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Morphological novelty emerges from pre-existing
phenotypic plasticity

Nicholas A. Levis®©*, Andrew J. Isdaner and David W. Pfennig

Plasticity-first evolution (PFE) posits that novel features arise when selection refines pre-existing phenotypic plasticity into
an adaptive phenotype. However, PFE is controversial because few tests have been conducted in natural populations. Here
we present evidence that PFE fostered the origin of an evolutionary novelty that allowed certain amphibians to invade a new
niche—a distinctive carnivore morph. We compared morphology, gene expression and growth of three species of spadefoot
toad tadpoles when reared on alternative diets: Scaphiopus holbrookii, which (like most frogs) never produce carnivores;
Spea multiplicata, which sometimes produce carnivores, but only through diet-induced plasticity; and Spea bombifrons,
which often produce carnivores regardless of diet. Consistent with PFE, we found diet-induced plasticity—in morphology
and gene expression—in Sc. holbrookii, adaptive refinement of this plasticity in Sp. multiplicata, and further refinement of
the carnivore phenotype in Sp. bombifrons. Generally, phenotypic plasticity might play a significant, if underappreciated,

role in evolutionary innovation.

how novel, complex phenotypes originate and diversify"*

Although new phenotypes are generally assumed to arise
exclusively from genetic changes, such as de novo or taxon-specific
mutations™, environmentally induced phenotypic change—that
is, phenotypic plasticity—has long been proposed to play a role in
initiating novelty’~’. This process—plasticity-first evolution (PFE)—
occurs when: (1) a change in the environment triggers a change in
phenotype via phenotypic plasticity; (2) different genotypes vary in
the tendency and/or manner in which they respond to this environ-
mental change; (3) selection favours certain responses (and, hence,
genotypes) over others, thereby causing the degree and/or form of
phenotypic plasticity to evolve; and (4) through this process, the pre-
existing phenotypic plasticity is ultimately refined by selection into a
fully functioning phenotype®” (Fig. 1). However, PFE is controversial
because few tests have been conducted in natural populations®’. Here,
we perform such a test and provide evidence suggesting that pheno-
typic plasticity preceded, and facilitated, morphological novelty.

To test the two critical predictions from PFE’ that: pre-
existing phenotypic plasticity was expressed in an ancestral lineage
(Prediction 1) and subsequently refined by selection into a novel
adaptive phenotype in a derived lineage (Prediction 2), one should
contrast species that lack the novel phenotype with closely related
species that possess it”'*'! (ideally, one should perform ancestral
character reconstruction to establish that the focal phenotype is
indeed a novel, derived trait”). In this framework, the former spe-
cies serve as ‘ancestor-proxies because they exhibit the ‘ancestral’
state”'>!". Both types of species should be reared in the environ-
ment normally experienced by the ancestor-proxy (the ‘ancestral
environment’) and (separately) in the environment with which the
novel phenotype is associated (the ‘derived environment’)'>". Trait
production and fitness can then be contrasted to test the above pre-
dictions’. (Note that because exposure to a novel environment is
typically stressful', such exposure often alters development in ways
that are not adaptive'®>'¢ (Fig. 1¢). According to PFE theory™”, the
derived environment causes the ancestor-proxy species to express
plasticity in the focal phenotype (or its component traits), there

Q n enduring problem in evolutionary biology is to explain

is genetic variation in how this plasticity is expressed (as is nearly
always the case'”'®), and this variation—whether in the adaptive
direction or not—serves as the raw material for natural selection to
refine the plastic response in a fashion that is adaptive. We applied
the above approach to examine the origins of a complex, adaptive
phenotype in amphibians.

North American spadefoot toads of the genus Spea are among
the few amphibians to have successfully invaded arid environments,
partly because they have evolved a unique polyphenism®. Like
most anurans®, Spea tadpoles normally develop into an ‘omnivore’
morph, which has small jaw muscles, smooth mouthparts, numer-
ous denticle rows and a long gut. This form eats detritus, algae and
small crustaceans. However, if Spea tadpoles eat fairy shrimp or
tadpoles®"*?, some individuals facultatively produce an alternative
‘carnivore’ morph (Fig. 2a). This complex, coordinated phenotype
differs from the default omnivore morph behaviourally (carnivores
are more active), developmentally (carnivores are younger at meta-
morphosis'’) and morphologically (carnivores are characterized by
large jaw muscles, notched mouthparts, few denticle rows, and a
short gut; Fig. 2a). The evolution of this carnivore morph allowed
Spea to invade an unexploited niche: rapidly drying ponds rich in
fairy shrimp and other tadpoles" (Fig. 2b,c).

The carnivore morph is an evolutionary novelty restricted to
Spea'>*! (Fig. 2d). Furthermore, in certain derived populations,
this morph has undergone canalization. In particular, owing to
character displacement, Sp.bombifrons that occur in sympatry
with Sp. multiplicata have secondarily lost carnivore-omnivore
polyphenism and become nearly fixed for producing carnivores,
regardless of their diet*** (Fig. 2d).

We examined whether or not this evolutionary novelty arose
via PFE by testing the above two critical predictions of the PFE
hypothesis: (Prediction 1) pre-existing phenotypic plasticity was
expressed in an ancestral lineage, and (Prediction 2) subsequently
refined by selection into a novel adaptive phenotype in a derived
lineage. This system is ideal for such a test. Indeed, previous work
had suggested that pre-existing plasticity might be present in
this system, that there was genetic variation in this pre-existing

Department of Biology, University of North Carolina, Chapel Hill, NC, USA. *e-mail: nicholasalevis@gmail.com

NATURE ECOLOGY & EVOLUTION | VOL 2 | AUGUST 2018 | 1289-1297 | www.nature.com/natecolevol

1289


mailto:nicholasalevis@gmail.com
http://orcid.org/0000-0001-7650-2371
http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION

ARTICLES

a b
a—— °) @P@
@‘ ==

Genetically diverse Environment changes;
population phenotypes change

Adaptive refinement

.
Genetic assimilation
of a novel phenotype

Novel polyphenism

Fig. 1] How plasticity can facilitate the evolution of a novel, complex
phenotype. a,b, A genetically diverse population (a, different colours
indicate different genotypes) experiences a novel environment

(b, shading), which induces novel phenotypes (dashed lines), but
genotypes differ in whether and how they respond to the novel environment
(differences in shape). ¢, Selection acts on this formerly cryptic genetic
variation (revealed by a change in environment) and disfavours genotypes
that produce maladaptive or poorly adapted phenotypes. d, This leads to
the adaptive refinement of the favoured phenotype (enlargement of the
blue tadpole). e, If individuals produce either this novel phenotype or the
ancestral phenotype depending on their environment, then the result is

a novel polyphenism. f, Alternatively, selection might favour the loss of
plasticity (that is, genetic assimilation), resulting in a novel phenotype that
is produced regardless of the environment (indicated by the loss of dashed
lines). Reproduced from ref. **, Elsevier.

plasticity, and that this plasticity might have undergone adaptive
refinement. One such study had found that the ancestor-proxy
Scaphiopus couchii (a species that does not produce the carnivore
morph; Fig. 2d) developed shorter guts when fed shrimp (a novel
diet for Sc.couchii, but the normal diet of Spea carnivores) than
when fed its normal diet of detritus'” (a shorter gut is a component
trait of the complex carnivore phenotype found in Spea; Fig. 2a).
Moreover, Sc. couchii also exhibited greater heritability in gut length
when fed shrimp versus detritus, suggesting that the derived stimu-
lus (shrimp) uncovered cryptic genetic variation on which selection
could have acted to promote the eventual evolution of the carnivore
morph?®. Finally, as evidence that this diet-induced plasticity might
have undergone adaptive refinement, previous work also found
that Sp. bombifrons (a species that produces carnivores) showed an
increase in gut cell proliferation when fed shrimp versus detritus
(gut cell proliferation is a measure of gut functionality); by contrast,
no such increase was detected in Sc. couchii'.

