respectively). Convergent gene 

expansions of Kv channels and three synaptic families, ASC, GIC, and LIC, occurred in 

several lineages. Some taxonomic names have been shortened thus: “Echino”: 

echinoderms; “Lopho”: lophotrocozoans; “Ecdys”: ecdysozoans. 
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Figure C2: Constructive neutral evolution of a symbolic neural code. 

One process is shown by which action potentials may change from the direct agent of 

behavioral output, like in Paramecium, to a neural code via constructive neutral 

evolution. Other paths could easily be imagined, such as the interposition of elements 

without duplication, or prior to it. 
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Figure C3: Four kinds of homology. 

The simple case is shown at top left. Genotypes encoding phenotypes are depicted as 

arrows towards symbols. All three extended definitions constitute cases where homology 

is not constant across levels of organization. 
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