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a b s t r a c t

A growing number of biologists have begun asking whether environmentally induced phenotypic

change––‘phenotypic plasticity’––precedes and facilitates the origin and canalization of novel, complex

phenotypes. However, such ‘plasticity-first evolution’ (PFE) remains controversial. Here, we summarize

the PFE hypothesis and describe how it can be evaluated in natural systems. We then review the evidence

for PFE from amphibians (a group in which phenotypic plasticity is especially widespread) and describe
eywords:

analization

enetic assimilation

ormones

ntraspecific macroevolution

how phenotypic plasticity might have facilitated macroevolutionary change. Finally, we discuss what

is known about the proximate mechanisms of PFE in amphibians. We close with suggestions for future

research. As we describe, amphibians offer some of the best support for plasticity’s role in the origin of

evolutionary novelties.

© 2018 Elsevier Ltd. All rights reserved.
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. Introduction

Among biology’s enduring problems is to explain how novel,

genome [e.g., 6,7], alterations in regulatory sequence [e.g., 8–10],

and/or a variety of other changes in DNA sequence or content.

Yet, in recent years, an increasing number of biologists have

begun questioning whether novel features arise solely from genetic
Please cite this article in press as: N.A. Levis, D.W. Pfennig, Phenotypic

mechanisms from amphibians, Semin Cell Dev Biol (2018), https://do

omplex phenotypes originate [1,2]. New phenotypes have often

been assumed to arise exclusively from genetic changes [3]. Consis-

ent with this assumption, many features have now been traced to

ingle gene mutations [e.g., 4,5], duplications of large regions of the

∗ Corresponding author.

E-mail address: dpfennig@unc.edu (D.W. Pfennig). l

ttps://doi.org/10.1016/j.semcdb.2018.01.012

084-9521/© 2018 Elsevier Ltd. All rights reserved.
changes. These researchers have been asking if environmentally

induced phenotypic change––i.e., “phenotypic plasticity” (here-

after just “plasticity” and used synonymously with ‘developmental

plasticity’)––might also play a role in initiating novelty [e.g.,

11,12–20]. Indeed, some researchers have noted that plasticity
plasticity, canalization, and the origins of novelty: Evidence and

i.org/10.1016/j.semcdb.2018.01.012

can trigger phenotypic divergence within species as great as that

between species [21], suggesting that it might even contribute to

arge-scale evolutionary change; i.e., “macroevolution” [22,23].

https://doi.org/10.1016/j.semcdb.2018.01.012
https://doi.org/10.1016/j.semcdb.2018.01.012
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
mailto:dpfennig@unc.edu
https://doi.org/10.1016/j.semcdb.2018.01.012
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Here, we discuss plasticity’s possible contribution toward the

rigins of complex, canalized (i.e., fixed) phenotypes. We begin by

ntroducing the theory of how plasticity might promote novelty.

ext, we discuss some ways by which this theory can be evaluated.

e then review case studies that have used these approaches to test

he theory. We focus on amphibians because they display abundant

nd striking plasticity, and they have been subjects of consider-

ble research. Indeed, as we describe, amphibians offer some of

he strongest support implicating plasticity in macroevolutionary

hange. We then review what is known about the proximate (i.e.,

enetic, developmental, and physiological) mechanisms underly-

ng plasticity-mediated evolution in amphibians. Finally, we close

ith a brief discussion of potential future research directions.

. Plasticity-first evolution

Plasticity is commonplace [reviewed in 24], and it has long

been thought to play a role in fostering evolutionary innovation

[12,25–27]. Although a number of routes by which plasticity might

promote novelty have been proposed [12,26], we focus here on a

widely accepted pathway dubbed “plasticity-first evolution” [here-

after, ‘PFE’; 28,29].

PFE rests on the observation that plasticity often enhances

tness under stressful conditions [14,30,31]. When an individ-

ual encounters an environment that induces such a change in its

phenotype, the multidimensional nature of developmental and

physiological processes can help stabilize the expression of the

altered phenotype, such that the individual can persist in the new

environment [i.e., “phenotypic accommodation” occurs; sensu 12].

If underlying genetic variation exists in either the tendency or

manner in which individuals respond to the environment [i.e., if

different genotypes exhibit different “reaction norms”; 32], then

selection can act on such variation [or de novo variation induced

by the environmental shift; sensu 33,34] and improve this new

phenotype’s functionality. Moreover, depending on whether or

not plasticity is favored [35,36], selection can also respectively

promote either increased environmental sensitivity––which might

ultimately maintain the new phenotype as part of a “polyphenism”

[sensu 37]—or decreased environmental sensitivity––in which plas-

ticity is lost and the phenotype becomes canalized. The latter

outcome, known as “genetic assimilation” [sensu 27] might occur

for two reasons. First, when plasticity is costly [38,39], selection

can actively eliminate it, leading to the canalization of the favored

phenotype. Second, plasticity can be lost through mutational degra-

dation or genetic drift [40], as might occur when non-favored

phenotypes are seldom expressed and thereby experience relaxed

selection [41–43].