However, although these data are consistent with the hypothesis
that the carnivore morph evolved via PFE, many vertebrates fac-
ultatively develop shorter guts when fed animals versus plants'”.
Therefore, to comprehensively evaluate PFE, we sought to deter-
mine if diet-induced plasticity is present in additional species and
traits, including traits that are: (1) not ubiquitously plastic; (2) novel
to the carnivore morph (for example, notched mouthparts; Figs. 2a)
and (3) molecular features associated with production of the
carnivore morph in Spea (that is, patterns of gene expression).
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Fig. 2 | Ecology and evolution of the spadefoot toad resource-use
polyphenism. a, Spea tadpoles normally develop into an ‘omnivore’ morph
(left), but if they eat large animal prey, such as shrimp (middle), they
produce a distinctive ‘carnivore’ morph (right), which is characterized

by large jaw muscles, notched mouthparts (upper inset) and a short gut
(lower inset). b, These features enable carnivores to prey on large animals
(for example, other tadpoles). ¢, This protein-rich diet, in turn, hastens
the carnivore's development, which allowed Spea to invade arid habitats
where breeding ponds are highy ephermeral. d, In contrast to Spea, most
frogs produce omnivores only?°, and it is therefore likely that the ancestor
of Scaphiopodidae also did so (inferred phenotype based on the ancestral
character state reconstuction in ref. '%; time-calibrated phylogeny of North
American spadefoot toads (family Scaphiopodidae) from ref. ?'). To study
the origin of the carnivore morph, we used an omnivore-only producer,

Sc. holbrookii, as a proxy for the last common ancestor of Scaphiopus and
Spea (red arrow). Subsequent to the carnivore morph origin, Sp. bombifrons
that occur sympatrically with Sp. multiplicata (Sp. bombifrons (sympatric))
have undergone genetic assimilation and produce mostly carnivores
(asterisks: subjects of this study).

To conduct these tests of PFE, we leveraged the fact that dif-
ferent lineages of spadefoot toads appear to represent different
stages in the evolution of the carnivore morph (Fig. 2d): from its
possible initial induction (in Scaphiopus), to its refinement as part
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of a novel polyphenism (in Spea), to its further refinement via
genetic assimilation (in Sp. bombifrons that occur in sympatry with
Sp. multiplicata). As we describe, our data suggest that PFE has
indeed contributed to the origin of this evolutionary novelty.

Results

Evidence of pre-existing morphological and gene expression
plasticity. To test Prediction 1 (evidence of pre-existing [ancestral]
plasticity), we used Sc. holbrookii as a proxy for the ancestor of North
American spadefoots (before the evolution of carnivore—omnivore
polyphenism; red arrow in Fig. 2d). Scaphiopus is appropriate to
serve as this ancestor-proxy because: (1) Scaphiopus is the closest
extant outgroup to Spea”; (2) Scaphiopus is ecologically similar
to Spea’; and (3) Scaphiopus does not express the polyphenism'’.
Specifically, Scaphiopus produces the omnivore morph only, and
not the integrated set of traits that constitute the carnivore morph
in Spea (Fig. 2a; Supplementary Table 1). This lack of polyphen-
ism is the reconstructed state for the ancestor of Spea'? and the state
of most anurans generally'>* (Fig. 2d). By rearing Sc. holbrookii on
both its normal diet (detritus) and (separately) on a novel diet of
shrimp (the normal diet of Spea carnivores), we tested for pre-exist-
ing plasticity in both morphological and molecular phenotypes.

We began by testing for diet-induced plasticity in various tro-
phic-related traits that constitute the carnivore morph in Spea
(Supplementary Table 1). We found that the ancestor-proxy (Sc. hol-
brookii) did indeed exhibit diet-dependent plasticity in three of four
morphological traits examined (Fig. 3a; Supplementary Table 2).
Compared with detritus-fed tadpoles, shrimp-fed Sc. holbrookii
tadpoles had fewer gut coils (they had shorter guts), fewer denticle
rows and less notched mouthparts. However, whereas plasticity in
gut coils and denticle rows was in the adaptive direction (based on
trait function; Supplementary Table 1), plasticity in mouthparts was
in the maladaptive direction (Fig. 3a; increased notching increases
efficiency in capturing larger, more active prey” (Supplementary
Table 1), and shrimp-fed Sc. holbrookii produced mouthparts with
reduced notching). Perhaps because of this mismatch in carnivore
trait integration, Sc. holbrookii grew more poorly on shrimp than
on detritus (Fig. 3a). These findings agree with previous work that
found diet-dependent plasticity in gut length in a different ancestor-
proxy species (Sc. couchii*®). Thus, consistent with PFE’, ancestors
of Spea likely harboured diet-dependent plasticity in some compo-
nent traits of the carnivore morphology, but only a portion of this
plasticity was adaptive.

As noted above, however, the presence of such pre-existing plas-
ticity in the ancestor-proxy is relevant for PFE only if genetic varia-
tion for such plasticity was also present. Although we were unable
to perform a robust test for cryptic genetic variation (CGV) in the
observed diet-dependent plasticity in Sc. holbrookii, we tested if
families differed in their responses to diet by treating family as a
factor rather than a random effect. Every trait examined had sig-
nificant between-family variation and/or a significant FamilyxDiet
interaction (Supplementary Table 3). Thus, families may differ not
only in the shape of their plastic responses, but also in the magni-
tude of trait expression. More rigorous tests are needed, but these
data, together with the estimates of CGV in a different Scaphiopus
(ancestor-proxy) species®, point toward the plausibility of Spea’s
ancestor harbouring heritable variation in responses to consump-
tion of a novel shrimp resource.

Next, we tested for diet-induced plasticity in the expression of
eight genes (Supplementary Table 4) that were previously found to be
associated with carnivore—omnivore polyphenism (these genes are
‘morph-biased’ in expression level—that is, expressed more highly
in one morph**—and therefore likely contribute to morph function-
ality) and also found to have undergone adaptive evolution in Spea™.
Using the same experimental design as above, we also found diet-
dependent plasticity in expression of five of eight candidate genes
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Fig. 3 | Diet-induced morphological plasticity of Sc. holbrookii and

Sp. multiplicata. a, Sc. holbrookii reared on detritus (blue; n=60) or shrimp
(brown; n=60). b, Sp. multiplicata reared on detritus (blue; n=153) or
shrimp (brown; n=149). Points, means +s.e.m. (individual data points are
shown in Supplementary Fig. 2); asterisks, significant differences between

diets; grey arrows, direction of adaptive plasticity (Supplementary Table 1).
Photos show traits in Spea carnivores.

examined. However, as with morphology, much of this molecular
phenotypic plasticity was not in the expected direction based on
previous patterns observed in Spea (Fig. 4a; Supplementary Table 5).
Indeed, only tf, an omnivore-biased immunological gene in Spea
(upregulated in Spea omnivore tadpoles™), showed expression
plasticity in the putatively adaptive direction in Sc. holbrookii: it
was upregulated on detritus, as expected (Fig. 4a). In contrast, the
four other genes that exhibited diet-induced plasticity in expression
level showed a mismatch between morph-biased designation and
diet: contrary to our expectations, these carnivore-biased metabolic
(pm20d2), regulatory (btf3 and tbx15), and structural (col2al) genes
had lower expression on shrimp than on detritus (Fig. 4a). Given
that these were all carnivore-biased in Spea®, this dietary mismatch
may be indicative of a poorly coordinated response to consuming
an animal diet. Finding such a mismatch between environment and
gene expression is consistent with recent studies in guppies'® and
fruit flies*, and it may potentiate rapid adaptation in a new environ-
ment (that is, a shrimp diet; see ref.* for more discussion). Thus,
Spea’s ancestor likely did not exhibit an immediate, coordinated
adaptive plastic response in gene expression as a result of its dietary
transition to shrimp, possibly because exposure to this novel diet is
stressful for non-carnivore species®.
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Fig. 4 | Diet-induced gene expression plasticity in Sc. holbrookii and Sp. multiplicata. a, Expression plasticity for omnivore- (blue) and carnivore-biased
genes (brown) in Sc. holbrookii reared on detritus versus shrimp. Points are means + 99% confidence interval generated from 5,000 bootstrap replicates.
b, Relationship (Pearson product-moment correlation) between the degree to which naturally occurring Sp. multiplicata produced the carnivore morphology

and the expression level of omnivore- (pnlip and amyZ2a; blue) and carnivore-

Evidence of adaptive refinement of morphological and gene
expression plasticity. To test Prediction 2 (adaptive refinement
of pre-existing plasticity), we performed similar experiments as
above, but with Sp. multiplicata, a lineage that has evolved car-
nivore-omnivore polyphenism. Using this species, we tested
for evidence of adaptive refinement in the morphological and
gene expression plasticity that we previously documented in the
ancestor-proxy, Sc. holbrookii.

