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Abstract

Ion channels have played a substantial role in the evolution of novel traits across all of the domains of life. A fascinating
example of a novel adaptation is the convergent evolution of electric organs in the Mormyroid and Gymnotiform electric
fishes. The regulated currents that flow through ion channels directly generate the electrical signals which have evolved
in these fish. Here, we investigated how the expression evolution of two sodium channel paralogs (Scn4aa and Scn4ab)
influenced their convergent molecular evolution following the teleost-specific whole-genome duplication. We developed
a reliable assay to accurately measure the expression stoichiometry of these genes and used this technique to analyze
relative expression of the duplicate genes in a phylogenetic context. We found that before a major shift in expression from
skeletal muscle and neofunctionalization in the muscle-derived electric organ, Scn4aa was first downregulated in the
ancestors of both electric lineages. This indicates that underlying the convergent evolution of this gene, there was a
greater propensity toward neofunctionalization due to its decreased expression relative to its paralog Scn4ab. We
investigated another derived muscle tissue, the sonic organ of Porichthys notatus, and show that, as in the electric
fishes, Scn4aa again shows a radical shift in expression away from the ancestral muscle cells into the evolutionarily novel
muscle-derived tissue. This study presents evidence that expression downregulation facilitates neofunctionalization after
gene duplication, a pattern that may often set the stage for novel trait evolution after gene duplication.
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Introduction and Background
Many complex and novel phenotypes evolve through the
duplication of genes. The long-term maintenance of gene
duplicates by natural selection is generally explained by two
processes: neofunctionalization and subfunctionalization.
Duplicate genes neofunctionalize when they gain a new func-
tion and are maintained by purifying selection for that new
function (Ohno 1970). Genes subfunctionalize when the ex-
pression patterns and pleiotropic functions of the singleton
ancestral gene are partitioned among the descendant dupli-
cate genes (Force et al. 1999). Initially, it was assumed that
gene duplicates either obtained new functions through the
accumulation of neutral mutations or rapidly degraded into
pseudogenes. This “neutral trajectory” would thus only afford
duplicated genes a brief window of opportunity to obtain
new functions (Lynch and Conery 2000; Bershtein and
Tawfik 2008). However, new data suggest that duplicate
genes often persist for long periods of time before becoming
pseudogenes or gaining novel functions (He and Zhang 2005;
Rastogi and Liberles 2005; Conant and Wolfe 2008; Sato et al.
2009). This means that many stably maintained duplicate
genes are either under selection immediately after duplication
for increased gene dosage (Papp et al. 2003; Kondrashov 2012;
Nasvall et al. 2012) or soon come under selection following
the neutral process of subfunctionalization (Force et al. 1999).
How so many duplicate genes coevolve for long spans of time

with apparently redundant function before they obtain novel
ones, and how this process facilitates the evolution of novel
adaptations in nature is a complex and interesting problem
which is unresolved. To fully investigate this problem, we
must follow the evolutionary trajectory of paralogs in large,
diversifying clades.

When novel organ systems evolve, numerous genes must
be co-opted (exapted) and optimized for the new phenotype.
The convergent evolution of electric organs derived from
muscle cells provides an elegant example of the tinkering
nature of phenotypic evolution. Between 100 and 200 Ma,
two different lineages of teleost fish independently evolved
electrical communication and navigation systems (Lavoue
et al. 2012). In the separate ancestors of the Mormyroids in
Africa and the Gymnotiforms in South America, subpopula-
tions of muscle cells transformed into noncontractile electro-
cytes where the action potential was repurposed for
generating electrical signals which they broadcast through
the water (Ferrari and Zakon 1993; Hopkins 1995); this put
the ion channels that generate sodium currents under a
novel, diversifying selective regime.

One of the genetic changes allowing the convergent evo-
lution of the electric fishes’ unique communication system
occurred over 100 My before electric fish existed, when the
ancestor of all teleost fish underwent a whole-genome dupli-
cation (WGD). In that duplication event, the voltage-gated
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sodium channel of vertebrate skeletal muscle, Scn4a, dupli-
cated to Scn4aa and Scn4ab (Novak et al. 2006). When myo-
genic electric organs evolved over 100 My later in Mormyroids
and Gymnotiforms, the same paralog, Scn4aa, lost expression
in skeletal muscle and was compartmentalized into the elec-
tric organ (Zakon et al. 2006) where its protein sequence
diversified in a pattern mirroring the diversity of electric sig-
nals found in the numerous species of the two electric clades
(Arnegard et al. 2010). This substantial convergent change in
expression and function of the Scn4aa paralog occurred de-
spite the fact that it and its paralog have been broadly con-
served in the skeletal muscle of all nonelectric teleost fishes
for ~300 My. This observation elicits two interesting ques-
tions. Can more than chance explain the convergent neofunc-
tionalization of Scn4aa? And, what selective force is
maintaining both paralogs in nonelectric fish when one
sodium channel is sufficient in both electric lineages’
muscle? This system allows us to apply years of gene dupli-
cation theory and research to the simultaneous investigation
of the role gene duplication plays in the evolution of novelty
as well as the role convergent molecular evolution plays in
convergent phenotypic evolution.

Following the teleost WGD, Scn4aa and Scn4ab likely orig-
inated with identical expression levels in the same cells. We
hypothesize that the relative expression of the two genes
gradually diverged under continual selection until Scn4aa ex-
pression in the ancestors of both electric lineages was sub-
stantially downregulated relative to Scn4ab. Thus, in the
electric fish ancestors, Scn4ab contributed more to the abun-
dance of sodium channels than Scn4aa in muscle, and muta-
tions that co-opted Scn4aa expression for the new cell type
would have been relatively less deleterious to muscle function.
Under this hypothesis, there was a change in expression in
teleosts after genome duplication that facilitated neofunctio-
nalization in electric fish.

Here, we investigate the role gene expression evolution
played in the convergent molecular evolution of Scn4aa in
Mormyroid and Gymnotiform electric fish. Real-time quanti-
tative PCR (qPCR) is a well-developed assay for measuring
gene expression; however, to our knowledge, qPCR has not
yet been used to study the evolution of expression stoichi-
ometry. We developed and validated a simple qPCR assay
that accurately measures the relative expression of multiple
genes to each other, and analyzed the relative expression of
both paralogs in widely divergent taxa in a phylogenetic con-
text. Our analysis supports the hypothesis that Scn4aa was
downregulated relative to its paralog in the ancestors of both
electric lineages before its expression was lost in skeletal
muscle and it neofunctionalized in electric organs. We also
found that Scn4aa shows a similar pattern of expression in
the sound-producing teleost the Midshipman (Porichthys
notatus), being downregulated in the skeletal muscle and
up-regulated in the novel myogenic sonic organ. Despite
the apparent propensity for neofunctionalization, analysis of
branch-specific dN/dS (nonsynonymous mutations per
nonsynonymous site over synonymous mutations per sys-
nonymous site) indicates that Scn4aa and Scn4ab had similar
levels of purifying selection throughout their shared

evolutionary history even when Scn4aa had significantly
lower expression than Scn4ab. This supports the conclusion
that Scn4aa evolved a new function under continual purifying
selective pressure leading up to both electric lineages.