Regardless of whether the outcome is a polyphenism or genetic

ssimilation, the key point is that selection can act on an initially

nvironmentally induced phenotype and promote an adaptive

hange in the form and/or regulation of that phenotype [a process

nown as “genetic accommodation”; sensu 12]. In this way, plas-

ticity could precede––and facilitate––the origin and canalization

of a novel, complex phenotype (Fig. 1). Essentially, plasticity might

often “jump start” phenotypic change in an adaptive direction [44].

PFE may be a more common route to novelty than is generally

recognized [28,29]. Indeed, environmentally triggered novelties

could have greater evolutionary potential than genetic mutations,

for at least three reasons [12]. First, in contrast to most genetic

mutations (which initially affect only one individual and its descen-

dants), changes in the environment often impact many individuals
Please cite this article in press as: N.A. Levis, D.W. Pfennig, Phenotypic

mechanisms from amphibians, Semin Cell Dev Biol (2018), https://do

simultaneously. This widespread recurrence means that environ-

mentally induced novelties are less likely to be lost through drift

and are more likely to be tested in diverse genetic backgrounds,

both of which increase the chances of genetic accommodation [12].
 PRESS
velopmental Biology xxx (2018) xxx–xxx

Second, with environmentally triggered novelties, the inducing

cue(s) is often associated with the environment in which the trait is

adaptive [e.g., see 45,46–50]. In contrast, a mutation occurs regard-

ess of whether or not the organism is in an environment in which

hat mutation is advantageous [but see 33,51,52]. Consequently,

environmentally induced traits are more likely to experience con-

sistent selective pressures when expressed, which also facilitates

genetic accommodation [12].

Finally, plasticity promotes the storage and release of “cryp-

ic genetic variation”––i.e., variation that is expressed only under

ew conditions [53–56]. Specifically, genetic variation that is not

expressed (as is often the case with alleles associated with envi-

ronmentally triggered traits) accrues because it is not exposed

to, and removed by, selection [43,53,55]. However, when novel

henotypes are triggered by environmental change, the formerly

ryptic genetic variation underlying these phenotypes becomes

xposed to selection. Indeed, genetic variation influencing the reg-

lation of plastic traits is plentiful [36,57], and the expression of

such variation often increases when populations encounter novel

environments [58]. The release of such variation fuels and thereby

facilitates genetic accommodation [59] (Fig. 1b).

Lab studies have shown that PFE can lead to canalization of

nvironmentally-induced phenotypes [e.g., 27,60,61]. Yet, some

esearchers remain skeptical of PFE, primarily because of a per-

eived lack of evidence from the wild [62,63]. However, recent

years have seen growing support for PFE from numerous natural

populations [reviewed in 19,29].

Here, we review some of this support. Specifically, we dis-

uss the evidence for PFE from studies of natural populations of

mphibians. Before doing so, however, we discuss some general

pproaches that can be used to evaluate PFE in natural populations.

. Empirical approaches for evaluating PFE

The most direct evidence of PFE from natural systems involves

omparing plasticity in ancestral and derived (sister) lineages,

uch as when derived populations have undergone a recent range

xpansion from progenitor ancestral populations [e.g., 64]. When

ancestors and descendants cannot be evaluated directly, however,

phylogenetic inference allows indirect tests of PFE [19,65]. Alter-

natively, a widely-used approach is to compare the reaction norms

(i.e., the trait’s plasticity as estimated from the slope of the line

between trait values in alternative environments) of two different

types of lineages: one that possesses the focal, potentially canalized,

trait (representing the “derived” condition) and one that is closely

related to the former lineage but that lacks the focal trait (repre-

senting the “ancestral” condition and that can therefore serve as

an “ancestor-proxy” lineage). Reaction norms of these two types of

lineages can be compared when both lineages are reared in both

the derived environment (i.e., the environment in which the trait is

associated) and the ancestral environment [66]. This approach can

be effective in evaluating the following critical predictions of PFE

[29]:

Prediction 1––The focal trait can be environmentally induced

in lineages showing the ancestral state. A fundamental prediction

of PFE is that the novel trait should exhibit “ancestral plasticity.” In

other words, the derived trait (or components thereof) should be

environmentally induced in lineages that normally lack the trait,

but only when they experience the derived environment [12].

Prediction 2––The focal trait’s heritability should increase

when lineages with the ancestral state experience the derived envi-
plasticity, canalization, and the origins of novelty: Evidence and

i.org/10.1016/j.semcdb.2018.01.012

ronment. As noted above, cryptic genetic variation can accrue when

genetic variants are not expressed phenotypically. Such could be

the case if lineages still showing the ancestral state remain in the

ancestral environment. However, once these lineages experience a

https://doi.org/10.1016/j.semcdb.2018.01.012
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Fig. 1. How plasticity can facilitate the evolution of a novel, complex phenotype. (a) A genetically diverse population (different colors: different genotypes) (b) experiences

a novel environment (shading), which induces novel phenotypes (dashed lines), but genotypes differ in whether and how they respond (different shapes). (c) Selection acts

on this formerly cryptic genetic variation (revealed by a change in environment) and disfavors genotypes that produce poorly adapted phenotypes (‘X’). (d) This leads to the

adaptive refinement of the favored 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 favor the loss of plasticity (i.e., genetic assimilation), resulting in a novel

phenotype that is produced regardless of the environment (indicated by the loss of dashed lines).

https://doi.org/10.1016/j.semcdb.2018.01.012
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novel environment, this formerly cryptic genetic variation might

be expressed. In the case of an environmentally induced, novel

trait, this uncovering of cryptic genetic variation should be man-

ifest as an increase in the trait’s heritability [67]. Observing such an

increase would confirm the presence of cryptic genetic variation

upon which selection could act [13,68]. This confirmation is nec-

essary to eliminate the possibility that the novel trait arose solely

through lineage-specific mutations [as in 34,69].