We found support for Prediction 2. Specifically, unlike the diverse
patterns of morphological plasticity observed in Sc. holbrookii (the
ancestor-proxy), Sp. multiplicata (a species that has evolved carni-
vore—omnivore polyphenism) exhibited adaptive diet-dependent
plasticity in all four traits examined (Fig. 3b; Supplementary Table 5).
In particular, compared to detritus-fed tadpoles, shrimp-fed tadpoles
had larger jaw muscles, more notched mouthparts and shorter guts;
these traits aid in capture and digestion of shrimp (Supplementary
Table 1). Likewise, compared with shrimp-fed tadpoles, detritus-fed
tadpoles had more denticle rows (needed to rasp detritus from the
pond bottom®). Indeed, as evidence that these diet-induced mor-
phological changes are adaptive in Sp. multiplicata (and in further
contrast to the ancestor-proxy species, Sc. holbrookii), Sp. multiplicata
tadpoles grew and developed equally well on both shrimp and detri-
tus (Fig. 3b; Supplementary Table 6). These findings are consistent
with previous work using a different ancestor-proxy species'’, and
they highlight how the evolution of carnivore-omnivore polyphen-
ism enabled Sp. multiplicata to adaptively utilize alternative diets.

We further found evidence of adaptive refinement in gene
expression in Sp. multiplicata. Because previous studies have shown
morph-* and diet-dependent’ gene expression using laboratory
reared Spea tadpoles, we did not directly replicate these stud-
ies. Instead, we measured expression of three metabolic genes in
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biased genes (pm20d2; brown). Points are individual tadpoles (n=22).

free-living tadpoles from the wild (these genes would be expected
to differ adaptively in expression, because they are involved in lipid,
carbohydrate and protein metabolism). We began by confirming
that all three genes were significantly associated with trophic mor-
phology in these wild-caught tadpoles, and in the adaptive direc-
tion. In particular, both lipase (pnlip) and amylase (amy2a) were
expressed more highly in omnivores, as predicted (P=1x10"* and
P=3x107, respectively; Supplementary Tables 7,8), whereas pep-
tidase (pm20d2) was expressed more highly in carnivores, also as
predicted (P=1.5X 107 Supplementary Tables 7,8).

Even more strikingly, at a finer morphological scale, the expres-
sion level of all three genes was significantly associated with the
degree to which the focal individual produced the carnivore mor-
phology (the latter was determined by the shape of the individual’s
keratinized mouthparts, which is diagnostic of overall morpho-
type”). For the two omnivore-biased genes (pnlip and amy2a),
expression levels were significantly negatively associated with
the extent to which individuals exhibited the carnivore morphol-
ogy (likelihood ratio tests: y*=23.33, P=1.4x107° and »*=19.36,
P=1.1x107°, respectively; Pearson correlations: R=-0.809,
P=53x%x10"° and R=-0.765, P=3.4X107°, respectively; Fig. 4b).
By contrast, for the carnivore-biased gene (pm20d2), expression
levels were significantly positively associated with the degree to
which individuals produced the carnivore morphology (y*=5.23,
P=2.2%10"% R=0.460; P=3.1x107% Fig. 4b).

These significant associations between gene expression and
fine-scale trophic morphology indicate that the expression of
these genes has undergone adaptive refinement in Sp.multiplicata.
The omnivores detritus diet contains more fat and starch (metabo-
lized by lipase and amylase, respectively) than the carnivore’s diet™.
By contrast, the carnivores diet is more protein-rich (metabolized
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Fig. 5 | Evidence of refinement of the carnivore phenotype among wild-caught tadpoles of different lineages. a, Differences in magnitude of expression
(according to a likelihood ratio test) of trophic traits of carnivores in a lineage in which carnivores are produced at low-intermediate frequencies as part of
a polyphenism (allopatric Sp. multiplicata; n=82) versus a lineage in which carnivores are produced at high frequencies (sympatric Sp. bombifrons; n=759).
b, Differences in magnitude of expression of a novel palate spike in lineages/morphs that differ in likelihood of expressing carnivore features (n=50, 74, 82
and 59 for Sc. couchii, allopatric Sp. multiplicata (O), allopatric Sp. multiplicata (C) and sympatric Sp. bombifrons (C), respectively; O: omnivores;

C: carnivores); different letters, values differed significantly. Photo: palate spike (score 5) in a sympatric Sp. bombifrons carnivore. In all panels, points are

means + s.e.m. (individual data points are shown in Supplementary Fig. 3).

by peptidase)*. However, not all carnivores (or omnivores) are alike
in morphology: individuals within each morph class vary*”, and this
variation in morphology is associated with variation in diet. Indeed,
previous studies reported a significant positive relationship between
the extent to which an individual exhibited the carnivore morphol-
ogy and how many shrimp/tadpoles it had consumed, in both wild-
caught™ and lab-reared” animals. Thus, the more carnivore-like in
morphology an individual is, the greater the need for the expression
of genes that break down protein (for example, pm20d2), which is pre-
cisely what we found (Fig. 4b). Similarly, as an individual shifts its diet
away from shrimp and toward algae and detritus and the more omni-
vore-like in morphology it becomes, the greater the need for expres-
sion of genes that can break down fats and starches (for example, pnlip
and amy2a), which, again, is precisely what we found (Fig. 4b).

We take this tight coupling of diet, morphology, and gene
expression as evidence of adaptive refinement. In addition, the
co-variation of two carnivore-morph features that are unlikely to be
directly causally linked (mouthpart score and pm20d2 expression)
suggests a coordinated response that points toward adaptive refine-
ment. However, a comparison of the extent of covariation between
trophic features and gene expression in Scaphiopus with the extent
of covariation observed in Spea would be a useful future direction.
Nevertheless, unlike the putatively non-adaptive gene expression
plasticity we observed in Scaphiopus (for example, lower expression
of pm20d2 on shrimp and no change in pnulip or amy2a with diet;
Supplementary Table 5), the expression of three metabolic genes
appears to have undergone adaptive refinement in Spea.

Evidence of extensive refinement in a canalized lineage. We found
even greater refinement of the carnivore phenotype in a lineage in
which this morph is nearly fixed. As noted above, Sp. bombifrons
that occur in sympatry with Sp. multiplicata have secondarily lost
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carnivore-omnivore polyphenism and become nearly fixed for pro-
ducing carnivores* (Fig. 2d). Because sympatric Sp. bombifrons
express the carnivore morph more frequently and thereby expose
it to selection more often than other Spea lineages, PFE (and evo-
lution by natural selection more generally) predicts that sympatric
Sp. bombifrons should show the greatest refinement of the carni-
vore phenotype. As predicted, compared with wild-caught allopat-
ric Sp. multiplicata carnivores (a lineage in which carnivores are
produced less frequently as part of a polyphenism'), wild-caught
sympatric Sp. bombifrons carnivores had more pointed keratin-
ized mouthparts, larger jaw muscles and a greater morphological
index (Fig. 5a). In other words, carnivores produced by sympatric
Sp. bombifrons developed more exaggerated features overall.

While performing these comparisons, we identified a novel
carnivore trait: a unique keratinized palate spike that is presum-
ably used to spear and/or stabilize the carnivore’s large shrimp and
tadpole prey (Supplementary Fig. 1). We sought to determine if
(as expected under PFE) this novel feature has also experienced
adaptive refinement by comparing its expression among wild-
caught tadpoles of sympatric Sp. bombifrons, allopatric Sp. multipli-
cata carnivores and omnivores, and Sc. couchii (Sc. couchii served
as our ancestor-proxy for this analysis because more wild-caught
tadpoles were available for this species than for Sc. holbrookii).

As predicted, the palate spike: (1) occurs only in Spea, (2) is
produced as part of the carnivore—omnivore polyphenism and (3)
shows its greatest development in sympatric Sp. bombifrons car-
nivores (Fig. 5b; Supplementary Fig. 1; Supplementary Table 9).
Thus, selection appears to have refined individual carnivore fea-
tures (Supplementary Table 1) and even favoured the evolution of
a new feature (Fig. 5b) during the evolution of the complex car-
nivore phenotype. These data, along with previous evidence that
the expression of the above candidate genes has undergone genetic
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assimilation in sympatric Sp. bombifrons™, demonstrate that, follow-
ing its origin, the novel carnivore phenotype evolved in both form
(traits became more exaggerated in certain lineages) and degree of
plasticity (slopes of reaction norms have shifted*') when selection
acted on both pre-existing plasticity and taxon-specific features.