Results

Validation of qPCR to Measure the Expression
Stoichiometry of Scn4aa and Scn4ab

To our knowledge, the accuracy of qPCR in comparing the
expression of two genes has not been empirically determined.
If hydrolysis probes such as TaqMan are used to avoid ampli-
con length effects and the primers and probes have a high
enough concentration to efficiently bind all amplicon copies,
then theoretically a simple model can be used for relative
gene expression estimates. We assessed the accuracy of
using an equation based on a simple model of PCR kinetics:
Expression ratio Scn4aa/Scn4ab = 2CqB�CqA (“2�Cq” method)
for estimating the expression stoichiometry, where �Cq is
the difference in number of cycles (Cq) each gene (A and B)
takes to pass a fluorescence threshold. This method was
tested in two ways (see supplementary information,
Supplementary Material online). First, samples with known
relative abundances for the two paralogs (1:1) were created by
ligating fragments of both paralogs into the same plasmid.
Four different plasmid samples were created from
Gasterosteus aculeatus (two plasmid samples for two
primer-probe sets), Osteoglossum bicirrhosum, and Ictalurus
punctatus. qPCR analysis demonstrated that the assumptions
of the 2�Cq method introduce less than a 1.5-fold bias
(�Cq< 0.5 cycles, where �Cq = 0 was the expectation) in
the Scn4aa/Scn4ab expression ratio, since both paralogs
passed the threshold within half a cycle of each other
(fig. 1). Relative abundance estimates were measured and
averaged over multiple concentrations of plasmids covering
a dilution range of 100-fold to 50,000-fold (supplementary fig.
S1, Supplementary Material online). For the final analysis,
the relative expression measured from Ga. aculeatus, O. bicir-
rhosum, and I. punctatus was corrected for bias by subtracting
from �Cq the value of the bias, that is, Scn4aa/
Scn4ab = 2(Cb�Ca + bias), where bias = Ca�Cb as measured
from the plasmid experiment.

Another validation technique used two primer-probe sets
targeting the same paralog and comparing the relative esti-
mated expression of those two to each other, with the ex-
pectation of equal expression since they target the same
gene. This study yielded similar results to the plasmid sam-
ples with bias being slightly higher, probably due to the
added bias of variable reverse transcription (RT) efficiency
in addition to the PCR bias (supplementary fig. S2,
Supplementary Material online). Together, these results sug-
gest that 2�Cq accurately detects relatively small (e.g., 1.5-
fold) differences in expression between genes.

We also investigated expression variability among multiple
locations along the trunk musculature in four fish species to
determine the extent we can generalize the results of this
study beyond the muscle sections we sample for our com-
parative analysis. In three of the species, Ga. aculeatus,
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Xenomystus nigri, and I. punctatus, relative expression was
highly similar in two different locations (supplementary fig.
S3, Supplementary Material online). In O. bicirrhosum, there
was greater variability between individuals in the mid-trunk
section, this variation was accounted for in our Bayesian anal-
ysis and appears to be anomalous. Relative expression mea-
sured from RNA purified from zebrafish whole embryos also
shows very similar relative expression to that which we mea-
sured from muscle samples in zebrafish adults (see supple-
mentary information, Supplementary Material online). In
summary, these results indicate expression measured at the
mid-trunk is likely an adequate representation of expression
for the entire musculature.

Comparative Expression and Ancestral State
Reconstruction Results

We used qPCR to compare the expression of the two paralogs
in several nonelectric and electric teleost fish. The two electric
fishes, Eigenmannia virescens and Gnathanemus petersii,
showed almost no detectable expression of Scn4aa in skeletal
muscle, confirming previous qualitative findings (Arnegard
et al. 2010). Among eight nonelectric fish, the distribution
of relative expression (Scn4aa:Scn4ab) shows Scn4aa having
lower expression than Scn4ab in all but one species, varying
between a>6-fold lower expression to a slight 0.2-fold higher
expression. The closest relatives to the electric fishes tended
to have the lowest expression of Scn4aa (fig. 2).

Model Selection and Maximum-Likelihood Estimation
of Ancestral States

To investigate the possibility that a downregulation of Scn4aa
expression preceded the parallel loss of expression in muscle

and neofunctionalization in electric organ, we performed an-
cestral state reconstruction on the expression ratios of the
two genes. Neutral genetic drift and randomly fluctuating
natural selection can be described by Brownian motion
(Hansen and Martins 1996; O’Meara et al. 2006; Losos
2011). Evolution under stabilizing selection for an optimal
value can be modeled as an Ornstein–Uhlenbeck (OU) pro-
cess (Hansen 1997). Stabilizing selection for long periods of
time with punctuated shifts in selected optima can also be
modeled as an OU process (Butler and King 2004). To select
the best evolutionary model for estimating ancestral expres-
sion pattern, expression data were fit to the tips of a highly
comprehensive and recently published time-calibrated phy-
logeny (Betancur-R et al. 2013), and a Brownian motion
model of neutral evolution was compared with several OU
models of evolution under purifying selection. The OU
models ranged in complexity from a single optimal
Scn4aa:Scn4ab expression for the whole tree to three differ-
ent optima mapped onto different subclades of the tree ac-
cording to the largest shifts in relative expression pattern
(supplementary table S1, Supplementary Material online).
An OU model with two optima, one shared by the conver-
gent electric fishes (little to no detectable expression of
Scn4aa) and the other optima for nonelectric fish, had the
lowest AICc value, though it was only marginally better
(2<�AICc< 4) than a more complex model with a third
separate optimum for the clade containing Ga. aculeatus and
Tetraodon biocellatus, which both show the highest expres-
sion ratio between the paralogs. When the electric fish line-
ages were removed from the tree, a Brownian motion model
(no selection/randomly fluctuating selection) showed a
much better fit than all OU models tested (�AICc> 4) for
the remaining nonelectric fish (supplementary table S2,

FIG. 1. Box and whisker plots of relative expression of Scn4aa and
Scn4ab estimates from RT qPCR reactions on plasmid samples contain-
ing 1:1 relative abundance. Dashed line denotes the expected log2 ratio
and the boundaries (�1 to 1) denote a full cycle’s difference (2�). In all
four plasmid samples, the two paralogs crossed the threshold within half
a cycle of each other. The bold line represents the median value, the box
spans the two interquartiles, and the whiskers represent the minimum
and maximum values of the data, excepting outliers, which are repre-
sented as dots. Pie charts represent the proportion of total sodium
channel expression contributed by each gene.

FIG. 2. Log2 relative expression of each nonelectric species. Dotted line
represents equal expression of the paralogs (1:1). The three closest rel-
atives of the electric lineages are shaded in gray. Species tend to have a
lower expression of Scn4aa relative to Scn4ab, especially among the
closest relatives of electric fish. Species and sample sizes included
were: Porichthys notatus (N = 5), Gasterosteus aculeatus (N = 3),
Tetraodon biocellatus (N = 4), Danio rerio (N = 4), Ictalurus punctatus
(N = 6), Xenomystus nigri (N = 4), Pantodon buchholzi (N = 4), and
Osteoglossum bicirrhosum (N = 3). Dot represents an outlier that was
included in the analysis since its inclusion would make statistical tests
more conservative.
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Supplementary Material online). This pattern indicates the
relative expression was evolving under a neutral evolutionary
process until a shift toward selection for a significant decrease
in Scn4aa expression occurred along the branches leading to
the Mormyroids and Gymnotiforms.

The initial relative expression immediately after duplica-
tion was likely a 1:1 expression ratio, since these genes dupli-
cated during a WGD and therefore their regulatory sequence
was likely identical. This information should make ancestral
state estimation much more accurate than in cases where
the state at the root of the tree is much more ambiguous.
The WGD could have occurred anywhere along the teleost
root branch, which spans 39 My (Betancur-R et al. 2013).
Model testing and ancestral states were estimated using
three different time points along that branch for the WGD
event. The earliest possible duplication event timing was set
to the time of divergence of teleosts and their closest rela-
tives, the holostei (322 Ma). The most recent possible dupli-
cation scenario was placed at the most basal bifurcation in
the teleost tree which produced the elopomorpha clade
(283 Ma) (Betancur-R et al. 2013). The third, intermediate,
scenario placed the WGD at the midpoint of the tree root
(302 Ma). The results of the three ancestral state reconstruc-
tion scenarios (early, intermediate, and late duplication
times) predict very similar ancestral expressions (supplemen-
tary table S1, Supplementary Material online).

