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SUMMARY

Novel adaptations must originate and function within
an already established genome [1]. As a result, the
ability of a species to adapt to new environmental
challenges is predicted to be highly contingent on
the evolutionary history of its lineage [2-6]. Despite
a growing appreciation of the importance of histori-
cal contingency in the adaptive evolution of single
proteins [7-11], we know surprisingly little about its
role in shaping complex adaptations that require
evolutionary change in multiple genes. One such
adaptation, extreme resistance to tetrodotoxin
(TTX), has arisen in several species of snakes
through coevolutionary arms races with toxic
amphibian prey, which select for TTX-resistant
voltage-gated sodium channels (Na,) [12-16]. Here,
we show that the relatively recent origins of extreme
toxin resistance, which involve the skeletal muscle
channel Na,1.4, were facilitated by ancient evolu-
tionary changes in two other members of the same
gene family. A substitution conferring TTX resistance
to Na,1.7, a channel found in small peripheral neu-
rons, arose in lizards ~170 million years ago (mya)
and was present in the common ancestor of all
snhakes. A second channel found in larger myelinated
neurons, Na, 1.6, subsequently evolved resistance in
four different snake lineages beginning ~38 mya.
Extreme TTX resistance has evolved at least five
times within the past 12 million years via changes in
Na,1.4, but only within lineages that previously
evolved resistant Na,1.6 and Na,1.7. Our results
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show that adaptive protein evolution may be contin-
gent upon enabling substitutions elsewhere in the
genome, in this case, in paralogs of the same gene
family.

RESULTS AND DISCUSSION

The role of historical contingency in adaptive evolution has been
a longstanding debate in evolutionary biology [1-3]. On the one
hand, past evolutionary change can be viewed as a type of nega-
tive constraint, limiting the scope of what is achievable by natural
selection. On the other hand, historical quirks may open novel
and previously inaccessible evolutionary pathways. Because of
the pervasiveness of biological interactions, both within a protein
and among genes in the genome, single amino acid replace-
ments often change the fitness consequences of other alleles
[17-19], suggesting that many or most polygenic adaptations
are likely to have been facilitated by substitutions that arose in
the distant past. Despite these predictions, little is known about
whether adaptive evolutionary changes in natural populations
tend to be contingent on previous substitutions in other genes.

Here, we use a comparative approach to assess the role of his-
torical contingency in the evolution of tetrodotoxin (TTX) resis-
tance in snakes. TTX is a neurotoxin used as an antipredator
defense in a number of animals, including newts [20] (Caudata:
Pleurodelinae). TTX binds to voltage-gated sodium channels
(Na, proteins), preventing the influx of sodium ions and impairing
excitable tissue such as nerves and muscle [21]. Resistance to
TTX evolves by amino acid substitutions in the channel’s outer
pore (“P-loops”), which are normally highly conserved across
vertebrates [12, 14, 22]. Snakes possess nine Na, channels
with tissue-specific expression encoded by the nine genes of
the SCNA family [23-25]. Because TTX can potentially bind to
several of these channels, physiological resistance to high TTX

P

\!) CrossMark


mailto:joelmcg@vt.edu
http://dx.doi.org/10.1016/j.cub.2016.04.056
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2016.04.056&domain=pdf

levels is a complex adaptation that requires evolutionary
changes at several loci [15, 22]. Furthermore, as exemplified
by the progressive stages of TTX poisoning in humans [26], tis-
sues vary in their sensitivity to TTX. This observation suggests
that in predators that consume TTX, tissues impaired by lower
doses of TTX are likely to evolve resistance before those affected
by higher doses.

