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PROBLEMS & PARADIGMS
Unmodern Synthesis: Developmental Hierarchies and
the Origin of Phenotypes
Richard Gawne, Kenneth Z. McKenna, and H. Frederik Nijhout*
The question of whether the modern evolutionary synthesis requires an
extension has recently become a topic of discussion, and a source of
controversy. We suggest that this debate is, for the most part, not about the
modern synthesis at all. Rather, it is about the extent to which genetic
mechanisms can be regarded as the primary determinants of phenotypic
characters. The modern synthesis has been associated with the idea that
phenotypes are the result of gene products, while supporters of the extended
synthesis have suggested that environmental factors, along with processes
such as epigenetic inheritance, and niche construction play an important role
in character formation. We argue that the methodology of the modern
evolutionary synthesis has been enormously successful, but does not provide
an accurate characterization of the origin of phenotypes. For its part, the
extended synthesis has yet to be transformed into a testable theory, and
accordingly, has yielded few results. We conclude by suggesting that the
origin of phenotypes can only be understood by integrating findings from all
levels of the organismal hierarchy. In most cases, parts and processes from a
single level fail to accurately explain the presence of a given phenotypic trait.
The dead hand of the past still produces effects in the present through
the conservatism of language. We still struggle on with the same
linguistic equipment long after the accumulation of facts has ceased to
be accommodated by it. Who, if he has thought about embryological
problems at all, has not felt the agonizing mental tension engendered
by the difficulty of finding adequate verbal expression for something
which has seemed to be tolerably clear in thought? And who, in such a
predicament, has not eagerly welcomed the timely arrival of a
suggestive metaphor or some convenient ellipsis? – J.H. Woodger[1]

Cell life . . . can never be defined in terms of a static inventory of
compounds, however detailed, but only in terms of their interactions
. . . to credit compounds with ‘actions’ ‘responsibility’ ‘control’ and
other personifying traits of spontaneity is nothing but old fashioned
animism in disguise. – Paul Weiss[2]
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1. Introduction

Like a good bottle of wine, some scientific
theories just get better with time. Others
seem to age about as well as a carton of
milk. A few short decades ago, biologists
were almost unanimously toasting, and
turning up their cups to the modern
evolutionary synthesis. Then, seemingly
out of nowhere, a small number of
researchers started to turn up their
noses.[3–5] Subsequent exchanges over the
status of the synthesis have been heated,
often bearing more resemblance to a
political campaign than an objective scien-
tific debate: party lines drawn in the sand,
allegiances decided on the basis of profes-
sional specialization, and a lot more
posturing than progress. Proponents of
the “extended synthesis” have made the
bold, and in the minds of some, foolhardy
assertion that recent work on topics such as
genotype� environment interactions,
niche construction, epigenetic inheritance,
and cultural evolution call many of the
central tenets of the modern synthesis into question.[1] Argu-
ments against this position have varied,[6–9] but defenders of the
modern synthesis have often responded by claiming that
extended synthesis supporters are criticizing a caricatured
version of evolutionary theory that no one actually accepts, using
glittery new terms to dress-up phenomena that were first
reported decades ago.[9]

The extended synthesis debate has provided several years’
worth of thought-provoking discussion, but a resolution is no
closer now than when the affair first began. Here’s one reason
why. What was the modern evolutionary synthesis, anyway?
Now, try to answer that question again, without appealing to
textbook platitudes about “integrating the insights of Darwin and
Mendel.” If you find that difficult, you are not alone. The parties
currently debating the status of the synthesis cannot seem to
agree on an answer either. A handful of biologists who purport to
be defenders of the modern synthesis have treated it as an
ongoing event, something akin to “the sum total of everything
we know about evolution.”[9] Conceived in this way, criticisms of
the modern synthesis amount to an outright rejection of
evolutionary biology. Proponents of the extended synthesis have
made some strong claims, but it is rash to suggest that they are
advocating a return to pre-Darwinian mysticism. This concep-
tion of the synthesis also represents a near complete break with
traditional use of the term. As with any scientific concept, one
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can find different uses of “modern evolutionary synthesis” in the
literature. However, it has long been common to treat the
synthesis as a protracted historical event[10,11] that began in the
1920s and ended sometime in the late 1950s. During this time,
biologists of nearly all stripes, including botanists, cytologists,
paleontologists, systematists, and most importantly, geneticists,
are said to have come to some sort of general agreement about
the causes and consequences of evolution.[10,12,13]