Evidence of reduction of heritable variation in carnivore traits.
Finally, as an extension of our analyses, we asked if any pre-
existing heritable variation in diet-induced plasticity was subsequently
reduced in Spea. As noted above, we found among-family variation
in diet-induced plastic responses in Sc. holbrookii (Supplementary
Table 3), and a previous study found evidence for the accumulation
of cryptic genetic variation for components of the carnivore pheno-
type in Sc. couchii (significantly higher broad-sense heritability, H?,
when reared on a novel shrimp diet versus their standard detritus
diet; Supplementary Table 10%). These data therefore suggest that
the ancestor(s) to Spea may have similarly harboured heritable varia-
tion in trophic responses to a shrimp diet. In the present study, we
found that such variation appears to have been purged in Sp. multipli-
cata. In particular, we found no significant differences in H? between
diet treatments for any traits that we examined in Sp. multiplicata
(Supplementary Table 10). This difference in accumulation of genetic
variation between lineages is likely due to differences in the frequency
with which these lineages expose shrimp-induced variation to selec-
tion: infrequently in Scaphiopus and frequently in Spea.

Discussion
Taken together with previous work'>***, our results suggest that the
ancestor of Spea likely possessed pre-existing plasticity in both mor-
phological and molecular features, but that this plasticity was not
necessarily coordinated nor fully adaptive. We speculate that when
an ancestral population began consuming large animal prey (fairy
shrimp and other tadpoles), this dietary shift uncovered selectable
variation in morphology and gene expression®. Because some of this
variation was adaptive (for example, producing a shorter gut would
be adaptive when consuming a protein-rich diet), selection presum-
ably favoured individuals that could switch between resources and
thereby utilize a novel niche (short-duration ponds specifically and
more arid environments generally). However, part of the adaptive
refinement process likely consisted of overcoming non-adaptive
plasticity, such as that observed among Sc. holbrookii in mouthpart
morphology (Fig. 3a) and the expression of carnivore-biased genes
(Fig. 4a). It is even possible that maladaptive plasticity facilitated
subsequent adaptation to the novel environment (that is, consump-
tion of the novel shrimp resource) by increasing the strength of
directional selection'®*. Finally, following these initial changes and
bouts of adaptation, some lineages (for example, sympatric Sp. bom-
bifrons) underwent more extensive refinement when the carnivore
morph became nearly fixed***>*!. Thus, we have demonstrated that:
(1) ancestral plasticity (and heritable variation therein) was likely
present in both trophic traits and gene expression, and (2) these fea-
tures were adaptively refined to generate an evolutionary novelty—a
distinctive carnivore morph—that allowed Spea to invade an unex-
ploited niche. Our study therefore provides vital support for two
critical predictions of the PFE hypothesis from natural populations.
Finally, although PFE and mutation are often considered mutu-
ally exclusive pathways to novelty™, our data suggest that novelty
might arise when these two pathways act synergistically. In particu-
lar, as PFE unfolds (Fig. 1), novelty might typically entail the further
elaboration of an initially environmentally induced phenotype via
subsequent mutation. For example, the palate spike in Spea (Fig. 5b)
might have arisen through mutation only after PFE was already
underway. In support of this idea, we found no evidence that this
spike could be induced by diet in our ancestor proxy, Scaphiopus.
This lack of evidence for plasticity raises the possibility that this
novel feature originated through de novo or taxon-specific muta-

1294

tion following the origin of the carnivore morph via PFE. Likewise,
new mutations were likely needed to help overcome the putatively
maladaptive plasticity seen in mouthpart formation (Fig. 3a) and
gene expression (Fig. 4a)”. Additional studies exploring the extent
of heritable variation in these plastic responses should illuminate
whether or not new mutations were necessary for these responses
to match those seen in Spea. Thus, during the evolution of the dis-
tinctive carnivore morph, PFE likely combined with taxon-specific
mutations to create an even greater coordinated adaptive response.

In sum, our data provide support for PFE and thereby suggest
that phenotypic plasticity might be critical in jump starting’ evo-
lutionary novelty. Although further tests in diverse systems are
needed”*, our study reveals that phenotypic plasticity might play
an underappreciated role in evolutionary innovation.

Methods
General approach. We sought to comprehensively evaluate the PFE hypothesis
in spadefoots. For the focal lineage that possesses the novel trait (the carnivore
morph), we chose Sp. multiplicata. For our ancestor-proxy lineage, we chose
Sc. holbrookii. This species is an appropriate proxy for ancestral Spea (prior to the
evolution of the carnivore-omnivore polyphenism), because Scaphiopus: (1) is the
closest extant outgroup to Spea”’; (2) produces omnivores only, the reconstructed
state for the ancestor of Scaphiopus and Spea'’; and (3) is ecologically similar to
Spea. We reared each species in both the novel environment (shrimp diet, the diet
of the derived carnivore morph) and the ancestral environment (detritus diet, the
diet of the ancestral omnivore morph).

We then tested for both pre-existing plasticity and adaptive refinement.
To determine if there was pre-existing plasticity, we examined reaction norms
for both morphology and gene expression when Sc. holbrookii were exposed to
the ancestral diet versus the derived diet. For morphology, we assessed the extent
of ancestral plasticity for all component traits that comprise the novel carnivore
phenotype (Supplementary Table 1). For gene expression, we measured expression
levels of several candidate genes that have been implicated in being involved in
carnivore production (Supplementary Table 4). To determine if there was adaptive
refinement in morph functionality, we contrasted morphology, gene expression
and growth—on both diets—of Sc. holbrookii and Sp. multiplicata. Finally, to
evaluate if frequency of trait expression predicts the extent to which it is refined, we
then contrasted production of carnivore features in Sp. multiplicata with those of a
congener—Sp. bombifrons—that produces the carnivore morph more frequently.

Evaluating whether there is ancestral plasticity of morphology in Sc. holbrookii.
We bred two pairs of Sc. holbrookii that had been part of an established laboratory
colony at the University of North Carolina, Chapel Hill for 1-2 years. Breeding was
induced by injecting adults with 0.04 ml luteinizing-hormone-releasing hormone
(Sigma L-7134) at a concentration of 0.01 ugul™ and leaving pairs overnight in
nursery tanks. Eggs from each sibship were kept in separate nursery tanks until
hatching. Upon hatching, individuals were placed in separate, opaque, 90 ml plastic
cups filled with dechlorinated water. Each hatchling was then haphazardly assigned
to one of two diet treatments: (1) crushed fish food (hereafter ‘detritus’), which
simulates in form and nutrition the detritus on which Spea omnivores feed in
natural ponds®; or (2) live brine shrimp (Artemia), which simulate the fairy shrimp
(Thamnocephalus or Steptocephalus) on which Spea carnivores feed in natural
ponds. Detritus-fed tadpoles each received 10 mg of detritus every three days and
shrimp-fed tadpoles each received 2 ml of concentrated brine shrimp nauplii twice
daily until these tadpoles were seven days old, at which time each was fed approx.
eight live adult brine shrimp twice daily. After 11 days, we ended the experiment by
killing tadpoles in a 0.1% aqueous solution of tricane methanesulfonate (MS-222),
submerging a subset (21 tadpoles per family per diet) in RNAlater (ThermoFisher
Scientific SKU AM7021), and preserving the rest (30 tadpoles per family per diet)
in 95% ethanol.

To assess whether diet-dependent morphological plasticity was present in
Sc. holbrookii tadpoles, we measured various trophic characters known to exhibit
plasticity in Spea (Supplementary Table 1). We measured each tadpole’s overall
body size (snout-vent length; SVL) using hand-held digital calipers and determined
its Gosner developmental stage™. We then measured the width of the jaw muscle
(orbitohyoideus muscle; OH), counted the number of denticle rows (DR) and gut
coils (GC), characterized the shape of the mouthparts (MP) on an ordinal scale from
one (most omnivore-like) to five (most-carnivore-like)*’), and measured the width
of the lower mouthparts (LMP) using a micrometer and X5 magnification. We
standardized OH for body size (SVL) by regressing In(OH) on In(SVL).