The OU model that fit the full data and tree best showed
all the nonelectric fish under selection for a ratio of 0.39.
Under the model with a separate optimum for the puffer-
fish/stickleback clade, the rest of the nonelectric fish were
predicted to be evolving around an optimal value of 0.305
and the pufferfish/stickleback clade evolving under the opti-
mum of 1.34. Both models support the hypothesis that the
two electric fish lineages evolved from an ancestor that had
Scn4aa downregulated relative to Scn4ab after the teleost
WGD.

Ancestral state reconstruction using a Brownian motion
model was performed on a tree with the electric fish data
removed. Reconstruction under different timings of the WGD
(283, 302, and 322 Ma) consistently predicted that the ances-
tor of both electric fish lineages had Scn4aa greatly downreg-
ulated relative to Scn4ab in skeletal muscle with the most
recent nonelectric Mormyrid ancestor having a 2- to 2.3-fold
reduction of Scn4aa expression relative to Scn4ab and the
Gymnotiform ancestor having a 2.7- to 3.1-fold reduction
(fig. 3; WGD at 302 My). A ratio of 1:1 fell outside the 95%
confidence interval (Schluter et al. 1997) for the most recent
estimated ancestor’s relative expression of Scn4aa to Scn4ab
for the two electric clades under all three WGD timings. In
every evolutionary scenario analyzed, Scn4aa is predicted to
have been downregulated in the ancestor of both electric
lineages before its expression was lost in muscle and neofunc-
tionalized in the electric organ.

Bayesian Estimation of Ancestral States

To relax several of the assumptions behind our maximum-
likelihood estimation, we developed a hierarchical Bayesian

framework to infer ancestral states (see Materials and
Methods). It is possible that the teleost ancestor was an allo-
tetraploid and thus potentially had unequal expression be-
tween paralogs (depending upon how genetically divergent
the two parental species were; Rapp et al. 2009). However,
even in the case of allopolyploidy, we would not expect the
expression between paralogs to differ substantially, as the
longer two hybridizing species have diverged, the more
Dobzhansky–Muller incompatibilities are expected to
accrue. This accumulation of mutations is expected to be
more rapid in more complex genomes and developmental
programs, putting a narrow limit on how genetically diverged
hybridizing species can be. The conserved synteny of these
paralogs among teleosts likely precludes the possibility of any
large-scale structural regulatory changes happening very soon
after duplication (Novak et al. 2006; Widmark et al. 2011). In
light of this, we argue that equal expression is the most likely
state after genome duplication, but we weaken our certainty
about this by modeling the value at the root as a highly
dispersed random normal variable. Our maximum-likelihood
estimates are also built on the assumption that our measured
mean log expression ratios for each species are the true means
for those species. Although we demonstrated that our assay
introduced little bias, there were still different amounts of
variation between individuals within the different species
and we did not get an individual measure of PCR bias effects
for every species in the study, so a more explicit treatment of
the uncertainty of our measurements would provide more
confidence in interpreting the results of our analysis.
Therefore, we treated the measured mean log expression
ratio for each species as a probability function of the sampling
distribution and the signal introduced by the qPCR assay (see
Materials and Methods).

If we are certain that the ancestral state at the WGD is 1:1
like in the maximum-likelihood analysis then the probability
that Scn4aa had lower expression than Scn4ab for both elec-
tric fish ancestors is 0.98 and 0.99 for the most recent nonelec-
tric ancestor of the Mormyroids and the Gymnotiforms,
respectively. The probability Scn4aa< Scn4ab is 0.91 for
their common ancestor (fig. 4A). Next, instead of treating
the state after duplication at the root of the tree as known
(1:1), we modeled it as a random normal variable with mean
log2(1). We made a conservative assumption that the expres-
sion difference upon duplication likely did not exceed twice
the largest expression difference observed in our data set,
which is a log2(ratio) of �2.85 observed in zebrafish. We
therefore set the variance of the root at 10, reflecting our
assumption that the probability that the relative expression
ratio at the root was greater than zebrafish
(P[Ancestor> j �2.85 j ]) is ~0.33 and greater than twice
that of zebrafish is 0.22. We view this as a highly conservative
assumption since a 1:1 ratio biases values near the root away
from the phylogenetic mean of the data set, which is less than
1:1. With these models, and the assumptions of the evolu-
tionary model selected, the marginal posterior probability
that expression of Scn4aa was less than Scn4ab (4aa< 4ab)
in the most recent nonelectric ancestor of the Mormyroids is
0.91, that of the most recent nonelectric ancestor of the
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Gymnotiforms is also 0.91, whereas that of the common an-
cestor of both was 0.60 (fig. 4B). Thus, the stronger the prior
belief that these genes had equal expression after the genome
duplication, the more probable that Scn4aa had lower

expression than Scn4ab in the common ancestor of the
two electric lineages. Not surprisingly, the means of the pos-
terior distributions are robust to uncertainty about the state
at the WGD. The mean of the posterior distribution for the

FIG. 3. Maximum likelihood ancestral reconstruction of relative expression of Scn4aa and Scn4ab. Earliest point at the root of the tree corresponds to
302 Ma. The scale bar signifies 100 My. The tree topology and branch lengths were derived from Betancur-R et al. (2013). Danio rerio and Pantodon
buchholzi images by Pogrebnoj-Alexandroff and Robert Back, respectively.

A

B

FIG. 4. Bayesian inference of ancestral states. Vertical lines at zero in each of the three distributions indicate equal expression between the paralogs.
Frequency shows the relative proportion of samples (20,000) falling within a bin of 0.2. The distribution represents the marginal posterior distribution of
each ancestral state given the measured expression in each species. (A) Panel of posterior distributions for the three ancestral states assuming �root = 0.
(B) Panel of posterior distributions for the three ancestral states assuming a conservative prior of P(�root) = N(0,10) for the state after the genome
duplication.
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ancestral expression ratio Scn4ab:Scn4aa is 2.8:1, 3.1:1, and
1.4:1 for Mormyroids, Gymnotiforms, and their common an-
cestor, respectively.

We interpret these overall results to mean that if the rel-
ative expression is evolving by a largely neutral evolutionary
process and if the tree we used to do the analysis accurately
models the relationships of the species in our data set, then
even with some highly conservative assumptions (see
Materials and Methods) the probability Scn4aa was downreg-
ulated before neofunctionalizing in a novel tissue is high for
both lineages of electric fish. We outline a possible mecha-
nism for this slow neutral rate of expression divergence in the
discussion.

Porichthys notatus and Sonic Muscle

Like the convergent evolution of myogenic electric organs,
sonic muscles have evolved multiple times in teleost fishes
(Bass and Zakon 2005; Boyle et al. 2013). In the Midshipman,
Por. notatus, where vocalizations are used by males to attract
females, highly derived sonic muscle fibers vibrate the swim
bladder at frequencies in the hundreds of hertz. These are
frequencies in excess of 10 times what is possible in the fastest
known skeletal muscle fibers used for locomotion (Rome et al.
1996). The muscle fibers comprising the sonic muscle have
highly derived structural and molecular features (Bass and
Marchaterre 1989; Rome et al. 1996; Lewis et al. 2003). It is
possible that the sodium channel expression pattern in the
sonic muscle also evolved to optimize the high frequency
contraction rate of these cells. If Scn4aa was expressed at
lower levels in the ancestor of midshipmen then perhaps it
was more evolvable in the derived sonic muscle fibers.