Yet, examining the literature of the period, it is challenging to
identify any sort of profession-wide consensus, aside perhaps
from a universal agreement that evolution is true, and the
rather minimal concurrence that genetic differences somehow,
and sometimes facilitate evolutionary change. In aggregate, the
canonical monographs of the synthesis era span thousands of
pages, and this is to say nothing of periodical publications.
These books differ significantly in content,[14,15] and even when
similar topics are addressed, the authors often express different
opinions.[16–18] As early as 1980, biologists and professional
historians set themselves to the task of determining what, if
anything, the modern synthesis was, and why it was
valuable.[10–13,18] Reading these commentaries, it becomes
clear that even those who lived through the synthesis were at
odds about what was accomplished, and who deserves credit for
the achievement. The composite and varied nature of early
twentieth-century research has been almost systematically
ignored in recent exchanges, which tend to treat the modern
synthesis as some sort of monolithic conception of evolutionary
theory that, depending on the author’s perspective, needs to be
defended at all costs, or burned to the ground. Unfortunately,
things just are not so simple. Excellent research was produced
during the synthesis era, but it is naïve to suggest that biologists
working during this period possessed some sort of infallible
Midas touch. The same goes for the notion that ideological
commitments effectively put these individuals out of touch
with “biological reality.”

The fact that recent exchanges are almost completely devoid of
references to the classical literature[9] suggests that the debate is
not really about the modern synthesis at all. Instead, it is
primarily about the extent to which genetic mechanisms suffice
to explain phenotypes. In simple terms, researchers intent on
extending the synthesis are of the belief that factors other than
DNA sequences play an important role in the production of
phenotypes.[3–5,19–21] The goal of the movement is to obtain an
integrative understanding of developmental and evolutionary
change that acknowledges the importance of mechanisms and
processes, which according to its proponents, were not
appreciated until recently. For their part, defenders of the
modern synthesis have largely been concerned with showing
that the claims being advanced by the extended synthesis
supporters are false. In doing so, they have often shown support
for ideas that were developed during the early 1900s, but it
remains unclear whether these efforts constitute a defense of
some systematically organized body of thought we might
meaningfully refer to as the field’s “modern synthesis.” This
summary will inevitably fail to appease all parties, and is
especially likely to be regarded as an incomplete characterization
of the extended synthesis, which arguably, has never
been consistently or coherently defined (cf.[20,21] and
various contributions in Ref. [5]). Nevertheless, it is clear that
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genotype-phenotype mapping plays an important role in the
controversy, and as such this issue deserves to be treated at
length.

Paradoxically, researchers on both sides of the divide seem to
agree that genes are the ultimate proprietors of phenotypes. This
assumption is most clearly on display in defenses of the modern
synthesis,[8,9] where advocates have explicitly stated that DNA
sequences produce traits, but is also implicit in the claim that
phenotypes are the result of processes such as genotype�
environment interactions and epigenetic modification of gene
activity (See[22] and[23] for comprehensive reviews). It would, of
course, be foolish to deny that genetic factors play an essential
role in the determination of phenotypes. Nevertheless, one
might wonder whether the gene-centric approach that has
dominated research on character formation since the early part
of the twentieth century is entirely adequate. We contend that it
is not. Development is a hierarchical process during which
environmental factors influence genetic and physiological
products, which concurrently and subsequently affect the
cellular interactions that give rise to functional tissues and
organs. Genes are just one part of a much larger story.

Our aim is to demonstrate that there are significant
limitations with the approaches of both modern and extended
synthesis supporters. We then attempt to lay, or perhaps more
aptly, wipe-off and reclaim the foundations of an alternative
researchmethodology that identifies amore conservative role for
genetics in the fields of evolutionary and developmental biology.
The calls of revolution that have sounded from the hilltops
recently are almost certainly premature, but our methods can be
improved. We outline a framework for improving biological
practice that requires little more than an explicit recognition that
higher-level developmental phenomena are rarely amenable to
quick-and-easy molecular explanations.
2. The Modern Evolutionary Synthesis:
Organismal Traits Are Produced by Genes