The garter snake Thamnophis sirtalis preys upon highly tetro-
dotoxic Taricha newts [27, 28]. Various populations of T. sirtalis
display physiological resistance to TTX, which can be attributed
to amino acid substitutions in at least three Na, paralogs [12, 15]:
the skeletal muscle channel, Na,1.4, and two peripheral nerve
channels, Na, 1.6 and Na,1.7. In mammals, Na,1.6 is located in
the nodes of Ranvier of myelinated axons [29], while Na, 1.7 is ex-
pressed in sensory fibers, sympathetic ganglia, and smooth
muscle [30]. Although the precise expression patterns of these
two channels are unknown in reptiles, transcriptomic data from
lizards [31, 32] and snakes [33] suggest that they are expressed
in peripheral nerves (see the Supplemental Experimental Proce-
dures). The P-loop sequence of Na,1.4 varies within and among
T. sirtalis populations, with different alleles providing different
levels of TTX resistance roughly matching the toxicity of local
newts, suggesting a relatively recent origin of resistant skeletal
muscle [12, 27, 28, 34]. In contrast, substitutions conferring
resistance to Na, 1.6 and Na, 1.7 are fixed across T. sirtalis pop-
ulations [15], suggesting that resistance in peripheral nerves has
a more ancient origin. We hypothesize that the origin of resistant
peripheral nerves provided baseline TTX resistance to the an-
cestors of garter snakes, facilitating later evolution of resistant
muscle and the consequent ability to consume highly toxic prey.

To test this hypothesis, we reconstructed the evolutionary his-
tory of TTX resistance in snakes by sequencing portions of the
genes SCN4A, SCN8A, and SCN9A (encoding the proteins
Na, 1.4, Na,1.6, and Na, 1.7, respectively) from 78 snake species.
We sequenced regions known to underlie TTX resistance in
Thamnophis [12, 13, 15]: the P-loops in domain Il and IV (DIlI
and DIV) of Na,1.4, DIV of Na,1.6, and DIl and DIV of Na,1.7
(see the Supplemental Experimental Procedures). We obtained
sequences from snake species known to consume TTX-bearing
prey, their sister taxa, and a number of other lineages represent-
ing the breadth of snake diversity, to date the origins of resis-
tance-conferring substitutions. We included sequences from
three published snake genomes, Boa constrictor [35], Python
molurus [36], and Ophiophagus hannah [37], and from one un-
published snake genome, Ramphotyphlops bituberculatus. As
outgroups, we added sequences from the genomes of two liz-
ards (Anolis carolinensis [38] and Ophisaurus gracilis [39]), a turtle
(Chrysemys picta [40]), and a bird (Gallus gallus [41]). Many
amino acid substitutions causing TTX resistance have been
characterized experimentally [14, 22], allowing us to infer resis-
tance from DNA sequences. Substitutions putatively conferring
TTX resistance were identified from predicted translations and
mapped to a time-calibrated phylogeny [42, 43] to reconstruct
the origins of TTX resistance.

Stepwise Evolution of TTX Resistance in the Na, Family

Our results show that TTX resistance of both peripheral nerve
channels (Na, 1.6 and Na,1.7) predated TTX resistance of muscle
channels (Na,1.4; Figure 1). Resistant Na,1.7 had the most

ancient origin. One substitution in DIV known to provide very
high (30-fold) TTX resistance [12, 44, 45], D1684N, was present
in the common ancestor of all snakes (Figures 1, 2, S1, and
S2; positions refer to T. sirtalis sequence [15]). This substitution
also occurs in the lizard O. gracilis, suggesting that D1684N orig-
inated in ancestral squamates at least 170 million years ago
(mya), in the Middle Jurassic [42]. A. carolinensis has a D1684A
substitution in this position instead, which provides even stron-
ger resistance (150-fold [45]; Figure S1). In Epicrates sp., we
found D1684H, which presumably also interferes with TTX bind-
ing, although this has not been directly tested (Figure S1).

Two additional DIV substitutions (A1681G and G1685Y) that
likely contribute to TTX resistance of Na,1.7 arose twice in
shakes: once in Leptotyphlops (63 mya) and independently in
the common ancestor of advanced snakes (Colubroidea, 61
mya), a group that includes garter snakes (Figures S1 and S2).
The former, which occurs at the selectivity filter of the channel,
is known to provide mild (1.5-fold) TTX resistance and is found
naturally in several channels in TTX-bearing pufferfish [22]. We
also found this substitution in the turtle C. picta (Figure S1).
The substitution G1685Y has not been tested experimentally,
but this position is thought to be associated with TTX binding,
and substitutions here are often found in naturally TTX-resistant
channels, either alone or together with substitutions at position
1684 [12, 14, 22]. This substitution should interfere with TTX
binding, as it replaces the very small side chain of glycine with
the large side chain of tyrosine. Position 1685 was quite variable
across species, and many of the detected substitutions likely
also interfere with TTX binding (Figure S1). An additional DIV sub-
stitution known to provide 2-fold resistance to TTX [12], 11677V,
arose recently in the genus Carphophis.