Along with measuring the relative expression of the dupli-
cate sodium channel genes in trunk muscle, we measured
their expression in the sonic muscle of these fish. In contrast
to the skeletal muscle in these species, where Scn4aa has over
a 5-fold reduction in expression relative to Scn4ab, the sonic
muscle on average shows 80% higher expression of Scn4aa
than Scn4ab (fig. 5). Although not as extreme as the electric
fish, this is another example of a fish with a derived muscle
cell type up-regulating Scn4aa relative to Scn4ab; in no other
species measured for this study does Scn4aa have a signifi-
cantly higher expression than Scn4ab (fig. 2). This presents the
exciting possibility that Scn4aa shows a recurrent tendency to
gain new functions when novel muscle-derived organs evolve
in teleost fish. Under the assumption that the relative expres-
sion of the two paralogs experienced positive selection for a
radical shift in expression in Por. notatus, maximum-likelihood
ancestral state reconstruction was performed without Por.
notatus. The results were highly similar and were still statisti-
cally significant as before.

Patterns of Selection

Genes with low expression may be less essential to fitness and
evolve at faster rates than highly expressed genes (Krylov et al.
2003; Drummond et al. 2005). To explore the possibility that
Scn4aa was under weaker selection than Scn4ab prior to
neofunctionalization, we compared the dN/dS of each

branch in the Scn4aa clade with the same branch in the
Scn4ab clade (fig. 6). Both genes had identical evolutionary
histories since they coexisted in the same genomes; this
means the Scn4aa clade is identical in topology to the
Scn4ab clade. We estimated the mean dN/dS ( �!) ratio for
each branch using a random effects likelihood branch sites
model (Kosakovsky Pond et al. 2011; see Materials and
Methods for tree construction) (supplementary fig. S4,
Supplementary Material online). There was no significant dif-
ference in �! between the two paralogs (P = 0.24 Wilcoxon-
signed rank test) and no significant relationship between
relative expression and relative �! between the two paralogs

FIG. 6. Comparison of dN/dS (!) between the two paralogs. Up to three
different! rates were fit to each branch of a phylogeny containing both
paralogs: Purifying selection (!�), nearly neutral selection (!N), and
positive selection (!+ ). Box and whisker plots compare the distribution
of each of the rate classes between the two paralogs Scn4aa and Scn4ab.
Because some estimates in the purifying selection class were zero, a
constant of 0.0001 was added to each value. This had no effect on
the results of statistical tests but prevented box plots from stretching
to negative infinity in the purifying selection rate class. The bold line
represents the median value, the box spans the two interquartiles, and
the whiskers represent the minimum and maximum values of the data,
excepting outliers, which are represented as dots.

FIG. 5. Expression divergence between derived muscle tissue and trunk
muscle in the midshipman Porichthys notatus. Sonic muscle, which is
attached to the swim bladder, shows greater than a 9-fold increase in
expression relative to Scn4ab compared with trunk muscle (N = 5).
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(P = 0.45). Scn4aa appears to have been under similar levels of
selective pressure as Scn4ab in the most recent nonelectric
ancestors of the electric fishes.

Discussion
How a gene’s expression evolves after duplication has an
impact on how the function of that gene evolves. A change
in magnitude, timing, and spatial pattern of expression can
change the cellular context of the gene and thus the fitness
consequences of mutations in that gene. Therefore, determin-
ing the evolutionary changes in gene expression can greatly
illuminate the selective causes behind evolutionary changes in
protein sequence and function.

Validating qPCR to Measure the Relative Expression
of Duplicate Genes

We measured the accuracy of qPCR using hydrolysis probes
to quantify the relative expression of two paralogous genes.
We have shown that a simple model of PCR kinetics intro-
duces little bias and the bias appears not to come from the
assumption of equal and 100% efficiency (supplementary fig.
S1, Supplementary Material online). Having ascertained that
qPCR can be accurate in detecting a 1.5-fold difference in
expression between genes, we studied the comparative rela-
tive expression of a duplicate pair of sodium channel genes to
gain insight into the possible role expression evolution played
in their parallel neofunctionalization at the base of the
Gymnotiform and Mormyroid clades. This study demon-
strates that qPCR using hydrolysis probes can be used to
investigate the expression stoichiometry of genes.

Parallel Loss of Scn4aa Expression from Muscle in
Electric Fish

The evolutionary potential of a gene is determined by its
current function and expression. The unique accumulation
of mutations experienced by paralogs following gene dupli-
cation can alter their evolutionary potential relative to one
another, such that one paralog of a pair might be more easily
co-opted for a given novel phenotype than its counterpart.
The fact that the closest relatives of the two electric lineages
show the lowest expression of Scn4aa whereas more distant
relatives show higher expression supports a convergent
downregulation before convergent neofunctionalization.
However, given the widespread pattern of lower expression
of Scn4aa (fig. 1), downregulation could have happened soon
after duplication, indicating that both electric lineages may
have inherited this pattern from a common ancestor. In
either case, the convergent neofunctionalization of Scn4aa
appears to have been facilitated by a downregulation in rel-
ative expression.

Interestingly, electric fish have no apparent muscle defi-
ciency despite being the only teleost fish expressing just one
of the paralogs in their muscle (Arnegard et al. 2010). Large-
and small-scale studies on protein interaction networks and
knockout phenotypes indicate that duplicate genes often
have a high degree of functional redundancy for a much
longer period of time than theoretical studies first predicted

(Lynch and Conery 2000; Solomon and Fritz 2002; Gu et al.
2003; Tvrdik and Cappecchi 2006). In fact, duplicate genes
often maintain considerable functional overlap for tens of
millions of years (Vavouri et al. 2008), even in rapidly repro-
ducing lineages (yeast: Gu et al. 2003; Dean et al. 2008; DeLuna
et al. 2008). In Caenorhabditis elegans, numerous paralogous
pairs have been shown to be highly redundant in function
through RNAi knockout experiments, even among paralogs
that duplicated over 80 Ma (Tischler et al. 2006). In verte-
brates, there are numerous examples of single knockouts of
one duplicate gene with little phenotypic consequence,
whereas a double knockout of both paralogs proves highly
deleterious (Solomon and Fritz 2002; Kafri et al. 2008, 2009).

Another line of evidence suggesting high functional over-
lap between ancient duplicates comes from the nonfunctio-
nalization of paralogs long after duplication. Paralogs
produced by the teleost WGD were often maintained over
100 My before becoming pseudogenes (Sato et al. 2009). This
is much longer than expected for genes evolving under neu-
tral selection (Lynch and Conery 2000). If duplicate genes can
become lost from the genome tens to hundreds of millions of
years after duplication, then genes can also neofunctionalize
tens to hundreds of millions of years after duplication. There
may be myriad selective mechanisms maintaining the appar-
ent redundancy of genes and the type of gene would likely be
an important factor in post-duplication evolutionary dynam-
ics (He and Zhang 2005; Kafri et al. 2006; Makino and
McLysagt 2010). The fact that all teleost fish observed to
date express both sodium channel paralogs in muscle while
electric fish exhibit no apparent phenotypic consequence by
only expressing one implies a large degree of functional sim-
ilarity between the duplicates in skeletal muscle.

Genome Duplication and the Dosage Balance
Hypothesis

These observations of functionally redundant yet essential
gene duplicates may be explained by the interaction of
gene expression evolution and protein sequence evolution
(Nuzhdin et al. 2004; Anderson and Evans 2009). A change
in relative gene dosage (copy number) can have a profound
effect on the evolutionary dynamics of genes after duplica-
tion. Therefore, it is expected that the type and scale of du-
plication (e.g., tandem vs. whole genome) will greatly impact
the subsequent evolutionary potential of the duplicate genes
involved (Papp et al. 2003; Gu et al. 2005; Aury et al. 2006;
Henrichsen et al. 2009; Qian et al. 2010; Kondrashov 2012)
and thus determine the time scale of functional divergence.