Prediction 3––The focal trait should exhibit evidence of having

undergone an evolutionary change in its degree of plasticity and/or

form in lineages with the derived trait. During genetic accommoda-

tion, a trait that is initially environmentally induced undergoes an

evolutionary shift in degree of plasticity or form [12]. Such shifts

ould manifest as changes to the slope, curvature, and/or eleva-

ion of the reaction norm [70]. Finding that selection has led to

the complete loss of plasticity would imply that the trait has been

genetically assimilated [i.e., its expression is now canalized; 27,70].

Prediction 4––The focal trait should exhibit evidence of hav-

ing undergone adaptive refinement as it is induced and exposed

to selection repeatedly. During genetic accommodation, selection

improves the functionality of a trait. Thus, as a novel trait is

expressed (and exposed to selection) more frequently, it should

experience greater and more rapid refinement [12,39].

Note that validation of any one of the above four predictions,

by itself, is insufficient to establish that PFE has occurred. For

instance, although ancestral plasticity has been documented in

many systems [Prediction 1; 19,28], such documentation (by itself)

is insufficient to demonstrate PFE. This is because the PFE hypoth-

esis specifically requires that selection favored an evolutionary

change in the degree of plasticity [12]. Non-selective processes (e.g.,

rift, mutation) can also promote such shifts and must therefore

e ruled out to demonstrate PFE. Thus, studies that verify several

ideally, all four) predictions provide the strongest support for PFE.

elow, we review some of these studies.

. Empirical tests of PFE in amphibians

There is increasing support for PFE. Indeed, many researchers

ave (intentionally or not) validated one or more of the above pre-

ictions in numerous natural populations of plants and animals

reviewed in 12,19,28,29,71]. Here, we discuss the evidence from

mphibians, which (as described below) have furnished some of the

trongest support to date for plasticity’s role evolutionary innova-

ion.

.1. Development time of spadefoot toads

The rapid development time of North American spadefoot toads

genera Scaphiopus and Spea; Fig. 2) has potentially arisen via PFE.

Unlike their Old World counterparts of the genera Pelobates and

Pelodytes, which breed in permanent or long-lasting ponds and

have long larval periods (>180 days in some species), the New

World species in the genera Scaphiopus and Spea occupy ephemeral

ponds and are canalized for extremely reduced larval periods [<8

days in some species; 72–74].

Gomez-Mestre and Buchholz [75] reconstructed the reaction

norm for development time between short- and long-lasting

aquatic environments for the common ancestor of Old World and

New World spadefoots [these lineages split 160–170 Mya; 76,77]

and compared it to the reaction norms of extant spadefoots. They

found that spadefoots from the Old World (where pond duration
Please cite this article in press as: N.A. Levis, D.W. Pfennig, Phenotypic

mechanisms from amphibians, Semin Cell Dev Biol (2018), https://do

is generally longer and more variable) more closely resemble the

common ancestor in that they have an overall longer development

time and exhibit greater plasticity in development time than the

relatively canalized development of New World (North American)
 PRESS
velopmental Biology xxx (2018) xxx–xxx

spadefoots. The authors also showed that these evolved changes

in larval period have been accompanied by concomitant changes

in morphological development (limb length) in these derived lin-

eages. Two additional studies corroborate these observations. In

both, the authors compared the development time (larval period)

of two species of North American spadefoot (Sc. couchii and Sp.

multiplicata) that inhabit a desert environment with an Old World

ancestor-proxy species (P. cultripes) from longer-duration, more

variable ponds [78,79]. They found that the desert-adapted species

had greater canalization in larval period and that larval period

in nature predicted degree of plasticity to simulated pond drying

in the laboratory. Furthermore, the desert adapted species were

smaller at metamorphosis and had fewer fat bodies, regardless of

pond duration. Finally, they found that degree of plasticity in devel-

opment time corresponded to changes in standard metabolic rate

and hormone levels, such that the most plastic species (P. cultripes

and Sp. multiplicata) had the greatest changes in these physiological

measures and the least plastic species (Sc. couchii) had constitu-

tively high metabolic rate and hormone levels.

Thus, for this system, there is evidence of ancestral plasticity

(consistent with Prediction 1). There is further evidence that this

ancestral plasticity has undergone an evolutionary shift in derived

(North American) lineages (consistent with Prediction 3) such that

plasticity has been reduced (i.e., canalization has been increased).