In DIl of Na,1.7, a potentially TTX-resistant substitution
(D1393E) was observed in all sampled taxa except for A. caroli-
nensis and C. picta (Figures 1, 2, S1, and S2). Here, the ancestral
D refers to typical mammalian sequence (data not shown). This
substitution occurs at the TTX-binding site [21], and although it
has not been tested experimentally, it is found in other TTX-resis-
tant channels [13, 14]. The lizard A. carolinensis has the mamma-
lian D (aspartate) in this position, while the turtle C. picta has the
very dissimilar proline (P). The latter has not been tested for TTX
resistance but is found in Na,1.4a of the tetrodotoxic pufferfish
Arothron nigropunctatus [22]. The adjacent position also dis-
plays two different substitutions, M1392A (R. bituberculatus)
and M1392T (B. constrictor and P. molurus). The former has
not been tested, but the latter is known to provide 15-fold resis-
tance to TTX [22]. Although further sampling across reptiles and
experimental verification of the effects of D1393E on TTX binding
are necessary for confirmation, our results suggest that the com-
mon ancestor of all reptiles may have possessed Na,1.7 with at
least mild TTX resistance.

Because Na,1.7 in T. sirtalis and other advanced snakes con-
tained a large number of substitutions that had never been
experimentally tested in combination, we verified the resistance
of this channel by expressing it in Xenopus oocytes and
recording sodium currents in the presence and absence of TTX
(see the Supplemental Experimental Procedures). Compared
to rat Na,1.7 (Kqy + 95% Cl = 1.34 x 1078 M + 3.9 x 107 ° TTX),
shake Na,1.7 displays 900-fold greater resistance to TTX (K4 +
95% Cl=1.21 x 107° M = 5.3 x 107 TTX; Figure 3), which is
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Figure 1. Extreme Resistance to TTX Evolved in a Stepwise Fashion in Snakes

A substitution in the domain Ill (DIIl) TTX-binding region of the voltage-gated sodium Na, 1.7 was present in the common ancestor of all living reptiles (purple arrow
on the timeline). A substitution providing extreme levels of resistance to the same channel arose in DIV at least 170 mya (blue arrow). Other substitutions
conferring TTX resistance in Na, 1.7 DIV arose independently in turtles (Chrysemys) and anoles (Anolis), with the DIII substitution being lost in Anolis. Following the
origin of TTX-bearing newts 44-48 mya (orange arrow), an identical 11709V substitution arose in Na, 1.6 in four different lineages (green arrows). Finally, Na, 1.4
showed five independent origins of TTX resistance in lineages with resistant Na, 1.7 and Na, 1.6 (red arrows). Branches are color-coded from fewest to most TTX-
resistant regions as shown in the key above. The phylogeny [43] is pruned to a limited number of species, and the time axis (based on [42]) is truncated at the left

for clarity. See also Figures S1 and S2.

comparable to the level of TTX resistance displayed by the most
resistant known Na,1.4 allele in T. sirtalis [12]. This combination
of Na,1.7 P-loops arose ~61 mya (Figure S2), indicating that
advanced snakes inherited extremely TTX-resistant Na,1.7
from their common ancestor.