Generationafter generation, scientists havebeendrawn to the idea
that it is possible to identify themost important, or “fundamental”
component of a system – that one keystone that everything else is
dependent upon. In biology, this tendency manifests itself as the
idea that we can point to some low-level element of an organism,
and say, “Here, this is the part that gives rise to everything else.”By
the late 1800s, we were confident that the cell, composed of
homogeneous protoplasm, was the basal unit of biological
organization, and maybe even the long-awaited answer to the
riddle of life itself.[24,25] Just a fewdecades later,Mendel’sworkwas
rediscovered, and it became common to speak of genes as being
fundamental. As early as 1919, theAmerican geneticistWilliamE.
Castle noted that genes “are supposed to be to hereditywhat atoms
are to chemistry, the ultimate, indivisible units, which constitute
gametes much as atoms in combination constitute com-
pounds.”[26] This thesis should seem familiar, if not obvious to
most readers: genes create the gametes that give rise to cell
lineages, which then go on to produce more gametes, and hence
more genes. The idea that phenotypes are the product of gene
expression has become a fixture in the literature, and continues to
be widely accepted, often without critical scrutiny.
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Pioneering geneticists such as Thomas Hunt Morgan were
among the first to treat genes as the sole determinant of
phenotypic characters. Morgan’s research program popular-
ized the idea that environmental factors can be safely set
aside, and tended to presuppose a one-to-one correspondence
between genes and traits.[27] For any given character,
organisms have a corresponding gene, with alternative states
being attributable to allelic variation at the locus.[28] Or so it
was said. The first challenge to this strong mapping thesis
came in the 1930s, with the discovery of pleiotropic effects,[29–
31] and a final, more definitive blow was struck several decades
later, following the development of sequencing technologies.
In every organism examined, characters were found to be
more numerous than genes, which called for an abrupt
adjustment of research practices. The overt “gene for”
methodology of the early geneticists was replaced with
something that appears more sophisticated to the modern
eye: experiments, often in the form of knock-out and up/down
regulation studies, designed to identify candidate genes that
are necessary for the production of a focal trait. This approach
requires no introduction, and some would say, no apologies.
However, a review of the literature, and a healthy if
uncomfortable look in the mirror seems to suggest that we
have not put quite as much distance between ourselves and
the Morgan school as we would like to think.

Everyone understands that gene-for thinking is a distortion
of the biological facts, yet as a profession, we have yet to rid
ourselves of this crutch. It is common practice, for example, to
knock-out, knock-down, or overexpress a gene in order to
disrupt development, and then look for an observable effect on
the adult phenotype. When successful, studies of this type
show that the gene in question is involved in the production of
a focal trait. So far so good. However, the results of such
experiments are almost systematically interpreted as a
demonstration that the gene in question is for the character
being examined[32] (See[33] for a relevant review of genetics
and domestication). We then wipe our hands, congratulate our
colleagues, and act as if our work is done, when in fact, it has
hardly begun. The identification of candidate genes can be
useful, even praiseworthy scientific pursuit, but it is essential
to remember that DNA sequences are mechanisms of RNA
transcription and protein production, not phenotype genera-
tion. As mentioned above, proponents of the extended
synthesis have emphasized, and often belabored the point
that environmental inputs play an important role in the
creation of phenotypes, but there are other parts and
processes to be considered as well, including biochemical
pathways, protein-protein interactions, and cellular signaling
networks.[34]

Enter the skeptic, stage left. “Sure, genes themselves don’t
produce phenotypes, but the regulatory systems you just
described do, and they’re under genetic control.” Development,
according to this conception, is nothing more than the unfolding
of an extraordinarily complex “program” encoded in the
genome.[35–37] Alternatively, it is sometimes said that genes
carry “developmental information,”[38,39] or that “genetic
architecture“[40] determines traits. In each case, the message
being conveyed is the same – everything about an organism,
whether we are talking about structural organization, physical
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appearance, behavior, or anything else, is the result of gene
expression.

Claims about programming, control, and the like have a nice
ring to them, but they unequivocally fail as descriptions of
biological mechanisms. These statements are metaphors which,
at best, serve as placeholders for genuine understanding of the
developmental processes that generate phenotypes.[41] Meta-
phors are widely employed in biology because they allow us to
describe complex phenomena in familiar terms.[41–43] In
research on evolution and genetics, metaphors help us to
emphasize the dynamic, and undeniably important role that
genes play in the development of phenotypic characters. Insofar
as we remember that they are merely heuristic devices, it is
difficult to find a reason to criticize the use of these expressions.
However, the fact that metaphors are verbal aids is often
forgotten with the passage of time, and under such circum-
stances, they tend to become twisted into ad-hoc proximate
mechanisms that conveniently “explain” most any result. Here,
we will focus exclusively on the idea of genetic information, as it
appears entirely innocuous, and is particularly common in the
literature.