Additionally, there is the suggestion that this ancestral plastic-

ity might have undergone adaptive refinement in derived lineages

because of concomitant evolved changes in morphology and fat

body formation (consistent with Prediction 4). Furthermore, the

correspondence between the degree of plasticity in development

time and magnitude of physiological changes (i.e., hormone levels

and metabolic rate) associated with pond drying suggest adaptive

refinement as well.

Despite the compelling evidence presented above, the case for

PFE could be strengthened in this system. For instance, there has not

been an explicit test of Prediction 2 (uncovering of cryptic genetic

variation). In addition, more explicit tests are needed to evaluate

whether or not a change in environment (i.e., transition to desert

habitat) drove the observed changes in plasticity of North American

spadefoots [76]. Nevertheless, this example illustrates nicely how

plasticity might have promoted evolutionary change in develop-

ment, which might have enabled these amphibians to invade novel

habitats.

4.2. Alternative ecomorphs in spadefoot toads

In addition to evolved changes in development time, spade-

foot toads of the genus Spea have also evolved a unique “resource

polyphenism”, in which their tadpoles produce alternative, envi-

ronmentally induced morphs [46,80,81]. Most anuran larvae feed

on detritus and microorganisms and possess small jaw muscles,

smooth keratinized mouthparts, numerous denticle rows, and a

long gut [82,83]. Although Spea tadpoles develop these features

by default (the “omnivore” morph), they can also develop into an

alternative “carnivore” morph that is characterized by large jaw

muscles, notched and keratinized mouthparts, few denticle rows,

and a short gut (Fig. 3). This carnivore morph is specialized for eat-

ing fairy shrimp and other tadpoles [84], and it is a derived, novel

phenotype restricted to Spea [66].

This distinctive carnivore morph can be induced by the con-

umption of shrimp or tadpoles [46,85]. However, the frequency

with which carnivores are produced––and how extreme they

are––varies among species, populations, and even sibships [86–88],
plasticity, canalization, and the origins of novelty: Evidence and

i.org/10.1016/j.semcdb.2018.01.012

suggesting underlying genetic variation in propensity to produce

and express the carnivore phenotype.

Disruptive selection favors both omnivores and carnivores in

natural populations [89–92]. Such selection arises because tadpoles

https://doi.org/10.1016/j.semcdb.2018.01.012
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Fig. 2. A model amphibian for studying PFE. (a) Spadefoots from the southwestern U.S. (such as this Couch’s spadefoot toad, Scaphiopus couchii) typically breed in (b)

temporary rain-filled ponds. (c) This harsh environment has favored rapid, but environmentally sensitive, development (here, a metamorph of a Mexican spadefoot toad,

Spea multiplicata, emerges from a drying pond).

F sourc

t ole in

i velop

w

s

ig. 3. North American spadefoot toads of the genus Spea have evolved a unique re

ypical ‘omnivore’ morph by default (pictured on the left). However, if a young tadp

nto a novel carnivore morph (right). (b) Among other novel features, carnivores de

ith intermediate phenotypes are outcompeted by carnivores for
Please cite this article in press as: N.A. Levis, D.W. Pfennig, Phenotypic

mechanisms from amphibians, Semin Cell Dev Biol (2018), https://do

hrimp/tadpoles and by omnivores for detritus [89]. Addition-

ally, carnivores are favored in shrimp-rich, short-duration ponds

(because they develop faster) and omnivores are favored in shrimp-
e polyphenism. (a) Like most anuran tadpoles, spadefoots normally develop into a

gests large animal prey, such as Anostracan fairy shrimp (center), it might develop

a keratinized beak, which they use to grasp large prey, such as (c) other tadpoles.

poor, longer-duration ponds [because they can consume a wider
plasticity, canalization, and the origins of novelty: Evidence and

i.org/10.1016/j.semcdb.2018.01.012

range of resources; 46,80,81,84].

Several studies, taken together, suggest that the carnivore

morph might have arisen via PFE. First, this phenotype appears to

have started out when selection acted on continuous, diet-induced

https://doi.org/10.1016/j.semcdb.2018.01.012
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plasticity in a non-polyphenic ancestor. Using Scaphiopus couchii

as a proxy for Spea’s non-plastic ancestors (Sc. couchii produce

only omnivores), Ledón-Rettig et al. [66,67] found that Sc. couchii

tadpoles developed shorter guts when fed shrimp than when fed

detritus, suggesting that diet-induced plasticity is present in this

representative of the ancestral state (consistent with Prediction

1). This species also exhibited greater heritability in gut length

when fed shrimp vs. detritus, suggesting that the derived stim-

ulus (shrimp) uncovered cryptic genetic variation [67], which is

consistent with Prediction 2. Finally, although Sp. bombifrons tad-

poles showed an increase in gut cell proliferation when fed shrimp

vs. detritus, no such increase was detected in Sc. couchii [gut cell

roliferation is a measure of gut functionality; 66]. Moreover, Sp.

ombifrons grew and survived better when fed shrimp vs. detritus;

gain, the opposite pattern was observed in Sc. couchii [93]. This

is evidence that shrimp consumption has been adaptively refined,

consistent with Prediction 4 of PFE.