A second nerve channel, Na, 1.6, evolved TTX resistance inde-
pendently at least four times within snakes: once in the common
ancestor of two large subfamilies (Natricinae, which includes
garter snakes, and Dipsadinae, 38 mya), once in the New World
Viperidae (16 mya), and twice within the family Elapidae
(<24 mya; Figures 1, S1, and S2) [42]. In each case, TTX resis-
tance arose by an identical substitution in DIV (11709V) (Figures
S1 and S2). Although this substitution has not been tested in
Na, 1.6, it is known to confer a 2-fold increase in TTX resistance
when expressed in Na, 1.4 [12], which has a nearly identical TTX-
binding region [15]. Each of the origins of 11709V occurred in lin-
eages that had possessed TTX-resistant Na,1.7 for over 100
million years. A second substitution likely to confer TTX resis-
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tance, G1717M, is found within the species Erythrolamprus
(= Liophis) epinephelus (<6.4 mya). This substitution has not
been experimentally tested, but it is found naturally in the chan-
nel Na,1.1Lb in A. nigropunctatus [22]. TTX resistance was lost
from domain IV on at least two occasions: in the natricine clade
containing Afronatrix, Rhabdophis, and Xenocrophis (23 mya)
and in the dipsadine Lygophis anomalus (<15 mya).
TTX-resistant skeletal muscle channels (Na,1.4) arose only in
lineages that historically expressed resistance in both Na,1.7
and Na, 1.6, suggesting that the presence of two resistant chan-
nels in peripheral nerves facilitated the evolution of resistant
muscle (Figures 1 and 2). Indeed, the origin of resistance in
Na,1.4 was significantly contingent on the presence of resis-
tance in Na,1.6 (x2; = 5.28, p = 0.02, Pagel’s Discrete [46]).
TTX resistance in Na,1.4 evolved independently in five snake
species that consume toxic amphibians via substitutions in DIIl
and/or DIV [14] (Figure S1). One species, E. epinephelus, is found
in the subfamily Dipsadinae, and four are found in the related
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subfamily Natricinae: T. sirtalis, T. atratus, T. couchii, and Am-
phiesma pryeri. In a sixth natricine, Rhabdophis tigrinus,
Na, 1.4 was previously interpreted as TTX-resistant via the sub-
stitution 11555M [14]; however, because this methionine is
present in nearly every TTX-sensitive Na, channel, this charac-
terization is most likely erroneous, and we do not consider this
species to possess resistant Na,1.4 here. All origins of TTX-
resistant Na,1.4 are independent, and none are shared with
extant sister species. Based on the dated phylogeny we present,
all origins have occurred relatively recently, with E. epinephelus
evolving resistance <6.4 mya, T. sirtalis <6.8 mya, T. atratus
and T. couchii <1.5 mya, and A. pryeri <11.7 mya. However,
most of these origins likely occurred much more recently. In
particular, in at least two species, T. sirtalis and T. atratus,
Na,1.4 is highly polymorphic within and among populations
and covaries with prey toxicity, which both indicates ongoing
coevolutionary arms races and suggests a very recent origin
[12, 27, 28, 34].

Historically Contingent Origins of Extreme TTX
Resistance

The ancient emergence of resistance in Na, 1.7 indicates that it
did not evolve as a direct response to selection from TTX-bearing
newts, which did not appear until ~44 mya [20, 47, 48], or from
other amphibians, which likely also did not possess TTX in the
Jurassic [20]. Because TTX-resistant substitutions are located
in the Na, outer pore, they typically influence other biophysical
properties [14], suggesting that the evolution of TTX-resistant
Na, 1.7 may have occurred as a side effect of selection for other
functions. For example, the D1684N substitution observed in
snakes is known to decrease channel conductance [45] and
may also affect ion selectivity [49]. In contrast, the substitution
A1681G is known to increase channel conductance [22]. In
mammals, Na,1.7 is involved in setting the threshold for action
potentials in a number of neuron types including nociceptors
and olfactory receptors [30, 50], suggesting that such changes
in channel function may have been selected for via effects on
neuron excitability. In snakes, Na, 1.7 appears to be the primary
sodium channel expressed in the snake vomeronasal organ [33]
(see the Supplemental Experimental Procedures), which impli-
cates the channel’s role in chemosensation as a potential driver
of the observed evolutionary changes.

Figure 2. History and Physiological Context
of TTX-Resistance Substitutions in Garter
Snakes

Evolutionary changes in DIl and DIV of Na,1.7
provided the common ancestor of all snakes with
TTX resistance of small sensory neurons (blue).
TTX resistance of larger myelinated axons subse-
quently evolved four times via a substitution in DIV
of Na, 1.6 (green). These changes provided certain
snake lineages with baseline resistance to low TTX
levels, facilitating predator-prey arms races and
recent evolution of resistant skeletal muscle via
substitutions in Na,1.4 (red). The substitutions
illustrated above derive from T. sirtalis in Benton
County, Oregon [15]. Although nerve channels do
not vary across the species range, Na, 1.4 is poly-
morphic and varies according to the toxicity of local
newts [12, 15, 28, 34]. See also Figures S1 and S2.