Despite having no knowledge of what genes were, let alone
how they functioned, biologists working during the first half
of the twentieth century often endorsed the idea that they
control developmental processes.[44] By 1926, Morgan felt
comfortable enough with his methods to explicitly state that
“the theory of the gene is justified without attempting to
explain the nature of the causal processes that connect the
gene and characters.”[45] At the time, this idea would have
been entirely reasonable, since genes had been identified as
the unit of inheritance, and could be mathematically linked to
the production of traits. A century later, however, it is difficult
to justify. The theory of the gene has been, and continues to
be, one of the most robust, and useful concepts in the history
of biology. Yet, when coupled with the notion of genetic
information, it has the potential to stifle scientific progress.[41]

The problem is that the information metaphor implies that
genes are responsible for producing traits, rather than
proteins. In terms of scientific practice, the genetic informa-
tion thesis suggests that the identification of a candidate gene,
or sequencing of a genome suffices to explain how phenotypes
are generated, effectively bringing us back to a research
program that predates the second world war (Box 1).
The difficulty with metaphors is that they can lull us into
believing that linguistic artifice is a substitute for empirical data.
From the early 1900s, to the present day, researchers have made
this point time and time again,[1,22,41,70–73] but too often, their
arguments have been ignored, or pushed to the side in the rush
to advance research programs that are widely regarded as being
above criticism. Metaphors such as genetic information are
black-box verbal devices that need to be unpacked, and replaced
with concrete biological descriptions of the interactions and
processes that take place above the gene level.[1,22,41,73] The task
before us is difficult, but entirely within reach, as evidenced by a
number of excellent studies that have attempted to provide a
more complete description of the mechanisms of phenotype
production by analyzing the biochemical and cellular processes
that take place immediately after the formation of gene
products.[74–77]
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Box 1

A concrete example will help to illustrate how the
information metaphor can tempt us into accepting a
distorted view of our data. Following their discovery in
1984,[46,47] hox genes quickly became the poster child of
developmental genetics, and soon thereafter, were
awarded a place of prominence in discussions of body
plan evolution. Some, for example, have claimed that
they exercise “control over the body plan,”[48–52] while
others have unambiguously stated that they are tasked
with sculpting the morphology of the organism.[53–55]

This understanding of hox genes greatly overstates their
role in the production of phenotypes, but has been
widely accepted because these genes are almost
invariably expressed in developing body segments,[56,57]

and appear to have structure-specific functions.[58–60]

The idea that hox genes carry the developmental
information necessary for the formation of specific
structures appears straight-forward, but care needs to
be taken not to let the importance of these genes
inadvertently coax us into ascribing goal-directed
behaviors to DNA sequences.

If hox genes carried the information for creating
organismal parts, then transcription would not yield a
single homeobox transcription factor, but instead, would
produce the signaling networks, protein gradients,
patterns of polarity, cell-to-cell interactions, and all the
other nuts and bolts needed to fasten developing cells
into specific structures. Moreover, collections of cells
expressing the same hox gene should develop into
identical structures. The actual cellular role of hox genes
falls well short of such heroism, and indeed, is almost
wonderfully simple. Hox proteins are essential to
developmental processes because they have a broad
affinity for many genes.[61] This, in turn, allows for the
production of other proteins and enzymes that contribute
to cell identity.[62,63] In the end, hox genes are just like any

other gene. They do not control development, or provide
instructions for the development of an organism. Rather,
different combinations of hox genes set up transcriptional
regulatory factors in a way that patterns cell proliferation
and cell-cell adhesion in a tissue-specific manner. For
instance, in insects the hox gene ultrabithorax (Ubx) is
only expressed in the third thoracic segment.[59] Ubx
exerts its regulatory influence on all body parts that
develop within this segment, i.e., legs and hindwings.
Research on the fruit fly, Drosphila melanogaster, and the
red flour beetle, Tribolium castaneum has demonstrated
that mutation or knockdown of Ubx results in the
development of two sets of forewings.[60,64] Following
these initial discoveries, several researchers have begun to
unravel how it is Ubx might confer hindwing identity. In
Drosophila, it appears that Ubx could bind to optomotor
blind (omb) to repress, rather than promote, hedgehog
(Hh) and decapentaplegic (Dpp) signaling. Under such
circumstances, cell proliferation in the presumptive
hindwing is reduced, leading to the production of a
haltere, rather than a typical wing used for flight.[65,66]

This suggests that Ubx does not “code for the hindwing”
(for reviews see[67,68]). Instead, it changes the factors
regulating cell-cycle decisions, thereby altering the
patterning networks controlling morphogenesis.