The novel carnivore morph appears to have undergone sub-

sequent canalization in certain populations of Sp. bombifrons as

a result of character displacement with its congener Sp. multi-

plicata [87,92,94]. In ponds containing only a single species (i.e.,

allopatry), both species produce similar, intermediate frequencies

of both morphs. By contrast, in ponds where both species occur

(i.e., sympatry), each species becomes nearly monomorphic, with

Sp. multiplicata producing mostly omnivores, and Sp. bombifrons

producing mostly carnivores as a result of interspecific competi-

tion. These differences between species in morph production in

sympatric populations persist even when tadpoles are reared under

laboratory conditions, suggesting that the differences are fixed [87].

This evolution of reduced plasticity in sympatry appears to

reflect genetic assimilation (i.e., Prediction 3). Experiments have

shown that plasticity-mediated shifts in allopatric (ancestral) pop-

ulations mirror the more highly canalized trait differences observed

in sympatric (derived) populations that have undergone character

displacement [because these two species have come into secondary

contact following a range expansion, allopatry represents the

ancestral condition and sympatry the derived condition; 95–97]. In

these experiments, allopatric Sp. multiplicata that were reared with

Sp. bombifrons facultatively produced mostly omnivores, which

mirrors morph production among Sp. multiplicata in natural sym-

patric populations. Conversely, allopatric Sp. bombifrons that were

experimentally exposed to Sp. multiplicata facultatively produced

mostly carnivores, which mirrors morph production among Sp.

bombifrons in natural sympatric populations. Spea bombifrons pro-

duce more carnivores in the presence of Sp. multiplicata, because

they are more effective at capturing and consuming shrimp [87],

a diet that induces carnivores. Thus, in sympatric populations, the

environmentally induced (i.e., plastic) morphs found in allopatry

are more highly canalized, suggesting that PFE may have occurred.

Thus, all four predictions suggesting that the novel carnivore morph

in Spea arose via PFE are satisfied.

4.3. Salamander life history strategies

Differences in life history strategy among eastern newt (Notoph-

halmus viridescens) subspecies and among tiger salamander

Ambystoma spp.) species might have evolved through PFE. Four

ubspecies of eastern newt differ in their color pattern, body size,

nd life history strategy [reviewed in 98]. The ‘typical’ life history

strategy of eastern newts consists of a larval stage followed by a

terrestrial eft stage for up to seven years before returning to an

aquatic life as adults [reviewed in 98]. Notably, in the wild, these
Please cite this article in press as: N.A. Levis, D.W. Pfennig, Phenotypic
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subspecies differ in the frequency with which their development

proceeds through one of three possible trajectories: (1) metamor-

phosis to an aquatic lunged adult after passing through a terrestrial

juvenile (eft) stage, (2) metamorphosis directly to a lunged aquatic
 PRESS
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adult, or (3) maturation to a gilled aquatic adult and skipping meta-

morphosis (i.e., paedomorphosis).

Takahashi and Parris [98] performed a common garden experi-

ment in which they subjected larvae from each of these subspecies

to various hydroperiods and determined what developmental tra-

jectory they followed. They found that one of the subspecies (N.

viridescens viridescens) obligately metamorphosed into an eft stage

across all hydroperiods, but two others (N. v. dorsalis and N. v.

louisianensis) adjusted their strategies to match pond duration—a

short hydroperiod only produced efts, but long and constant

hydroperiods produced paedomorphs and/or aquatic adults with-

out an eft stage. Thus, they demonstrated that some populations

have become genetically canalized for production of only a single

developmental trajectory (i.e., N. v. viridescens) while others have

maintained their plasticity (consistent with Prediction 3). Further-

more, these differences in plasticity appear to improve fitness of

these different lineages in the form of greater growth efficiency

[99,100] and earlier sexual maturity [98; possibly consistent with

Prediction 4]. Despite the convincing evidence in support of Predic-

tion 3, further work is needed to elucidate: 1) which developmental

trajectory(ies) and environmental conditions are the ancestral state

[despite the ancestor likely possessing the developmental mecha-

nisms that selection could refine; 101]; 2) if a change in hydroperiod

ncovered cryptic genetic variation for these alternative trajecto-

ies; and 3) the extent to which selection has adaptively refined

hese alternatives in different lineages.