To determine if there were diet-dependent differences in the above variables,
we used likelihood ratio tests on linear mixed effects models. For all models,
‘Family’ was treated as a random effect and ‘Diet’ was the fixed effect. Gosner stage,
DR, GC, MP and LMP were modelled using a Poisson distribution. Models were fit
with maximum likelihood using the Ime4 package'' and likelihood ratio tests were
performed using the anova function in R. The function fdrtool (package fdrtool)
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was used to control for multiple testing. All analyses were performed using
R version 3.4.0 with a=0.05.

Evaluating whether there is ancestral plasticity of gene expression in Sc. holbrookii.
Next, we assessed whether diet-dependent gene expression plasticity was present

in Sc. holbrookii tadpoles. To do so, we collected seven samples per diet per family

(28 samples total), where each such sample consisted of three tadpoles from the

same treatment pooled together. We extracted total RNA from these samples using

a combination of TRIzol Reagent and the Ambion PureLink RNA Mini Kit (ref:
1218302531). Following extraction and treatment with DNase, we visually evaluated
RNA quality on a denaturing TAE agarose gel*” and determined RNA purity and
concentration using a NanoDrop 2000 (Thermo Scientific) (Supplementary Table 11).
We then reverse transcribed 600 ng of total RNA using the BioRad iScript Reverse
Transcription Supermix for reverse transcription quantitative PCR (RT-qPCR)

(cat. no. 1708841). Reverse transcription reactions consisted of 4 ul iScript RT
Supermix, 600 ng of total RNA and enough nuclease-free water to bring the total
reaction volume to 20 ul. These reactions ran according to the manufacturer’s protocol.

For RT-gPCR, we focused on eight ‘morph-biased’ genes and a control gene
(actb). These morph-biased genes were previously found to differ significantly
in expression level between Spea carnivores and omnivores, even when these
individuals were reared on an exclusive diet of shrimp (this was possible, because
many individuals remain as omnivores even when fed shrimp). Thus, these
differences in expression level were associated with different trophic morphologies
per se and not dietary differences”. Of these genes, four were ‘carnivore-biased’
(that is, upregulated in carnivores relative to omnivores) and four were ‘omnivore-
biased’ (upregulated in omnivores relative to carnivores). We also used an unbiased
gene (actb) as a ‘control’ gene (Supplementary Table 4). Although these eight genes
likely represent a small subset of genes that are differentially expressed between
these morphs, and although none of these genes likely determines which morph an
individual becomes (that is, none may be ‘switch’ genes), our goal was to measure
expression levels of some of the genes that are crucial in morph functionality and
that are therefore likely to undergo adaptive refinement during the evolution of
carnivore-omnivore polyphenism. Essentially, the PFE hypothesis posits that
adaptive refinement should occur at numerous loci (not just at ‘switch loci’), as
genes encoding diverse functions become finely tuned by selection to produce
a fully functional phenotype’. Indeed, the eight morph-biased genes on which
we focused have been implicated in key regulatory (btf3 and tbx15), metabolic
(pm20d2, pnlip and amy2a), structural (col2al) and immunological (pglyrpI and tf)
functions. Our control gene (actb) has a structural function.

We performed RT-qPCR on these nine (eight biased; one control) genes
using 20 pl reactions of the BioRad iTaq Universal SYBR Green Supermix
(cat. no. 172-5121) and its recommended cycle conditions for a standard run on
a StepOnePlus thermocycler (Applied Biosystems cat. no. 4376600). Melt curve
analysis was also performed for each well to evaluate primer specificity. Reaction
components, conditions, and primer sequences are provided in Supplementary
Tables 12, 13 and 14, respectively. For each gene, we ran all 28 samples in
triplicate on a single plate.

We analysed these data two ways to determine the presence or absence of
diet-dependent plasticity. First, we used the AAC, method*. This required first
finding AC, or the difference in mean C, value between our gene of interest and
actb (whose expression was invariant between diets; Supplementary Table 15).

To obtain our values, we then calculated the difference between these AC, values
and a calibration sample, which was an arbitrarily chosen detritus-fed tadpole.
Instead of using raw AAC, values for our analysis, we calculated the fold-change
(here defined as RQ), in expression. To obtain expression fold-change, we used
the formula: RQ = 2744t We compared these RQ values between diets for each
gene using a Wilcoxon test with a chi-square approximation (a Kruskal-Wallis
test). As above, we controlled for multiple testing with the function ‘fdrtool’
(package ‘fdrtool’).

Next, we determined the level of plasticity using a control gene-independent test.
Here, we calculated the relative quantity from each individual’s mean C, value without
standardizing to a control (RQ= 2_C‘). Similar to a previous study'’, we defined

.. TRQgpy . . .
plasticity as: plasticity =log ZShrimp e then used 5,000 iterations of nonparametric

bootstrapping to generate 99% confidence intervals around these values. For this
analysis, plasticity values (+99% CI) less than 0 indicate greater expression on detritus
than on shrimp, plasticity values (+99% CI) greater than 0 indicate greater expression
on shrimp than detritus, and plasticity values (+99% CI) equal to or overlapping with
0 have no differences between diet. Only genes that showed plasticity in our control-
dependent (AAC,) analysis and our control-independent (log ratio) analysis were
considered to be diet-dependent in their expression.

Evaluating whether there is adaptive refinement of morphology in

Sp. multiplicata. Although previous studies have demonstrated a significant
relationship between trophic characters and diet in Spea (for example, refs *+44),
we sought to corroborate these findings and (more importantly) determine if
there is evidence for adaptive refinement of the ability to use alternative resources.
To do so, we used individual Sp. multiplicata tadpoles from 17 families, which
were derived from four separate populations in southeastern Arizona, USA.

Using similar procedures to those described above for Sc. holbrookii, we reared
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these individuals individually on a diet of shrimp or detritus for 18 days. We
subsequently measured three fitness proxies (mass, SVL and Gosner developmental
stage) and four trophic characters (OH, DR, GC and MP) as above. Using
likelihood ratio tests on linear mixed effects models, we determined if there was as
significant effect of diet on any of the above responses. For all models, ‘Population’
and ‘Family’ were treated as random effects and ‘Diet’ was the fixed effect. Gosner
stage, DR, GC and MP were modelled using a Poisson distribution. Models were fit
with maximum likelihood using the Ime4 package'' and likelihood ratio tests were
performed using the anova function in R. The function fdrtool was used to control
for multiple testing.

In terms of our predictions, the results of the above-mentioned experiments
with Sc. holbrookii revealed that this species had inconsistent diet-induced
morphological plasticity and had lower fitness on a shrimp diet than on a detritus
diet (Fig. 2). Therefore, we predicted that if the ability to utilize alternative
resources has been adaptively refined in Sp. multiplicata, then we should find in
this experiment that Sp. multiplicata consistently changed its trophic traits in an
adaptive direction and had equivalent fitness on both diets. Such results would
strongly suggest, in total, that the novel carnivore phenotype has undergone
adaptive refinement during the evolution of the carnivore-omnivore polyphenism,
as predicted by the PFE hypothesis.

Evaluating whether there is adaptive refinement of gene expression in

Sp. multiplicata. We extracted RNA, synthesized cDNA, and normalized our
data as above. However, before extraction, we measured each individual’s MP
score as a proxy for how carnivore-like that individual was. MP was used as

a proxy for magnitude of the carnivore phenotype for two reasons: (1) this
characteristic is robust and unaffected by freezing and treatment with RNAlater,
and (2) we had no reason to suspect that the genes that were the focus of this
experiment directly influenced the development of this characteristic. For this
experiment, we focused on three metabolic genes (pm20d2, pnlip and amy2a)
because they are likely among the first to experience changes in expression
associated with production of alternative diet-dependent morphs and because
their molecular functions are well-known.