Because hox genes have been incorrectly conceived as
exercising control over developmental processes,
researchers have been content to move from system to
system, noting which are activated at various embryonic
stages, and measuring their expression profiles. Some
interesting data have been accumulated as a result, but it
has come at a steep price. Remarkably little is known about
the cascade of processes that occur after hox genes are
expressed, and as a consequence, our knowledge of how
phenotypes are produced is scarcely better than it was prior
to their initial discovery.[69]
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It is worth emphasizing that the criticisms developed in the
preceding paragraphs have nothing to do with inheritance,
and do not represent a challenge to findings of the synthesis
era. Likewise, it would be a mistake to interpret our
constructive critique as a statement that recent research in
developmental genetics is without value. Far from it. Modern
genetics has yielded some of the most significant discoveries
of post-Darwinian biology. Nevertheless, biological facts do
not speak for themselves. They require interpretive discus-
sion, and the essence of our argument is that metaphors such
as genetic information have cast a shadow that has clouded the
way results are appraised, and led us to become content with
knowing only the most basic aspects of development.

The identification of gene expression patterns suffices to
explain the relative influence a candidate gene exhibits on
cellular identity, but does little to help us understand the
BioEssays 2018, 40, 1600265 1600265 (4
ensuing cascade of ontogenetic and morphogenetic processes.
Knockout experiments, expression profiles, and studies of
genetic interactions give us a starting place for understanding
the tissue-specific properties of cells because the mosaic of
gene products imparts functional properties onto cells in a
way that mirrors the structure-function relationship observed
in organic compounds. But, just as it is not possible to predict
the function of an organic molecule by numbering its atomic
components or describing its structure, it is likewise
impossible to predict the outcome of cellular interactions
by counting the number of transcripts or denoting changes in
the quantity of a single gene product. What we need to know,
and most cases scarcely understand at all, is how the capacities
of genes are transformed by and subsumed into cellular
functions that go on to influence higher-level phenomena in
the developmental hierarchy.
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3. The Extended Evolutionary Synthesis:
Organismal Traits Are Produced by Genes,
Sometimes in Conjunction with [Insert]

Although isolating the core commitments of the modern
synthesis can be an uphill task, work produced during the
early part of the twentieth century continues to influence
modern research in ways that are both laudable, and detrimental.
Supporters of the extended synthesis have focused almost
entirely on the latter. The unofficial mantra of the movement is
that contemporary biologists have followed in the footsteps of
synthesis architects by placing undue emphasis on the role DNA
sequence changes play in the evolution and development of
phenotypic characters.[9] This is a point well taken, but it is right
for the wrong reasons. If their criticisms had been directed at the
methodology of developmental biology, and metaphors such as
genetic information, proponents of the extended synthesis
might have facilitated the sort of introspective discussions, and
agree-to-disagree exchanges that are characteristic of the
scientific enterprise. But, they have rarely focused on such
issues. Instead, they have used a series of findings from
developmental biology to suggest that seemingly robust data on
evolutionary phenomena which emerged during the synthesis
era are beginning to show their age.[3–5,9,20]