In the newt example above, plasticity has generated life his-

ory differences within a species. We now turn to an example in

hich plasticity appears to have contributed to life history dif-

erences across species. In tiger salamanders (Ambystoma spp.),

evelopmental trajectory varies among species. In these species,

here are two, alternative life-history strategies: metamorphosis

nto a terrestrial adult or paedomorphosis into an aquatic adult

102]. In lineages where paedomorphosis is facultative (i.e., plastic;

e.g., Ambystoma mavortium), pond quality (often related to larval

density) and larvae size are important determinants of which tra-

jectory an individual will follow [103]. Other lineages are canalized

(or nearly so) for one alternative (i.e., metamorphosis in A. tigrinum)

or the other (i.e., paedomorphosis in A. mexicanum) [104]. Thus,

looking broadly, one can conceive of an evolutionary sequence in

which an ancestrally metamorphic lineage (like A. tigrinum) devel-

ps an alternative paedomorphic strategy (like A. mavortium) that

ltimately becomes fixed in some lineages (like A. mexicanum).

hile this hypothesis may be provocative, there have been few (if

ny) direct tests of it. Furthermore, the underlying cause of meta-

orphic failure in axolotls (A. mexicanum) seems to vary among

opulations [105–107], which casts doubt on whether selection

on a single ancestral lineage refined this phenotype. However,

the mere presence of parallel loss of metamorphosis suggests an

important role for selection, and variation in how the derived phe-

notype is produced does not necessarily preclude the possibility

of PFE. This is because genetic variation in the ancestral lineage

may have allowed individuals to accommodate the new phenotype

via different underlying mechanisms that, because they produced

equivalent phenotypes, are still maintained today [12,108].

4.4. Tadpole insecticide tolerance

Finally, Hua et al. [109,110] evaluated PFE to insecticide expo-

sure using various populations of wood frogs (Lithobates sylvaticus).

They used multiple populations located at a variety of distances

from agriculture: their ancestor-proxy populations were those
plasticity, canalization, and the origins of novelty: Evidence and

i.org/10.1016/j.semcdb.2018.01.012

located farthest (600–800 m) from agricultural areas because these

populations were exposed to the insecticide carbaryl least fre-

quently (or not at all) and their most ‘derived’ populations were

those located adjacent to agricultural land (<100 m). They reared

https://doi.org/10.1016/j.semcdb.2018.01.012
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mbryos from each environment (near and far) in the labora-

ory and outdoor mesocosms to 1) assess the overall tolerance

f these populations to the insecticide and 2) evaluate the extent

f inducible tolerance (i.e., plasticity) of these populations. Here,

he overall tolerance refers to the ability to survive (i.e., time to

eath) when exposed to a lethal dose of carbaryl, and inducible

olerance refers to the ability to better survive a lethal dose of car-

baryl after prior exposure to a sublethal dose compared to controls

hat were not previously exposed to the sublethal dose. Consistent

ith PFE, they observed that ponds located far from agriculture

xhibited plasticity in insecticide tolerance (consistent with Pre-

iction 1), and that insecticide tolerance in ponds located near to

griculture had been become canalized (consistent with Prediction

). Consistent with Prediction 4, a previous study demonstrated

hat populations located closer to agriculture have overall higher

olerance than those further away [consistent with Prediction 4;

11]. In addition, the extent to which acetylcholine esterase (the

nzyme targeted by carbaryl in this species) concentrations in the

ody increased following sublethal exposure varied by population

ype, which may also be indicative of adaptive refinement during

analization. What remains to be seen is evidence of Prediction

being fulfilled and/or additional physiological and fitness-based

ests of Prediction 4.

.5. Other potential systems

Other amphibian systems and phenotypes that might be use-

ul for testing PFE include: the ‘bulgy’ morph tadpoles induced

y predatory salamanders [e.g., 50]; predatory salamanders that

develop a larger gape in response to these bulgy tadpoles [112]

and crowding [113]; numerous examples of morphological [i.e., tail

and body shape; e.g., 49,114] and behavioral changes [e.g., 49,115]

that tadpoles undergo when exposed to chemical cues from preda-

tors; plasticity in hatching time in response to predator cues [e.g.,

7,116]; cannibalistic tiger salamanders [117,118]; the transition

etween metamorphosis and paedomorphosis among populations

f tiger salamanders [102]; morphological changes in response

to herbicide exposure that are reminiscent of predator-induced

changes [119–121]; and the ability to facultatively change skin

texture from rough to smooth [122].

. Plasticity and macroevolution

PFE is similar to the “flexible stem hypothesis” [12] in which the

phenotypic plasticity of an ancestor generates phenotypically [123]

and genetically [71] divergent derived lineages via genetic assimi-

lation of alternative morphs or phenotypes [124]. Indeed, as noted

in the previous section, plasticity appears to have facilitated the

evolution of a wide array of complex phenotypes in amphibians,

from a new mode of reproduction in newts and salamanders (pae-

domorphosis) to a novel resource-use morph in spadefoot toads

(the carnivore morph). These observations therefore lend credence

to the claim that plasticity instigates novelty. However, there is

another reason for suggesting that plasticity fosters evolutionary

innovation: it can generate alternative phenotypes within species

that are as divergent from each other––in morphology, behavior,

and/or physiology––as are different species or even higher taxo-

nomic categories.

Consider, for instance, the novel carnivore morph in spadefoot

toads (Fig. 3). This environmentally induced phenotype is as mor-

phologically distinct from the default omnivore morph––produced
Please cite this article in press as: N.A. Levis, D.W. Pfennig, Phenotypic

mechanisms from amphibians, Semin Cell Dev Biol (2018), https://do

by the same species––as the omnivore morph is to tadpoles from an

entirely different genus [Fig. 4; for other examples, see 21,125,126].