In contrast, resistant Na,1.6 may have arisen as a direct
response to selection by toxic prey. All origins of TTX-resistant
Na, 1.6 postdate the origin of modern newts (Figure 1) and either
postdate or roughly coincide with the origin of the more highly
toxic North American newts (~36 mya [20, 48]). Further, the
groups with resistant Na, 1.6 contain most of the snake species
that commonly feed on amphibians; in particular, many dipsa-
dine and natricine snakes are amphibian specialists [51]. All of
these snake groups also overlap geographically with newts, sug-
gesting that Na, 1.6 resistance may have evolved via past inter-
actions between snakes and newts.

The historical sequence of evolution of TTX-resistance across
the Na, family in snakes suggests that modern predator-prey
arms races were possible only after the sequential accumulation
of toxin resistance in more sensitive tissues (Figure 2). The local-
ization of Na,1.7 on small-diameter neurons suggests that its
function would be impaired by relatively small concentrations
of TTX [52]. Accordingly, mild cases of TTX poisoning in humans
involve solely sensory symptoms [26], likely mediated by Na,1.7.
Reduced affinity of Nay1.7 to TTX likely would have rendered
early snakes less sensitive to the numbing sensation caused
by small doses of TTX, which if present, would have resulted in
the avoidance of tetrodotoxic prey. The slightly higher concen-
trations necessary to block Na,1.6 in larger neurons [52] could
be delivered by ingesting tetrodotoxic prey. The consequent
motor impairment [26] caused by blockade of action potentials
in peripheral motor neurons would then provide a source of
selection for Na,1.6 resistance in lineages that frequently
consumed such prey. In this genetic background, the appro-
priate ecological interactions between predators and prey
should occasionally trigger escalating arms races such as those
seen in Thamnophis and Taricha, where TTX resistance of Na, 1.4
in garter snake skeletal muscle coevolves with the magnitude of
newt TTX [14, 27, 28].

Conclusions

Neurotoxins are an effective defense mechanism against many
predators because the evolution of physiological resistance
requires changes in multiple sensitive proteins. Such adapta-
tions could conceivably arise in a predator species in one
of two ways: either all of the proteins in question evolve resis-
tance effectively simultaneously, or they acquire resistance
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Figure 3. Garter Snake Na,1.7 Shows Strong Resistance to TTX
Garter snake Na, 1.7 is blocked at TTX concentrations 900-fold higher than rat
Na,1.7, a level of resistance comparable to the most resistant garter snake
Na,1.4. From left to right, the traces are rat Na, 1.7 (black, solid), garter snake
or garter snake-human chimeric Na,1.4 from three different populations
(dashed lines; Bear Lake chimera [black, non-resistant], Benton garter snake
[red, moderately resistant], Willow Creek chimera [red, strongly resistant]; data
from [12]), and garter snake Na,1.7 (blue). Each symbol corresponds to the
ratio of unblocked to total current for an oocyte expressing the indicated
channel and exposed to TTX. The TTX concentration that blocked 50% of the
channels (Kgy) for each channel type was calculated from pooled channel data
(see the Supplemental Experimental Procedures). Ky values (+95% confi-
dence limits) are shown for each channel type with a bar. The lines represent
the equation fitted to the data with the estimated Ky for each channel type.

sequentially over longer periods of evolutionary time. We have
shown that the arms races that drive exaggerated evolution of
TTX toxicity and resistance arise only after a stepwise pattern
of accumulated changes in paralogous proteins expressed in
diverse tissues. Our results emphasize both the predictable
and capricious aspects of adaptive evolution. The convergent
origins of extreme TTX resistance, which occurred multiple times
in snakes through predator-prey coevolution, were facilitated by
earlier changes in the lineage’s distant evolutionary past.
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