According to extended synthesis supporters, a diverse array
of biological processes play a role in how traits develop and
evolve, including but not limited to changes in gene regulatory
networks (GRNs), developmental plasticity, ecological develop-
ment, cultural evolution, niche construction, and epigenetic
modification of DNA sequences.[3–5,9,19,20,78–80] The fact that
researchers associated with the extended synthesis have set out
to supplement the modern synthesis in so many different ways
has caused confusion, and made it extremely difficult to
evaluate the movement’s significance. To give one example,
although they have repeatedly emphasized the importance of
“epigenetics,”[3–5,9,19,20,79] what this field of research actually
consists of remains unclear. C.H. Waddington[81] introduced
the concept of epigenetics to help elucidate the morphogenetic
and historical factors that act in conjunction with genes to
produce adult phenotypes (for a review of the concept see[82]).
Some extended synthesis proponents have used the term in a
similar manner, suggesting that the dynamical patterning
networks that emerge from the reciprocal interactions of cells,
secreted morphogens, and genes are the true purveyors of
phenotypes.[83,84] For these individuals, “epigenetics” refers to a
suite of morphogenetic mechanisms that are often neglected in
traditional molecular studies, which almost always focus
heavily, or exclusively on genetics. However, in other instances,
advocates of the extended synthesis have used the term to
denote gene-level modifications, such as the methylation of
cytosine residues.[3–5,9,19,20,79] This conception of epigenetics is
very different than the one just mentioned, inviting an
important question: Which of the alternative “epigenetic”
processes described above constitutes the crucial piece of the
puzzle missed by architects of the modern synthesis?[85]

Most seem to believe that it is the latter. Phenomena such as
methylation and histone modification have generated significant
interest because they can dampen or inhibit gene expres-
sion,[86,87] thereby altering specific traits, or even the overall form
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of an organism (for an extensive review of experimental
epigenetics see[19]). However, in the ensuing race to publish,
few epigeneticists have paused to take note of the fact that their
rhetoric has become every bit as reductionist as the overzealous
geneticists they regularly criticize.[23] DNA methylation is now
just one more molecular-level explanation for the development
of higher-level phenotypes. Nevertheless, epigenetic methyla-
tions continue to attract significant professional attention,
presumably because they have been shown to be heritable.[88,89]

This is an impressive fact, but it is important to remember that
epigenetic tags have not yet been shown to last more than a few
generations,[88–90] with only marginal impacts on phenotypes
being observed[91,92] in later cohorts. DNA methylation and
histone modification might someday be regarded as important
agents of evolutionary change, but mere possibility falls well
short of the bar of scientific certainty.

This is one of the most serious problems with the extended
synthesis – exuberance for emerging fields of research has often
outpaced the evidential output needed to gauge their signifi-
cance. One way to assess the validity of the extended synthesis
would be to review the recent findings from these fields, then
determine their importance and evaluate the extent to which they
are compatible with more traditional understandings of
evolution and development. A simpler, and more expedient
way of appraising the movement is to determine whether it has
made testable predictions, and if so, whether they are supported
by the available data. At this point, the extended synthesis is not a
predictive framework, but a loose collection of facts still waiting
to be synthesized. The data have been organized by a number of
theoretical commitments, but for the most part, these are not
new (Box 2), and have yet to be transformed into testable
hypotheses whose corroboration or refutation would constitute a
challenge to existing theories.
In a paper titled “The Extended Synthesis: Its Structure,
Assumptions, and Predictions,” Laland and colleagues[20]

explicitly set out to address the charge that their movement
has failed to offer predictive hypotheses. To give one example,
they detail how a phenomenon they term “constructive
development” can contribute to the production of phenotypes.
The idea is that organisms can sometimes shape their own
developmental trajectories by responding to internal and
external stimuli.[20,100] In such cases, phenotypic development
is the result of tissue-specific regulatory mechanisms, not the
organism’s genome. The authors suggest that this sort of
thinking contradicts the commonly accepted wisdom that novel
phenotypes require genetic change. There is, indeed, a great deal
of research which suggests that distinct phenotypes can be
produced from the same genotype, i.e., without synonymous or
non-synonymous substitutions (for comprehensive reviews,
see[19,22,101–103]). However, this is merely a biological fact, not a
theory that tells us when to expect such results, what proximate
factors cause them, or why they might be important evolution-
arily. Further research on the subject would yield additional data,
but as the Viennese theoretical biologist Ludwig von Bertalanffy
once remarked, “a collection of facts, be it never so large, no
more makes a science than a heap of bricks makes a house.”[98]

Generally speaking, one of the most pressing challenges
facing the extended synthesis movement is the fact that it is
extremely difficult to identify the exact environmental
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http://www.advancedsciencenews.com
http://www.bioessays-journal.com


Box 2

The point that the extended synthesis is not entirely novel
has been made previously,[9] but this criticism deserves to
be elaborated further. To give one noteworthy example, in
his 1917 book Organism and Environment as Illustrated by the
Physiology of Breathing, John Scott Haldane (father of JBS
Haldane) wrote, “An organism and its environment are one
. . . in the sense that though we can distinguish them we
cannot separate them unaltered, and consequently cannot
understand or investigate one apart from the rest.”[93]