To explore patterns among gene expression, phenotypic variation and morph
in wild-caught Sp. multiplicata, we performed three analyses. First, because we
observed that, for some genes, there were differences between morphs in the
number of individuals that did not have detectable levels of gene product, we
performed a two-tailed Fisher’s exact test to quantitatively verify this observation.
Specifically, for each gene, we assigned each individual as having (‘yes’) or not
having (‘no’) a detectable level of gene product (based on the qPCR machine’s
output) and then determined if this yes:no ratio differed between morphs. For
carnivore-biased genes, we expected there to be fewer omnivores with detectable
levels of expression. In contrast, for omnivore-biased genes, we expected fewer
carnivores with detectable levels of expression. Two individuals were omitted from
all analyses because they had no detectable expression across all of our focal genes
and because they had no expression of an additional non-metabolic gene that we
used to confirm if low expression was biological or technical.

For the next analyses, we assigned a C, value of 40 for all individuals that had
undetectable levels of a given gene (excluding the two noted above). The value of
40 was chosen because we performed 40 cycles of amplification and it is ultimately
a conservative estimate for the actual threshold cycle number that would be
required to detect the levels of gene product in these ‘undetected’ samples.

Our second analysis consisted of evaluating the relationship between
morphological variation in how carnivore-like individuals were (as indicated by
their mouthparts score) and gene expression level (-AAC; here gapdh was used as
the invariant control gene) using linear mixed-effects models and likelihood ratio
tests as above. For this analysis, we used ~AAC, to improve interpretation (larger
values indicate greater expression of the gene of interest) and to improve normality
prior to likelihood ratio tests. We used each gene’s expression level as the fixed
effect predicting mouthparts score because: (1) mouthparts score was a quantitative
variable (unlike morph); and (2) it made more sense for a gene’s expression to
influence phenotype than vice versa. Therefore, ‘Expression” was a fixed continuous
variable and ‘Population’ was a random effect. For each gene, we performed a
likelihood ratio test between a null model that contained only the random effect
to the single-factor model (that retained the random effect). However, we also
calculated the Pearson correlation between mouthparts score and each gene’s level
of expression to characterize their relationship without assigning causality.

Our third analysis was analogous to the second analysis above, except that
we tested for differences between morphs rather than along the MP continuum.
Therefore, ‘Morph’ was a fixed categorical variable and ‘Population’ was a random
effect. We performed a likelihood ratio test as above. If there is no morph-biased
gene expression then the null model is the best fit. By contrast, if the model
containing morph as a fixed effect is the best model, then the alternative morphs
have different levels of gene expression (there is morph-biased gene expression).

Evaluating whether there is adaptive refinement of morphology in sympatric
Sp. bombifrons. We sought to determine if the carnivore morph had undergone
further refinement following its establishment as an alternative morph in Spea.
Because under PFE the frequency of expression of a trait should predict the
degree to which it is adaptively refined’’, we compared the carnivore morph and
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its component traits between Spea lineages that differ in frequency with which

they produce carnivores (that is, polyphenic or fixed for carnivores). Specifically,
we compared OH and MP of Sp. multiplicata carnivores from three populations
that exhibit disruptive selection favouring production of both carnivores

and omnivores* and that regularly produce intermediate frequencies of both
morphs™** with Sp. bombifrons carnivores from four populations that produce
carnivores almost exclusively* and are under directional selection favouring
indivduals that are more carnivore-like”*. We also calculated a composite index of
trophic morphology using previously described methods*~* and compared this
between lineages. Briefly, we combined DR, MP and OH into a single multivariate
shape variable (the morphological index; hereafter, ‘MI’) with a principal
component analysis using a cross-correlation matrix (MI is PC1 of this analysis). In
Spea, larger values of MI correspond to tadpoles that are more carnivore-like, with
few denticle rows, highly keratinized mouthparts and large orbitohyoideus muscles.
To ensure that our analysis was restricted to carnivores, we only used individuals
that had an OH/SVL ratio > 0.15 (ref.*’). GC was not measured in these samples
because the guts had been damaged or destroyed during previous processing.

According to PFE, the Sp. bombifrons lineages described above should be more
carnivore-like than the Sp. multiplicata lineages. To test this prediction, we used
likelihood ratio tests on linear mixed effects models, to determine if there was as
significant effect of lineage type (polyphenic versus fixed for carnivores) on any
of the above responses. For all models, ‘Population’ was treated as random effects
and ‘Lineage’ was the fixed effect. DR and MP were modelled using a Poisson
distribution. The function fdrtool was used to control for multiple testing.

During our quantification of the above traits in sympatric Sp. bombifrons
lineages, we consistently noticed the presence of a keratinized ‘spike’ descending
from the upper inside of the tadpoles’ mouths (that is, descending from their
palate; Fig. 2¢ inset). We quantified variation in this trait, which we termed the
palate spike (PS), on an ordinal scale from 1 to 5. Individuals with a score of 1
either had no indication of a spike at all or, at most, had small flecks of pigment
on the roof of the mouth. A score of 2 or 3 was given to individuals with a rough-
edged patch of light brown pigment or if the patch had coalesced into a brown
circle, respectively. A PS score of 4 meant that the circle had become substantially
darker (almost black) and began to descend from the roof of the mouth. A score of
5 was given if the spike was longer and darker.

We first determined if PS was correlated with the morphological index
determined above. Finding that this was a carnivore-biased trait (Supplementary
Fig. 1), we then compared variation in this trait among wild-caught sympatric
Sp. bombifrons carnivores, allopatric Sp. multiplicata carnivores and omnivores, and
Sc. couchii. Note that Sc. couchii was used as an ancestor-proxy for this portion of
our study (see Fig. 1 for phylogeny) because we were able to obtain adequate wild-
caught samples of this species. Using these groups, we were able to determine if:
(1) this trait has uniquely evolved in Spea, and (2) it has been refined in a manner
consistent with the frequency of carnivore morph expression in different lineages.

Our analysis of PS started with a likelihood ratio test on a generalized linear
mixed effects model fitted with a Poisson distribution that contained ‘Group’ (that
is, Sp. bombifrons, Sp. multiplicata [C], Sp. multiplicata [O] or Sc. couchii) as a fixed
effect and ‘Population’ as a random effect with a model that only contained the
random effect. We then performed 10,000 iterations of a non-parametric analogue
of ANOVA (randomized-residual permutation procedure; RRPP*"~%) using the
function advanced.procD.Im in the package geomorph to determine pairwise
differences among groups. We expected that the more frequently a group expresses
the carnivore phenotype, the greater the magnitude of its PS. Furthermore, if this
trait is present in Spea, but not present in the ancestor-proxy Sc. couchii, then this
would suggest that PFE has acted in concert with de novo mutations to refine the
carnivore morph in Spea.

Estimating the extent of heritable variation in plasticity and plastic traits.
For evolution to occur, traits must be heritable. To get a sense of the extent
of heritability and heritable variation in the trophic traits we investigated, we
performed two analyses. First, we estimated broad-sense heritability (H?) of all
the trophic and fitness-related traits in Sp. multiplicata using methods reported
previously”. Specifically, for each diet, we fit a linear model with only sibship
included as a random effect to obtain an estimate of trait variation among sibships
(V,p)***. Then, by dividing double this value over the residual variance + V,;
we were able to estimate broad-sense heritability. We then generated 500
nonparametric bootstraps of the entire statistic to create 95% confidence intervals.
Higher H? on a shrimp diet and non-overlapping confidence intervals is indicative
of uncovering cryptic genetic variation (CGV) when tadpoles are reared on this
diet””. Such evidence of CGV is expected for species that are not regularly exposed
to the inducing cue (for example, Scaphiopus) and that do not regularly express
the induced traits. Therefore, we compared the patterns of CGV (or lack thereof)
in Sp. multiplicata with those previously published for Sc. couchii reared under
similar conditions. We would expect to find evidence of CGV in Scaphiopus, but
not in Spea. This is because the Spea lineage regularly exposes variation associated
with eating shrimp to selection, and the Scaphiopus lineage does not.

We also sought to gain insights on the heritable variation in Sc. holbrookii.
However, because we only had two families to generate among-family variance
estimates, any estimates of H*> would be overcome with error (indeed, many of our
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estimates were >1). Therefore, we treated family as a factor rather than a random
effect to test if families differ in their responses rather than estimate variance across
families. To do so, we tested for a significant interaction between sibship and diet
using ANOVA with type III sum of squares. In general, finding a significant
‘Family’ term or a significant interaction between ‘Family’ and ‘Diet’ would indicate
that families differ in their plastic response. These observations coupled with the
fact that a previous study found evidence of CGV in a different Scaphiopus species
would suggest, at the very least, the plausibility of these responses being inherited.