Many pathologies, such as Down syndrome, arise from an
increase in gene dosage which increases transcript abundance
(Kahlem et al. 2004; Arron et al. 2006; Stranger et al. 2007).
The relative expression of genes typically has a large impact
on the stoichiometric ratios of interacting proteins and, thus,
on gene duplicability (Papp et al. 2003; Makino and
McLysaght 2010; Schwanhauser et al. 2011). Generally, if a
gene is dosage-balanced (in stoichiometric balance with
other genes), then it cannot duplicate through small-scale
duplications. The dosage balance hypothesis states that
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dosage-balanced genes can only duplicate during WGDs,
where relative expression is not altered (Papp et al. 2003;
Kondrashov and Koonin 2004; Aury et al. 2006). This hypoth-
esis predicts that following WGD, both paralogs will be main-
tained by purifying selection to preserve correct
stoichiometry among interacting proteins produced by the
sum of the two paralogs’ expression (Aury et al. 2006; Blomme
et al. 2006; Chain and Evens 2006; Sato et al. 2009; Birchler and
Veitia 2012). Instead of paralogs going through a neutral
phase before neofunctionalization, they diverge under con-
tinuous selection throughout their evolutionary history.
Selection on expression could facilitate the maintenance of
the important structural properties that all proteins share
such as solubility and fold stability (Bloom et al. 2006) for
long enough periods of time to facilitate neofunctionalization
within those constraints. This suggests that WGD, or poly-
ploidization, is a source of selectively maintained new genetic
material that can contribute to phenotypic evolution long
after WGD (Freeling and Thomas 2006).

The numerous polyploidizations in several vertebrate lin-
eages of varying ages provide insight into the time scale of
divergence of WGD genes (“ohnologs”; sensu Wolfe 2000).
The African clawed frogs (Xenopus and Silurana) have expe-
rienced multiple recent polyploidizations. Xenopus laevis,
which is descended from a tetraploid frog ~40 Ma, exhibits
strong purifying selection in branches immediately following
duplication as well as little asymmetry in sequence evolution
between ohnologs, supporting the dosage balance prediction
that ohnologs should be maintained by purifying selection to
maintain an optimal level of protein abundance (Chain
and Evans 2006; Chain et al. 2008). Although different
Xenopus species descend from ancestors of varying levels
of polyploidization they show little apparent phenotypic
diversity (Hughes and Friedman 2010), though subtle molec-
ular changes in expression have been documented (Chain
and Evans 2006). Thus, there seems to be little evolutionary
divergence of ohnologs in Xenopus tens of millions of years
later.

Conversely, ohnologs from the more ancient teleost WGDs
show much more widespread asymmetric sequence diver-
gence from the inferred ancestral state (Brunet et al. 2006).
Around half of all duplicates generated by the teleost WGD
have been retained in at least one extant lineage (Jaillon et al.
2004; Sato et al. 2009) with many showing lineage-specific loss
from the genome (Sato et al. 2009). A comprehensive study of
teleost ohnologs found that a majority of the genes under-
went subfunctionalization in expression, with a smaller subset
of genes neofunctionalizing (Kassahn et al. 2009). These pat-
terns of gene duplicate evolution observed in the more recent
Xenopus and the ancient teleost polyploidizations support
the interpretation that dosage balance is not a permanently
stable state maintaining functional redundancy, but a force
that considerably slows divergence of dosage-balanced ohno-
logs. Therefore, these gradual changes in expression of ohno-
logs could account for both the long time course of
divergence after WGD and also the long-term maintenance
of the two Scn4aa sodium channels in teleost muscle.

A number of characteristics specific to ion channels, and
particularly the muscle-specific sodium channels, suggest that
these channels are dosage-balanced and were/are being main-
tained by selection for stoichiometric balance with other ion
channels. Teleost fish have eight voltage-gated sodium chan-
nels in their genomes, all of which were produced by a series
of WGDs from a single gene: two at the base of vertebrates
and one at the base of teleosts (Lopreato et al. 2001; Novak
et al. 2006; Zakon 2012). Scn4a has not duplicated in any
vertebrates except teleosts (Zakon 2012). This pattern sug-
gests that Scn4a is dosage sensitive and therefore produces a
deleterious phenotype when its expression changes relative to
interacting genes such as the beta subunits as well as other
ion channels, such as potassium channels.

Electrophysiological studies also indicate that excitable
cells are highly sensitive to changes in expression of ion
channels (Waxman 2001). Theoretical and empirical studies
demonstrate that intrinsic electrical properties of neurons are
fine-tuned through the control of ion channel expression
(Marder and Goaillard 2006). Often, if one ion channel’s ex-
pression is perturbed, other sets of channels are up- or
downregulated to maintain the correct electrical properties
of the cell (Marder and Goaillard 2006; Schulz et al. 2006;
O’leary et al. 2013). This illustrates the importance of expres-
sion levels in ion channels and also a widespread overlap in
function between ion channels. These patterns support our
hypothesis that Scn4a was dosage sensitive before the teleost
WGD and therefore Scn4aa and Scn4ab were under purifying
selection for dosage balance following duplication.

Neofunctionalization of Dosage-Balanced Genes

Gene dosage is a compelling reason for the maintenance of
redundant genes following WGD, but elicits the question of
why certain ohnologs are able to deviate greatly from their
original expression levels or why selection shifted from dosage
maintenance to a form promoting a novel function.
Expression is often an evolutionarily labile trait for genes
(Rifkin et al. 2003; Chain and Evans 2006; Brawand et al.
2011). It is therefore possible for a necessary range of absolute
protein abundance to be maintained even if the relative ex-
pression of dosage-balanced duplicate genes changes through
time, through either transcriptional or translational compen-
sation by paralogs (fig. 7). This pattern of “expression drift”
may be common, where the rate of drift is a function of the
strength of selection on correct stoichiometry. A dosage-bal-
anced state could then be a stable, though transitory, state
until more pronounced changes like neofunctionalization
eventually occur (Hughes et al. 2007). Ancient genome dupli-
cations can therefore seed evolutionary change long after the
duplication event occurred.

Scn4aa and Scn4ab likely originated with identical expres-
sion patterns and identical levels of purifying selection. The
force of selection on dosage balance may have reduced the
rate of expression divergence. Our results support this possi-
bility; although relative expression has diversified to an extent
in teleosts, Scn4aa exhibits a general tendency of reduced
expression relative to Scn4ab, and there is a pronounced
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phylogenetic signal in the pattern of expression on the tree
(fig. 3). We argue that Scn4aa has two unique features that
explain its continued maintenance in nonelectric teleost
muscle: 1) stoichiometric relationships with other ion chan-
nels in the muscle membrane likely have maintained both
paralogs and under that selective regime each paralog’s ex-
pression diverged through a series of nearly neutral expression
changes where some changes were slightly deleterious and
other compensatory changes were slightly advantageous. This
occurred until Scn4aa was at low but significant levels in the
ancestors of electric fish, and 2) by virtue of its reduced rel-
ative expression, it was the more evolvable of the two paralogs
for novel muscle-derived organ function. In summary, we
propose that both ohnologs were maintained by selection
for their combined expression, while their relative expression
evolved by nearly neutral dynamics (Ohta 1992) until one of
the ohnologs, Scn4aa, became relatively freed from selective
constraints in muscle and neofunctionalized. The fact that
Brownian motion best models the evolution of relative ex-
pression between the paralogs in nonelectric fish (supple-
mentary table S2, Supplementary Material online) supports
this hypothesis. It could either be that Scn4aa drifted to lower
expression or originally had lower expression in the event that
the WGD is due to an ancient allotetraploidy.