In fact, for decades, herpetologists thought that these two morphs

belonged to separate species [73].

d

C

e
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For these reasons, such extreme plasticity (specifically,

polyphenism) has long intrigued evolutionary biologists, at least

as far back as Weismann [25], Goldschmidt [127], and Wadding-

ton [128]. They theorized that environmentally triggered morphs

could be informative about the evolution of novelties and dif-

ferences between species. Indeed, polyphenism has been dubbed

‘intraspecific macroevolution’ [12,21]. Plasticity might ultimately

accelerate macroevolutionary change because it enables alterna-

tive phenotypes to evolve semi-independently toward major new

adaptive peaks without the negative fitness consequences that usu-

ally accompany such large-scale evolutionary shifts [reviewed in

12,39,71].

Moreover, because phenotypic alternatives can undergo canal-

ization via genetic assimilation (see above), they might eventually

become reproductively isolated from each other [129]. In such a sit-

ation, plasticity could facilitate speciation and adaptive radiation

reviewed in 16,65,124]. Thus, plasticity might play an under-

appreciated role in promoting both evolutionary innovation and

diversification [12,13,16,26,71,123].

6. Proximate mechanisms of PFE in amphibians

We now review the proximate mechanisms by which PFE might

unfold in amphibians. First, recall that PFE proceeds through two

general phases: 1) phenotypic accommodation, in which a novel

phenotype is induced and refined through developmental pro-

cesses acting within generations; and 2) genetic accommodation,

in which selection promotes the adaptive refinement of such

an induced phenotype through genetic processes acting across

generations. For phenotypic accommodation to occur, numerous

developmental and physiological processes must come into play

[12]. Furthermore, these processes must subsequently undergo

adaptive (evolutionary) refinement through genetic changes.

Therefore, it is worth exploring what types of processes have been

implicated in PFE in amphibians.

Hormonal changes are a primary mechanism by which plas-

tic phenotypes arise and evolve [24,130]. In amphibians, three

hormones are crucial [131]: thyroid hormone (TH), corticotropin-

releasing hormone (CRH), and corticosterone (CORT). TH in

particular induces a complex suite of morphological and biochem-

ical changes in each of a developing tadpole’s tissues (especially

the central nervous system) during metamorphosis [132]. Secre-

tion of TH and corticosteroids (e.g., CORT) is controlled by CRH

[133] which is responsive to desiccating (e.g., desert-like) condi-

tions [134]. By working synergistically, TH and corticosteroids from

interrenal glands accelerate metamorphosis [132]. Thus, desiccat-

ng conditions lead to an increase in CRH, which in turn, increases

ORT and TH levels and increases development rate [134]. Impor-

tantly this pattern is conserved evolutionarily in diverse species,

from spadefoot toads to tiger salamanders [134–137].

Evolutionary changes in these hormones have facilitated some

f the dramatic changes described above in Section IV. First, Hol-

lar et al. [138] demonstrated that Scaphiopus couchii (a canalized

rapidly-developing spadefoot species) have higher expression of

the TH receptor (TRa) throughout development than Pelobates cul-

tripes (a slow, variably developing spadefoot species). Moreover,

the ability of P. cultripes to shorten its larval period in response

to reduced water levels is achieved by increased TH, CORT, and

TRb (another TH receptor) [139]. Furthermore, whereas P. cultripes

ncreases TH and CORT levels in response to pond drying, Sc. couchii

xhibits constitutively high levels of both hormones across pond
plasticity, canalization, and the origins of novelty: Evidence and

i.org/10.1016/j.semcdb.2018.01.012

rying regimes [79]. Similarly, whereas Sc. couchii has high levels of

ORT throughout development, P. cultripes (like most amphibians)

xperiences a spike in CORT at metamorphosis [79]. This suggests

that the canalized, rapid development of Sc. couchii is achieved, at

https://doi.org/10.1016/j.semcdb.2018.01.012
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Fig. 4. Plasticity can generate phenotypic divergence within species as great as th

develop into either an omnivore morph or a carnivore morph (see Fig. 3). An analysi

ivergent as are the tadpoles of different genera of spadefoot toads (numbers denote

east in part, by this species maintaining its hormonal state near

hose required for metamorphosis which thereby facilitates rapid

xit from a pond.

The evolution of the novel carnivore ecomorph in Spea was likely

lso mediated by changes in hormone expression and/or process-

ng. Pfennig [81] demonstrated that treatment with exogenous TH

nduced carnivore-like tadpoles even if they were fed a detritus

iet [but see 140]. In addition to a role for TH, CORT appears to be

mportant in the evolutionary history of Spea. Specifically, unlike

pea, the ancestor-proxy of Spea (Sc. couchii) experienced increased

CORT levels when fed a shrimp diet, which suggests that this transi-

tion was initially stressful for the Spea ancestor, but has since been

ccommodated in extant Spea [93]. Furthermore, Ledón-Rettig et al.

[67] demonstrated the uncovering of cryptic genetic variation when

c. couchii tadpoles were exposed to exogenous CORT.