Ethics statement. We have complied with all relevant ethical regulations and our
study protocol was approved by the University of North Carolina Institutional
Animal Care and Use Committee (IACUC ID 17-252.0-A).

Reporting Summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability. Data is included as supplementary material and uploaded to the
Dryad Digital Repository at https://doi.org/10.5061/dryad.pg0qd5c.

Received: 1 February 2018; Accepted: 8 June 2018;
Published online: 9 July 2018

References

1. Mayr, E. in Evolution after Darwin Vol. 1 (ed. Tax, S.) 349-380
(Univ. Chicago Press, Chicago, 1959).

2. Wagner, G. P. & Lynch, V. J. Evolutionary novelties. Curr. Biol. 20,
R48-R52 (2010).

3. Schwander, T. & Leimar, O. Genes as leaders and followers in evolution.
Trends Ecol. Evol. 26, 143-151 (2011).

4. Santos, M. E., Le Bouquin, A., Crumiére, A. J. J. & Khila, A. Taxon-restricted
genes at the origin of a novel trait allowing access to a new environment.
Science 358, 386-390 (2017).

5. West-Eberhard, M. J. Developmental Plasticity and Evolution (Oxford Univ.
Press, New York, 2003).

6. Moczek, A. P. et al. The role of developmental plasticity in evolutionary
innovation. Proc. R. Soc. B 278, 2705-2713 (2011).

7. Levis, N. A. & Pfennig, D. W. Evaluating ‘plasticity-first’ evolution in nature:
key criteria and empirical approaches 31, 563-574. Trends Ecol. Evol. 31,
563-574 (2016).

8. Wray, G. A. et al. Does evolutionary theory need a rethink? No, all is well.
Nature 514, 161-164 (2014).

9. Gilbert, S. E, Bosch, T. C. G. & Ledén-Rettig, C. Eco-Evo-Devo:
developmental symbiosis and developmental plasticity as evolutionary agents.
Nat. Rev. Genet. 16, 611-622 (2015).

10. Ghalambor, C. K., McKay, J. K., Carroll, S. P. & Reznick, D. N. Adaptive
versus non-adaptive phenotypic plasticity and the potential for contemporary
adaptation in new environments. Funct. Ecol. 21, 394-407 (2007).

11. Standen, E. M., Du, T. Y. & Larsson, H. C. Developmental plasticity and the
origin of tetrapods. Nature 513, 54-58 (2014).

12. Ledén-Rettig, C. C., Pfennig, D. W. & Nascone-Yoder, N. Ancestral variation
and the potential for genetic accommodation in larval amphibians:
implications for the evolution of novel feeding strategies. Evol. Dev. 10,
316-325 (2008).

13. Kulkarni, S. S., Denver, R. J., Gomez-Mestre, I. & Buchholz, D. R. Genetic
accommodation via modified endocrine signalling explains phenotypic
divergence among spadefoot toad species. Nat. Commun. 8, 993 (2017).

14. Badyaev, A. V. Stress-induced variation in evolution: from behavioural
plasticity to genetic assimilation. Proc. R. Soc. B 272, 877-886 (2005).

15. Rutherford, S. L. & Lindquist, S. Hsp90 as a capacitor for morphological
evolution. Nature 396, 336-342 (1998).

16. Ghalambor, C. K. et al. Non-adaptive plasticity potentiates rapid adaptive
evolution of gene expression in nature. Nature 525, 372-375 (2015).

17. Scheiner, S. M. Genetics and evolution of phenotypic plasticity. Annu. Rev.
Ecol. Syst. 24, 35-68 (1993).

18. Scheiner, S. M. Selection experiments and the study of phenotypic plasticity.
J. Evol. Biol. 15, 889-898 (2002).

19. Pfennig, D. W. Polyphenism in spadefoot toad tadpoles as a locally adjusted
evolutionarily stable strategy. Evolution 46, 1408-1420 (1992).

20. Wells, K. D. The Ecology and Behavior of Amphibians (Univ. Chicago Press,
Chicago, 2007).

21. Pfennig, D. W. The adaptive significance of an environmentally-cued
developmental switch in an anuran tadpole. Oecologia 85,

101-107 (1990).

22. Levis, N. A,, de la Serna Buzon, S. & Pfennig, D. W. An inducible offense:
carnivore morph tadpoles induced by tadpole carnivory. Ecol. Evol. 5,
1405-1411 (2015).

23. Pfennig, D. W. & Murphy, P. ]. How fluctuating competition and phenotypic
plasticity mediate species divergence. Evolution 56, 1217-1228 (2002).

NATURE ECOLOGY & EVOLUTION | VOL 2 | AUGUST 2018 | 1289-1297 | www.nature.com/natecolevol


https://doi.org/10.5061/dryad.pg0qd5c
http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION

ARTICLES

24. Pfennig, D. W. & Murphy, P. J. A test of alternative hypotheses for character
divergence between coexisting species. Ecology 84, 1288-1297 (2003).

25. Pfennig, D. W. & Martin, R. A. Evolution of character displacement in
spadefoot toads: different proximate mechanisms in different species.
Evolution 64, 2331-2341 (2010).

26. Ledén-Rettig, C. C., Pfennig, D. W. & Crespi, E. J. Diet and hormonal
manipulation reveal cryptic genetic variation: implications for the evolution
of novel feeding strategies. Proc. R. Soc. B 277, 3569-3578 (2010).

27. Zeng, C., Gomez-Mestre, I. & Wiens, J. J. Evolution of rapid development in
spadefoot toads is unrelated to arid environments. PLoS ONE 9, €96637 (2014).

28. Gomez-Mestre, 1. & Buchholz, D. R. Developmental plasticity mirrors
differences among taxa in spadefoot toads linking plasticity and diversity.
Proc. Natl Acad. Sci. USA 103, 19021-19026 (2006).

29. McDiarmid, R. W. & Altig, R. Tadpoles: The Biology of Anuran Larvae
(Univ. Chicago Press, Chicago, 1999).

30. Leichty, A. R., Pfennig, D. W, Jones, C. D. & Pfennig, K. S. Relaxed genetic
constraint is ancestral to the evolution of phenotypic plasticity. Integr. Comp. Biol.
52, 16-30 (2012).

31. Levis, N. A, Serrato-Capuchina, A. & Pfennig, D. W. Genetic accommodation in
the wild: evolution of gene expression plasticity during character displacement.
J. Evol. Biol. 30, 1712-1723 (2017).

32. Huang, Y. & Agrawal, A. F. Experimental evolution of gene expression and
plasticity in alternative selective regimes. PLoS Genet. 12, 1006336 (2016).

33. van Gestel, J. & Weissing, F. J. Is plasticity caused by single genes? Nature
555, E19-E20 (2018).

34. Paull, J. S, Martin, R. A. & Pfennig, D. W. Increased competition as a cost of
specialization during the evolution of resource polymorphism. Biol. J. Linn. Soc.
107, 845-853 (2012).

35. Levis, N. A,, Martin, R. A,, O’'Donnell, K. A. & Pfennig, D. W. Intraspecific
adaptive radiation: competition, ecological opportunity, and phenotypic
diversification within species. Evolution 71, 2496-2509 (2017).

36. Ledon-Rettig, C. C., Pfennig, D. W. & Crespi, E. J. Stress hormones and the
fitness consequences associated with the transition to a novel diet in larval
amphibians. J. Exp. Biol. 212, 3743-3750 (2009).

37. Ho, W. C. & Zhang, ]. Evolutionary adaptations to new environments
generally reverse plastic phenotypic changes. Nat. Commun. 9, 350 (2018).

38. Casasa, S. & Moczek, A. P. The role of ancestral phenotypic plasticity in
evolutionary diversification: population density effects in horned beetles.
Anim. Behav. 137, 53-61 (2018).

39. Pfennig, D. W, Rice, A. M. & Martin, R. A. Ecological opportunity and
phenotypic plasticity interact to promote character displacement and species
coexistence. Ecology 87, 769-779 (2006).

40. Gosner, K. L. A simplified table for staging anuran embryos with notes on
identification. Herpetologica 16, 183-190 (1960).