The relative downregulation of Scn4aa measured by qPCR
could be due to either a global downregulation of expression
in all muscle cells or to a decrease in the number of muscle
cells in which Scn4aa is expressed compared with Scn4ab. In
the Gymnotiform Sternopygus macrurus the electric organ
has been shown to develop from a subset of fast muscle
fibers (Unguez and Zakon 1998). The genome duplication
could have facilitated the diversification of muscle fibers in
teleost fish. Thus, it is possible that Scn4aa was compartmen-
talized into a subset of muscle fibers before co-option into the
electric organ while Scn4ab was expressed in all muscle fibers
and thus more constrained in its evolution. In this scenario,
gene duplication facilitated the elaboration of muscle fiber
types which facilitated the evolution of electrocytes. Higher
resolution methods such as in situ hybridization performed in

a phylogenetic context would be needed to explore this
possibility.

Transcription is an important process for regulating pro-
tein abundance but there is substantial regulation complexity
of protein levels beyond transcriptional regulation (Vogel and
Marcotte 2012), because of this, the decreased transcription
of Scn4aa relative to Scn4ab does not necessarily mean there
is a lower relative density of Nav1.4a channels in the mem-
brane. The rate of translation and the stability of the mRNA
and protein can compensate for a decrease in transcription. It
is also possible that the long-term maintenance of the ohno-
logs is due to a divergence of function to some degree.
Although dN/dS studies here and previous (Arnegard et al.
2010) show high conservation between these two ohnologs in
nonelectric fish, the evolutionary time scales are large enough
that these analyses are expected to have low power. If there
was some functional divergence, it was either nonessential to
the electric fish ancestor, or the gain of electric organs more
than compensated for the functional deficit of losing a unique
protein expressed in muscle. Interestingly, there is some indi-
cation of a slight up-tick in evolutionary rate in Scn4ab when
Scn4aa was lost from muscle in the two electric lineages
(Arnegard et al. 2010). This question could be investigated
through electrophysiology comparing sodium currents be-
tween the ohnologs from a species which shows constrained
evolutionary rates, that is, nonelectric fish or from a sequence
based on ancestral state reconstruction if possible. Gene
knockout studies through morpholinos can also be informa-
tive about differences in function, though the effects can be
confounded if the expression is different between the two
paralogs, so a species where expression is highly similar such as
Ga. aculeatus would be optimal.

Sodium Channels in Sonic Muscles

There are numerous examples of novel cell types and organ
systems evolving from muscle cells in teleosts, such as heater
organs, electric organs, and sonic organs (Block 1991; Rome
et al. 1996) yet no study has investigated whether Scn4a
paralog expression ratios vary in tissues other than electric
organs. We found that midshipman sonic organ muscle has
the highest expression of Scn4aa relative to Scn4ab of any
muscle type measured, while having highly downregulated
expression in skeletal muscle. The difference in expression
pattern between the two muscle types is over a factor of 9.
These patterns are highly reminiscent of the electric organs
and skeletal muscle of Gymnotiforms and Mormyrids
(Arnegard et al. 2010), indicating that this sodium channel
paralog may be more easily co-opted into novel muscle-de-
rived organ systems. Future investigations can explore
whether Scn4aa is consistently upregulated in these novel
organs (and downregulated in skeletal muscle). Seeking out
the roles of these duplicate channels in the evolution and
function of these other muscle-derived excitable tissues
would be particularly exciting, and could help elucidate gen-
eral patterns of expression evolution following gene
duplication.

FIG. 7. Schematic of expression drift under dosage balance selection.
The summed expression of the two paralogs (P1 + P2) evolves under
stabilizing selection and remains constant through time. Each individual
paralog P1 and P2 evolves through a series of nearly neutral deleterious
and compensatory changes in expression level until one paralog makes
up most of the stoichiometrically required expression freeing the other
one to neofunctionalize or become a pseudogene.
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Conclusion
By studying the comparative genetic changes associated with
the convergent evolution of electric organs, we can investigate
the role that gene duplication plays in the evolution of com-
plexity. More broadly, studies such as these can reveal the
diversity (and constraints) of genetic solutions to adaptive
problems. By measuring relative gene expression and analyzing
it in a phylogenetic context, we have demonstrated a post-
WGD evolutionary process where downregulation precedes
neofunctionalization. Our findings are in agreement with a
previous study that found a gradual downregulation before
convergent nonfunctionalization (Anderson and Evans 2009),
implying that this phenomenon of “expression drift” in para-
logs over exceptionally long time scales may be more common
than previously considered. The two-step process of expres-
sion drift during dosage maintenance and co-option of the
downregulated paralog for novel function may be important
in the evolution of novel organ systems, particularly those
involving ion channels and other proteins involved in complex
functional networks. The gradual downregulation of a dosage-
balanced ohnolog can be an evolutionary preamble to drastic
functional changes. Under the expression drift model, we
expect the expression of dosage-balanced duplicates as well
as quantitatively subfunctionalized duplicates (Force et al.
1999; Qian et al. 2010) to evolve by nearly neutral dynamics
until one becomes more susceptible to neofunctionalization
or nonfunctionalization. We predict that for clades where the
expression tends to be lower there should be many more
instances of neofunctioanlization or nonfunctionalization of
the lower expressed ohnolog in that clade. With the growing
accumulation of expression data, these results may emerge as
a common pattern across broad taxonomic samples.

Materials and Methods

RNA Extraction and Preparation

Tissues were collected from 10 species (Por. notatus [N = 5], I.
punctatus [N = 6], O. bicirrhosum [N = 3], Danio rerio [N = 4],
Pantodon buchholzi [N = 4], T. biocellatus [N = 4], Ga. aculeatus
[N = 3], Gn. petersii [N = 3], E. virescens [N = 4], and Xenom.
nigri [N = 4]). All fish except for Por. notatus and Ga. aculeatus
were purchased from commercial aquariums. Porichthys nota-
tus samples from trunk muscle and sonic organ muscle were
kindly provided by the laboratory of Andrew Bass and Ga.
aculeatus was provided by the laboratory of Daniel Bolnick.
In a subset of species (I. punctatus, O. bicirrhosum, Xenom. nigri,
and Ga. aculeatus), separate muscle samples from two or three
locations in the hypaxial rostral-caudal axis were analyzed
using qPCR to determine whether expression stoichiometry
varied among different locations in the body. Muscle tissue
was flash frozen in liquid nitrogen immediately after excision
and stored at�80 �C until RNA extraction.

RNA extraction was conducted by homogenizing frozen
tissue in STAT60 (TEL-TEST, Friendswood, TX) using a
powerGen 150 homogenizer (Fisher). Homogenized tissue
was then column purified using Direct-zol RNA miniprep
(Zymo, Orange, CA) according to the manufacturer’s proto-
col. Genomic DNA was removed using the Turbo DNase kit

following the manufacturer’s protocol (Life Technologies,
Grand Island, NY). Final RNA concentrations and purity
were measured using a NanoDrop spectrophotometer
(Thermo Scientific, Waltham, MA, USA). All RNA samples
had A260/A280> 1.7. RNA quality was assessed by visualiza-
tion on an agarose ethidium bromide gel.

Reverse Transcription

RT was performed on total RNA (30–700 ng) using the Super
Script III kit (Life Technologies) and random hexamers
(700 nM) and oligo-dT20 (1.25mM) primers. Primer annealing
occurred during a 5-min incubation on ice followed by a 5-
min incubation at 25 �C. The subsequent extension time ran
at 50 �C for 1.5 h followed by a 15-min enzyme inactivation
step at 70 �C. Large fragments of both paralogs in Pa. buch-
holzi, Por. notatus, T. biocellatus, and the single ortholog in a
Bichir (Polypterus senegalensis) were sequenced using an AB
3730 Analyzer (Applied Biosystems, Branchburg, NJ) on PCR
samples and homology was confirmed using a BLAST align-
ment search.