Evolved changes in life history strategy among ambystomid

alamanders (and potentially newts) similarly appears to have

risen because of differences in the thyroid hormone cascade

104–107]. Interestingly, even the mudpuppy, Necturus mauclo-

sus (an obligate paedomorphic species outside of the family

Ambystomatidae) has fully functioning TH receptors (TRa and TRb)

that lead to metabolic changes when exposed to TH [141]. Thus, in

the N. maculosus lineage, loss of metamorphosis may be due to loss

of TH-dependent control of genes required for tissue transforma-

tion, rather than the ability of TH receptors to form, recognize, and

bind TH.

Changes in hormone regulation are ultimately only important

because of the impact they have on gene expression. For instance,

TH brings about metamorphosis by activating transcription factors

(that are likely to be required for the expression of downstream

genes); cellular enzymes (which carry out hormone conversions,

energy transformations and may possibly mediate extranuclear

effects of TH on neural cells); cytoskeletal elements required for

axonal development and; secreted signaling molecules that control

the production of TH [136]. The synergistic effects of TH and CORT

n amphibian development arise because of their influence on
Please cite this article in press as: N.A. Levis, D.W. Pfennig, Phenotypic

mechanisms from amphibians, Semin Cell Dev Biol (2018), https://do

ene expression [142], and the differences in development rate and

plasticity between Sc. couchii and P. cultripes occurs through thy-

roid hormone receptor mediated changes in gene expression [138]. i
ween species. Depending on their diet, spadefoot toad tadpoles in the genus Spea

dy shape reveals that these two morphs (in this case, within Sp. multiplicata) are as

squares mean differences between morphs/species in principle component space).

Similarly, the canalization of the carnivore morph in some popu-

lations of Spea bombifrons has been accompanied by changes in

gene expression [143]. Even the origin of the carnivore morph was

potentially facilitated by variation in gene expression in response

to consuming a shrimp diet (Levis et al. in review).

Evolved changes in the epigenetic mechanisms that moderate

gene expression likely play an important role in the maintenance

and evolution of plasticity [144]. For example, studies on natural

populations of species other than amphibians have demonstrated

an excess of DNA methylation relative to genetic variation, and that

DNA methylation patterns vary with population, habitat, and/or

species [e.g., 145–147]. In addition to the context-specificity of

epigenetic regulation, there is increasing evidence of transgener-

ational epigenetic inheritance in animals [reviewed in 148,149].

Such transgenerational epigenetic inheritance––even if it lasts for

only a few generations––could ‘buy time’ for genetic accommoda-

tion to occur [150].

Maternal effects—where a female’s phenotype influences its

offspring’s phenotype, independent of the direct effects of the

female’s coding sequence on its offspring’s phenotype—are one

form of epigenetic inheritance that might be particularly important

for amphibians undergoing PFE. In many species of amphibians,

mothers differentially provision their eggs depending on their own

environment and/or phenotype [e.g., 151–153]. For example, larger

females often produce larger eggs [152,154], which develop into

larger, faster developing tadpoles [152]. Furthermore, differential

nvestment can mediate plasticity in the expression of offspring

raits [155,156]. Thus, condition-dependent maternal effects might

be a mechanism by which amphibian populations are buffered

from extinction while genetic changes accumulate and produce

divergent traits in the absence of the maternal effect [156,157].

Consistent with this scenario, a condition-dependent maternal

effect maintains the omnivore morph in populations of Sp. mul-

tiplicata in sympatry with Sp. bombifrons [156], but maintenance of

he carnivore morph of Sp. bombifrons in these same populations

appears to have a genetic basis [157]. Importantly, these sympatric
plasticity, canalization, and the origins of novelty: Evidence and

i.org/10.1016/j.semcdb.2018.01.012

populations appear to be at the edge of range expansion by Sp.

bombifrons [97]. These data imply that co-existence with Sp. bomb-

frons where these studies took place is relatively recent for Sp.

https://doi.org/10.1016/j.semcdb.2018.01.012
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ultiplicata in contrast to Sp. bombifrons, which has had a longer

ime to adapt to Sp. multiplicata [156,157]. Thus, maternal effects

might be important in determining the direction and rate of evolu-

tion.

7. Conclusions

Despite growing evidence that PFE might be a common route to

evolutionary innovation, several research avenues could advance

this field. First and foremost, additional tests of PFE must be

performed. The examples mentioned above in Section IV (under

Other potential systems) could be prime candidates for such tests.

Additionally, instances in which plasticity helps amphibians adapt

to rapid environmental changes [e.g., pathogens, toxins, habitat

destruction, climate change; 158] could provide excellent oppor-

tunities to observe PFE in the wild. Finally, future studies should

seek to identify the molecular signatures of PFE and the proximate

mechanisms of plasticity, genetic accommodation, and genetic

assimilation [13,159–163]. As noted above, some likely candidates

nclude hormonal regulation, gene expression, and epigenetic mod-

fications. All of these processes should be explored in the context

f gene regulatory developmental networks [164] to elucidate the

developmental changes that facilitate the transition from envi-

ronmental induction to canalization [165]. In sum, amphibians

adapting to an ever-changing world are ideal for exploring the roles

of plasticity and canalization in evolution.
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