Seemingly unaware of Haldane’s earlier contribution,
Lewontin echoed these sentiments in a 1982 book chapter
titled “Organism and Environment”, noting among other
things that, “There is no organism without an environment,
but there is no environment without an organism.”[94]

Lewontin and Levins would later repeat this point word-for-
word in an article titled “Organism and Environment.”[95]

Neither Haldane’s book nor the earlier chapter by Lewontin
are cited in this article. Sonia Sultan makes the case for a
synthesis extension in her 2015 book Organism and
Environment,[19] and in the process, discusses several works
by Lewontin, but the pieces mentioned above are not
referenced when she states that “Because their realized
features are the joint outcome of genetically bounded,
evolved phenotypic expression patterns and external
conditions that elicit particular outcomes, organisms as
adapted products of evolution are not entirely separable
from their environments.”[19] The book by Haldane also
receives no mention. For the record, that is four

publications with the same title, one concept, and zero
mutual citations.

This is just one example. A host of ideas associated
with the extended synthesis have been previously
advocated and discussed, most notably by early twentieth-
century theoretical biologists[1,2,92,96–98] (for a historical
review see[99]). Although this lack of originality is worth
noting, the fact that the core commitments of the extended
synthesis have a long history does not imply that they are
false. The widespread and unfortunate practice of ignoring
research produced more than one or two decades prior to
the present could have caused them to be overlooked the
first time around, before their significance could be
properly appreciated. Conversely, the fact that someone,
somewhere said this or that does not mean that it is
already known, and requires no further emphasis.[11] The
real lesson to be learned here is that a simple assertion
about how biological processes allegedly work isn’t good
enough, even if it happens to be correct. A scientific
hypothesis is only valuable insofar as it makes novel
predictions that have the potential to stimulate future
research. Early theoretical biologists developed many
innovative hypotheses, but with rare exception, they were
quickly forgotten because their contribution to the
empirical side of the science was not readily apparent to
other researchers. Unless corrective measures are taken,
attempts to extend the modern synthesis are destined to
share the same fate.
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parameters an organism experiences, and responds to. Many
have attempted to study this issue by focusing on genotype�
environment reaction norms.[22] In most cases, however, this
approach merely tells us something we already know: a single
genotype can produce distinct phenotypes when environmental
variables are altered. Extended synthesis supporters are right to
point out that selection can act on developmental mecha-
nisms.[22,80,104,105] The problem is that they have rarely taken the
time to identify these mechanisms, or detail how variation in the
relevant pathways might be beneficial or detrimental. Without
such data, there is little hope of constructing models that are able
to accurately predict adult phenotypes from environmental,
genetic, and physiological inputs. This lack of predictive power is
why the extended synthesis does not yet pose a serious threat to
rival conceptions of evolution and development.
4. Developmental Hierarchies and the
Production of Phenotypes: “Ontogeny” and
“Gene Expression” Are not Synonymous

At itsmost fundamental level, science is about finding the causes
of natural phenomena.[105] As such, it can be said that the goal of
evolutionary biology is to determine how causal mechanisms
such as selection and drift produce change over time.
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Developmental biology, on the other hand, typically aims to
identify the factors responsible for initiating the production of a
particular phenotype at a particular time. In most cases,
phenotypes result from the interactions of an enormously
diverse array of processes, products, and outcomes, which
means that it is not only impractical, but impossible to fully
explain developmental phenomena by appealing to a single level
in the organismal hierarchy.