Real-Time qPCR

Since this investigation requires the measurement of expres-
sion across several species and between genes, hydrolysis
probes were used in all qPCR reactions both to confer speci-
ficity between the two paralogs and because hydrolysis
probes create a fluorescent signal that is independent of
amplicon length. cDNA from RT reactions were diluted to
2 ng/ml to guarantee no PCR inhibitor effects (Ramakers et al.
2003). Hydrolysis probes (IDT, Coralville, IA) were used to
analyze all species’ relative expression. Primers and probes
were designed to span exon splice junctions using IDT
online software. To guarantee paralog specificity both primers
and the probe were targeted to sequences that showed at
least 20% difference between paralogs and were evenly spaced
along the primer-/probe-binding site. Paralog specificity of
primers was confirmed by PCR (Takara Bio Inc., Japan) fol-
lowed by direct sequencing of purified bands cut from aga-
rose gel. Primer-targeted exons were then tested for
alternative splicing by matching the forward and reverse pri-
mers with primers in upstream and downstream exons. The
resulting PCR products were then visualized using electropho-
resis on an agarose gel. If a band pattern appeared which
indicated the primers and probes were targeted to exons
involved in alternative splicing then new primers were de-
signed targeting different exons.

Ten microliters qPCR reactions contained: 2 ng cDNA, 2�
TaqMan Universal Master Mix No UNG (Applied
Biosystems), 250 nM of each sense and anti-sense primers,
and 250 nM hydrolysis probes. The reactions were run in a
Viia7 Real-Time PCR System (Applied Biosystems) and run for
40 cycles at 60 �C annealing and 1 min extension at 60 �C
with fluorescence reading integrated over the extension
phase. RT reactions with no reverse transcriptase added
were used as a negative control for all samples analyzed. All
negative controls showed either no amplification or amplifi-
cation more than eight cycles later than the sample.
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qPCR Data Analysis

Baseline corrected raw amplification readings were analyzed
using LinRegPCR software (Ramakers et al. 2003; Ruijter et al.
2009). A common threshold fluorescence that crosses the
exponential phase of both genes’ amplification curves was
used to measure and compare the Cq value for both genes
in each species. The exponential phase was determined by
fitting a regression to the log-linear phase of each reaction’s
raw baseline-corrected amplification readings. If the R2> 0.98,
and there were at least four data points, then the slope of the
regression was used to estimate doubling efficiency for that
reaction. The doubling efficiency was taken as the average of
all the reactions: Six technical replicates and three to six bio-
logical replicates, the software did not include values that
were >10% away from the median in this calculation. If no
amplification was shown then a conservative estimate of the
Cq value was set to 40 since the qPCR reaction was run for 40
cycles. If the doubling efficiency was within 5% of 1 then
relative expression was computed using a 2�Cq, where
�Cq = Cq(Scn4ab)�Cq(Scn4aa), since two different genes
are being compared in the same sample (rather than the
more common comparison of the same gene in two different
samples normalized to a reference gene). Finally, the equation
Scn4aa/Scn4ab = 2�Cq computes the paralogs’ relative ex-
pression by measuring how many cycles it takes both genes
to reach the same threshold in a sample and assuming both
genes are amplifying with 100% efficiency.

Calibration Plasmid Preparation

Amplicons were created which contained qPCR primer and
probe target sites with a buffer of 50–200 bases upstream and
downstream. In order to produce amplicons which could be
ligated together, the reverse primer for Scn4aa had the ECOR1
target sequence added to the 50-end with an extra ATA or
ATT added to provide sufficient space for the restriction
enzyme to bind: 50-ATAGAATTC—30. The same method
was used for Scn4ab but in the forward primer. PCR produced
~400–800 base amplicons, containing the ~150 base qPCR
amplicon near the center and an ECOR1 cut site (located at
the 30-end of the Scn4aa amplicon and at the 50-end of the
Scn4ab amplicon) which would allow ligation of the two
amplicons.

PCR reactions were run through a 2% agarose gel and
bands cut according to their expected sizes. Gel cuts were
purified using PureLink quick gel extraction kits (Invitrogen,
Carlesbad, CA). The purified amplicons were then restriction
digested with ECOR1 HF (New England Biolabs (NEB),
Ipswitch, MA). In brief; a 33ml mixture of both amplicons
were incubated with 5ml 10� buffer and 40 units ECOR1-
HF (NEB) for 2 h. Following the digestion reaction, ECOR1 was
inactivated at 65 �C for 30 min. The digested fragments were
then mixed in the presence of 800 units of T4 ligase (Quick
Ligation kit, NEB) in the following reaction mixture: 19ml re-
striction-treated amplicon mixture, 19ml 2� buffer, and 2ml
T4 ligase. This mixture was incubated for 10 min followed by
inactivation at 65 �C for 10 min. The ligated aa/ab amplicon
was then PCR amplified by using the forward primer of

Scn4aa and the reverse primer of Scn4ab. The PCR product
was then run through an agarose gel where the expected
hybrid band was cut and purified. The new amplicon con-
taining both genes was then ligated into the pCR 4-TOPO
plasmid using the TOPO TA cloning kit (Invitrogen) and
transformed into One Shot Top Ten chemically competent
cells (Invitrogen). Plasmids were purified using the Gene Elute
Plasmid Miniprep kit (Sigma-Aldrich, St Louis, MO). Plasmids
were confirmed through sequencing to contain a single
amplicon containing both genes with no mutations at any
of the primer- or probe-binding sites.

Dilution series of the plasmids were created to cover a
range of concentration of 100- to 50,000-fold. RT qPCR was
performed on 10ml reaction mixtures as described above.
Efficiency was also measured by fitting a linear regression to
the log-linear phase of each reaction’s amplification plot using
the software LinRegPCR (Ramakers et al. 2003; Ruijter et al.
2009).

Maximum-Likelihood Ancestral State Reconstruction

Relative gene expression was measured in a total of ten spe-
cies from several divergent lineages within teleosts, including
one electric fish from the Gymnotiforms (E. virescens) and one
from the Mormyroids (Gn. petersii). The mean log2 expression
ratio Scn4aa/Scn4ab among the biological replicates from
each species was used along with a chronogram derived
from a recent comprehensive maximum-likelihood tree of
the bony fishes (Betancur-R et al. 2013), with the branch
lengths in millions of years. The tree was pruned to the
taxa with expression data using Dendroscope (Huson and
Scornavacca 2012). Since the relative expression of both para-
logs immediately after the WGD was presumably 1:1, ances-
tral state estimates were determined for trees with a ratio of 1
set at the root of the chronogram.

Evolutionary model selection was done using the R pack-
age “OUCH” (Butler and King 2004). The model with the
lowest AICc was selected as the model that best fit the
data. Ancestral state reconstruction was performed using
the “ace” function in the R package “ape” (Schluter et al.
1997) under several phylogenetic scenarios involving assump-
tions about the character state at the root of the tree. The ace
function was modified to provide estimates at specified
points along a branch as well as all nodes (code available
on request). This function uses a geometric Brownian
motion model of evolution for a continuous trait since the
trait data is log transformed.

Bayesian Ancestral State Reconstruction

To account for uncertainty at the root as well as uncertainty
about our measurements of relative expression, we developed
a hierarchical Bayesian expression for the probability distribu-
tion of ancestral states. To estimate the posterior probability
of relative expression of the most recent nonelectric ancestors
of the electric fish as well as their most recent common an-
cestor, we estimated the marginal posterior probability of the
vector of these ancestral states given the data by simulating
the joint posterior distribution: P(x, y, �, kroot j data) = P(y j x,
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�, kroot)P(� j x, kroot)P(x j data)P(kroot). Where y is the vector
containing the three ancestral states of interest and x is the
vector containing the true mean relative expression of each
species in this study, � is the Brownian rate parameter, and
kroot is the mean log expression at the root of the tree. The
probability of the root is assumed to be N(mroot=0, �

2

root=10),
this is highly conservative with respect to the data and the
hypothesis and still assumes that equal expression is the most
likely state of the relative expression after WGD.