41. Ime4 R Package (R Foundation for Statistical Computing, Vienna, 2014).

42. Masek, T., Vopalensky, V., Suchomelova, P. & Pospisek, M. Denaturing RNA
electrophoresis in TAE agarose gels. Anal. Biochem. 336, 46-50 (2005).

43. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data
using real-time quantitative PCR and the 27T method. Methods 25,
402-408 (2001).

44. Pfennig, D. W. & Murphy, P. J. Character displacement in polyphenic
tadpoles. Evolution 54, 1738-1749 (2000).

NATURE ECOLOGY & EVOLUTION | VOL 2 | AUGUST 2018 | 1289-1297 | www.nature.com/natecolevol

45. Pfennig, D. W,, Rice, A. M. & Martin, R. A. Field and experimental
evidence for competition’s role in phenotypic divergence. Evolution 61,
257-271 (2007).

46. Martin, R. A. & Pfennig, D. W. Widespread disruptive selection in the
wild is associated with intense resource competition. BMC Evol. Biol. 12,
136 (2012).

47. Martin, R. A. & Pfennig, D. W. Disruptive selection in natural populations:
the roles of ecological specialization and resource competition. Am. Nat. 174,
268-281 (2009).

48. Martin, R. A. & Pfennig, D. W. Field and experimental evidence that
competition and ecological opportunity promote resource polymorphism.
Biol. J. Linn. Soc. 100, 73-88 (2010).

49. Pfennig, D. W. Proximate and functional causes of polyphenism in an anuran
tadpole. Funct. Ecol. 6, 167-174 (1992).

50. Collyer, M. L. & Adams, D. C. Analysis of two-state multivariate phenotypic
change in ecological studies. Ecology 88, 683-692 (2007).

51. Adams, D. C., Collyer, M. L. & Kaliontzopoulou, A. geomorph: Software
for Geometric Morphometric Analyses R Package Version 3.0.6 (2018);
https://cran.r-project.org/package=geomorph

52. Collyer, M. L., Sekora, D. J. & Adams, D. C. A method for analysis of
phenotypic change for phenotypes described by high-dimensional data.
Heredity 115, 357-365 (2015).

53. Roff, D. A. Evolutionary Quantitative Genetics (Chapman and Hall,

New York, 1997).

54. Levis, N. A. & Pfennig, D. W. Phenotypic plasticity, canalization, and the origins
of novelty: evidence and mechanisms from amphibians. Semin. Cell Dev. Biol.
https://doi.org/10.1016/j.semcdb.2018.01.012 (2018).

Acknowledgements

We thank W. Zhang and K. O’Donnell for assistance with animal care, A. Serrato-Capuchina
for help collecting tadpoles, and K. Pfennig, I. Ehrenreich, C. Ledén-Rettig, D. Matute,

C. Martin, R. Martin and A. Levis for comments on the manuscript. Funding was provided
by the National Science Foundation grants DEB-1643239 and DEB-1753865.

Author contributions

N.A.L. and D.W.P. conceived and designed the study; N.A.L. and A.J.I. collected data;
N.A.L. analysed the data; N.A.L. and D.W.P. wrote the manuscript. Photos in Figs. 2,3
were taken by D.W.P. All authors discussed the results and commented on the manuscript.

Competing interests

The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41559-018-0601-8.

Reprints and permissions information is available at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to N.A.L.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

1297


https://cran.r-project.org/package=geomorph
https://doi.org/10.1016/j.semcdb.2018.01.012
https://doi.org/10.1038/s41559-018-0601-8
https://doi.org/10.1038/s41559-018-0601-8
http://www.nature.com/reprints
http://www.nature.com/natecolevol

natureresearch ot o s

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters

When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main
text, or Methods section).

Confirmed

>
~
3]

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|X| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)

O OXNX OO OO 00 o ol
X XOO X X XX

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection No software was used to collect data.

Data analysis Data were analyzed using JMP Pro and R. Specific packages are indicated in the text.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Data is included as supplementary material and uploaded to the Dryad Digital Repository. We declare no conflicts of interest.

=
Q
=3
C
=
@)
=
(D
W
()
Q
=
(@)
o
=
)
o
[}
=
-]
Q
(2]
c
3
3
Q
=
S




Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[ ] Life sciences

[ ] Behavioural & social sciences Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Did the study involve field

these points even when the disclosure is negative.

We manipulated the diet of 120 tadpoles from a non-polyphenic species and 302 tadpoles from a polyphenic species and determined
if there were diet-induced differences in 1) various trophic morphological characters, 2) growth, and 3) expression level of diet-
related genes. In addition, we compared trophic morphology among wild-collected tadpoles from a non-polyphenic species (n = 50),
two morphs of a polyphenic species (total n = 156), and a secondarily non-polyphenic species (n =82).

For the focal lineage that possesses the novel trait (resource-use polyphenism), we chose Spea multiplicata. For our ancestor-proxy
(non-polyphenic) lineage, we chose Scaphiopus holbrookii. This species is an appropriate proxy for ancestral Spea (prior to the
evolution of the carnivore-omnivore polyphenism), because Scaphiopus: 1) is the closest extant outgroup to Spea ; 2) produces
omnivores only, the reconstructed state for the ancestor of Scaphiopus and Spea; and 3) is ecologically similar to Spea. We reared
each species in both the novel environment (i.e., shrimp diet, the diet of the derived carnivore morph) and the ancestral
environment (i.e., detritus diet, the diet of the ancestral omnivore morph). To evaluate if frequency of trait expression predicts the
extent to which it is refined, we then contrasted production of carnivore features in wild-caught tadpoles Sc. couchii, Sp. multiplicata,
and Sp. bombifrons. The first species never produces carnivores, the second sometimes produces carnivores through diet-induced
plasticity, and the third often produces carnivores regardless of diet.

Sample sizes were maximized using available laboratory space and were comparable with similar studies/systems.

Data were collected by N.A.L. and A.J.l. by measuring tadpole morphology with digital calipers and measuring gene expression level
using RT-gPCR.

Experimental morphological data were collected for Sp. multiplicata were collected in the summer 2015, and experimental
morphological data for Sc. holbrookii were collected in the summer 2016. The later date for Sc. holbrookii was due to insufficient
number of breeding pairs at the initial time point and limitations on space for experimental procedures. Gene expression data were
collected in summer 2017 using samples that had been stored at -80C in RNAlater from the time of collection (2013 for Sp.
multiplicata and 2016 for Sc. holbrookii) . Wild-caught morphological data were collected in summer 2017 using previously collected
specimens stored in ethanol. These specimens were collected from the field in 2006, 2008, and 2016.

Data were only excluded if a molecular technique (e.g. gPCR reaction) failed for all genes assessed. In these cases, the individual was
omitted from analysis. Full detail is given in the methods of the manuscript.

We had numerous replicates for each experiment performed, but have not taken steps to formally reproduce the entire study.
Sample sizes ranged from 10 to14 replicates (for molecular assays) and 60 to >100 replicates for morphological measurements.

As described in our methods, tadpoles from each family were randomly, and evenly, divided among treatment groups where
applicable.

Where possible, the investigators did not know the treatment group from which an individual was derived during morphological
measurements. For RT-gPCR, blinding was not done because PCR plates needed to be designed up front.
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Field work only consisted of collecting tadpoles from naturally occurring ponds in the southwestern United States during the
summer and following heavy monsoon rains.

Ponds were located near Portal, AZ (lat: 31°54'49.14"N, long: 109° 8'29.34"W)

These ponds have studied extensively for 20+ years. Access to ponds is annually coordinated with property owners and
collection permits are obtained annually from the Arizona Game and Fish Department.

These tadpoles often develop in ponds used as a water source for cattle so they are used to frequent disturbance. However, we
try to minimize our impact by not over-collecting at a given pond and only spending as much time in the water as necessary to
collect samples.
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Laboratory animals Laboratory animals were tadpoles of Scaphiopus holbrookii and Spea multiplicata.

Wild animals Wild animals (Spea multiplicata, Spea bombifrons, and Scaphiopus couchii) were obtained from ponds near Portal, AZ 10-14 days
after hatching using hand-held dip nets. Tadpoles were immediately euthanized in MS-222 and ultimately transported back to
the University of North Carolina for measurements.

Field-collected samples Field-collected samples were euthanized prior to any laboratory work performed on them. Samples were stored in 95% ethanol
prior to use.
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