Rather than assume that mean relative expression is
known, and is equal to the measured mean �x, for each species,
we modeled x as a random variable to account for variation
within species as well as use the information we gained from
our plasmid calibration experiments to model PCR bias ef-
fects (fig. 1). We model the mean of our qPCR measurements,
’, in each species as the sum of two random effects; the true
mean of the species and the effect of the PCR assay used, �;
’= x + y. Since the true mean x is what we are interested in
to make evolutionary inferences, we use the equation x =’ –
�. We model the mean expression from our measurements as
a Student’s t distribution: ’~ tn-1(�x, s

2

m
/n), where s2

m
is the

sample variance. To model our uncertainty about the PCR
effects in species for which we did not perform a calibration
experiment and correction, we assumed that our calibration
data are normally distributed with known mean, 0, and un-
known variance �2

PCR
. The mean is known since there is no

reason to believe that qPCR systematically favors one ohnolog
over the other in every species, but since we have observed
some small amount of PCR bias effect we expect some non-
zero chance there will be a small percentage of the total signal
emanating from artifacts of the PCR reaction favoring one
ohnolog over the other. Therefore, the joint probability, P(�,
�2

PCR
jCalibration data) = P(� j �2

PCR
) P(�2

PCR
jCalibration

data) = N(0, �2
PCR

)P(�2
PCR
jCalibration data). The posterior dis-

tribution for the variance given the calibration data, P(�2
PCR

jCalibration data), can be attained if P(Calibration data j
�2

PCR
) = N(0, �2

PCR
) and P(�2

PCR
) = scaled inverse-w2 with u de-

grees of freedom. Therefore, if we have a conservative prior
belief that �2

PCR
is twice that observed in the data and we

weight that belief equally to the data (set u= sample size
from the data; 4) then the posterior distribution P(�2

PCR
j

Calibration data) is a scaled inverse-w2 distribution with de-
grees of freedom as the number of independent primer/
probe sets we investigated with plasmids (n =4) multiplied
by 2 and the scale is the weighted average of the observed
mean-squared deviates from the expected value
(1

4

P4
i¼1 i2) = 0.0883 (Gelman et al. 2004), where i is the

mean of each of the four calibration experiments, and the
prior belief that the scale is actually twice that observed. In
other words P(�2

PCR
jCalibration data) = scaled inverse-w2

(df = 8, scale = 0.0883/2 + 0.0883) = 8ðð3=2Þ0:0883Þ=�2ð8Þ.
In summary, we model x = tn�1 (�x, s

2

m
/n)�N(0,�2

PCR
)

ð8ð3=2Þ0:0883Þ=�2ð8Þ. We compared analyses using this
model with results using a much simpler approximation
where we instead assume ’~ N(�x, s2

m
/n) and �2

PCR
is known

with � ~ N(0, �2
PCR

) and �2
PCR

= 1
4

P4
i¼1 i2 and thus x ~ N(�x, s

2

m/
n + �2

PCR
) the results were very similar. If we ignore uncer-

tainty about PCR effects, our certainty about inferred

ancestral states only changes very slightly (data not shown)
confirming that we can assume our measured relative expres-
sion robustly supports our hypothesis. The results reported
are from the full model of uncertainty.

If the data are generated by a Brownian motion process
over a tree, then the probability of any set of points on that
tree is multivariate normal with covariance matrix deter-
mined by the branch lengths of the tree multiplied by the
Brownian rate parameter �. According to Schluter et al.
(1997), the marginal posterior distribution of � given a set
of values on the tree and a value at the root and uniform
priors for the mean and variance is a scaled inverse-w2 distri-
bution with N degrees of freedom, where N is the number of
internal node estimates plus tips, and Q is the sum of squared
differences of all branches between the maximum-likelihood
estimate of the ancestor, i, and that of its descendants, i0,
divided by the branch length ti,i0 connecting the two:
Q ¼

PN
ii0 xi � xi0ð Þ

2=tii0 and so �= Q/ w2(N) (Schluter et al.
1997). We used the ace function from the package “ape” to
calculate Q.

Since the probability of a subset of a vector from a multi-
variate normal distribution given another subset is also a
multivariate normal, we modeled P(y j x, �, kroot) as multi-
variate normal N(ky, D) with ky being the mean y j x and D is
the 3� 3 variance/covariance matrix of y j x (Gelman et al.
2004), similar to the approach taken in Gu (2004). To com-
pute the distribution of P(y j x, �, kroot), we set the variance/
covariance matrix of all tips and ancestors of interest, V =�T,
where T is the matrix of branch lengths with diagonals being
the distance from root to either tip or ancestor of interest and
the off-diagonals being the length of all branches shared by
two species on the tree, either extant or ancestral. The subma-
trix Y is the (3� 3) variance/covariance matrix of the three
ancestors of interest, X is the (8� 8) variance/covariance
matrix of extant nonelectric species with relative expression
data, and H is the (3� 8) covariance matrix of y with x.

V ¼
Y H

HT X

� �
, ð1Þ

D ¼ Y � H X�1HT, ð2Þ

ky ¼ kroot + HX�1ðx� krootÞ, ð3Þ

P y j x,�, kroot

� �
¼ N ky,D

� �
: ð4Þ

We sampled y (n = 20,000) from the simulated joint posterior
distribution P(x, y, �, kroot j data) using the software package
R to measure statistics from the marginal posterior distribu-
tion P(y j data) (see supplementary material for code,
Supplementary Material online). Marginal posterior distribu-
tions are displayed in figure 4.

Selection Analysis

Nucleotide sequence was gathered from published sequences
deposited on GenBank as well as through our own sequenc-
ing effort. Codon alignments containing at least two domains
of both Scn4a paralogs in several teleost species and several
nonteleost orthologs were produced using the MAFFT
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algorithm on the GUIDANCE server (Penn et al. 2010). Codon
sites with scores below the arbitrary 60 threshold were re-
moved. Tree from Betancur-R et al. (2013) was used and
pruned using Dendroscope as above. We took the teleost
subclade of the resultant tree and duplicated it to produce
two identical subtrees, one for each paralog. The new dupli-
cation node was placed at the midpoint of the root branch for
the teleost clade. Branch-specific dN/dS (!) was estimated
using a random effects likelihood branch-site model
(Kosakovsky Pond et al. 2011) on the Datamonkey server.
This method avoids partitioning branches into “foreground”
positive selection and “background” neutral or negative se-
lection. This method estimates, using maximum-likelihood,
the proportion of sites in an alignment at each branch
which falls into three ! ratios corresponding to negative,
neutral, and positive selection (!�, !N, !+ ). These three
selection classes are also estimated for each individual
branch in the phylogeny. The �! for each branch was calcu-
lated as a weighted sum of the three! rates, where the weight
was the proportion of sites that fell into that selection class.
The log ratio of �! for each branch in the Scn4aa clade to its
corresponding branch in the Scn4ab clade was estimated. To
test for a relationship between relative expression and relative
selection constraint, the same tree was paired down to the
taxa for which we measured relative expression and dN/dS was
again measured using the same likelihood method. This ratio
was regressed against the estimated relative expression of the
two paralogs at the terminal node of each branch in the
ancestral state reconstruction. See supplementary table 4
(Supplementary Material) online for accession numbers.

Supplementary Material
Supplementary material is available at Molecular Biology and
Evolution online (http://www.mbe.oxfordjournals.org/).
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