During the first half of the twentieth century, it became
common to conceive of evolution in terms of population-level
changes in allele frequencies, and while this sort of thinking
greatly advanced the agendas of molecular evolution and
population genetics, that does not mean it is appropriate, much
less necessary to employ in all other contexts. Whether they were
excluded or simply lacked interest, developmental biologists
contributed almost nothing to evolutionary theory during the
synthesis era. For this reason, it is not surprising that
contemporary researchers hoping to understand, e.g., why
Bauplan̈e exist, or what allowed human-domesticated plants and
animals to change so quickly in response to artificial selection,
are likely to find little value in the gene-centric definition of
evolutionary change. From the perspective of developmental
biology, hormones, patterning networks, cell-cell interactions,
and the like play a fundamental role in the formation, and hence
evolution of phenotypes. The synthesis-era conception of
© 2017 WILEY Periodicals, Inc.of 10)
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Figure 1. All levels of the biological hierarchy participate and interact in
the formation of phenotypes. To start, the interaction of a suite of gene
products defines the identity of a cell, which in turn causes the cell to
interact with its environment in a non-random fashion. Neighboring cells
then form a collective that behaves in a manner that is both unique to the
population, and predictable. The population of cells adhere to one
another in a tissue-specific manner, and the processes that initiate cell
growth, proliferation, and death are, likewise, non-random. Most, or more
likely all tissues grow asynchronously, meaning that the spatial
positioning of individual cells and the collective they compose play as
much of a role in determining their behavior as their molecular expression
profiles. This in turn, allows for cell-cell communication to differ across a
tissue, resulting in cell signaling differences playing a causal role in gene
expression. Interactions within and across hierarchical levels lead to the
production of a phenotype.
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evolution does not even acknowledge the existence of these
phenomena, and in the worst case scenario, can be taken to
imply that changes in gene frequencies are a cause, rather than a
consequence of population-level changes in the abundance of
traits. Advocates of the extended synthesis have raised similar
concerns,[3–5,9,19,20] but have incorrectly inferred that context-
specific limitations of the gene-centric viewpoint provide
evidence that the causal mechanisms responsible for facilitating
evolutionary change are desperately in need of revision. The
problem is not that evolutionary theory needs a rethink, it is that
professional specialization has blinded us to the fact that
organisms are hierarchically arranged systems.

Research programs such as developmental systems theory
(DST)[106–109] and Waddington’s epigenetic landscape model[81]

might be regarded as a preliminary step in the right direction,
insofar as they encourage hierarchical analyses of developmental
processes, and invite us to investigate the role these proximate
factors play in phenotypic evolution. The core principle of DST is
that genetic networks interact to produce stable states, which go
on to define cellular characteristics,[106,107] and tissue-specific
developmental differences.[108] Few would deny that it is
important to understand how GRNs produce cell states. As
every physiologist knows, the response elicited by hormones is
not a property of the hormone, but instead, is a property of the
tissue, which itself is a result of tissue-specific GRNs. That being
said, although GRNs are necessary for cell differentiation, they
do not explain the entire process of phenotype production.
Proponents of DST, along with colleagues in other fields of
biology, working on both sides of the modern vs. extended
synthesis divide, continue to fall into the habit of misrepresent-
ing the causal interactions that give rise to phenotypes by
emphasizing molecular-level processes at the expense of other
levels in the organismal hierarchy.

To give a particularly prominent example, enormous amounts
of genomic, transcriptomic, and proteomic data for all manner of
phenotypes have been collected in recent years, ranging from
gene expression profiles of individual cells[110] to expression
patterns correlated with higher-level behavior in animals.[111]

Data of this type can be extraordinarily useful, but have
consistently been misinterpreted. The description of differential
gene expression is just that, a delineation of facts that has the
same amount of predictive power as Victorian-era natural
history. You cannot expect to grasp the plot of a play by reading
the lines of a single character, even if the individual happens to
be of particular importance to the story. The same logic applies to
the development of traits, and for that matter, their evolution as
well. As an organism develops, inputs such as hormones initiate
and terminate gene expression, producing a species-specific
sequence of phenotypes. Focusing on, and trying to understand a
single aspect of this process just is not good enough – ontogeny
and gene expression are not synonymous.

The hierarchy of gene-molecule-cell-organ-organism is best
described as a nested set of levels.[105] Although causal influences
can travel downward, outputs at each level are primarily the
result of processes that occur in the preceding tier (Figure 1).
Molecular studies often ignore this fact, and directly attribute
higher-level level phenotypes to subcellular processes. Tran-
scriptomic analyses of developing structures tend to be
particularly problematic because they often ignore the fact that
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gene expression is inconsistent among the cells that compose a
given tissue. Consequently, work of this type tells us very little
about the higher-level effects of gene expression patterns. To
determine the role gene products play in development,
expression profiles need to be measured at regular intervals
throughout ontogeny, and even then, it must be remembered
that genes are passive agents whose function is entirely
dependent upon the receipt of signals that originate from
multiple levels of the organismal hierarchy.

Something similar can be said for studies in evolutionary
genetics. The discovery of cis- and trans-regulatory element
evolution was astonishing, in part because it revealed that
changes in regulatory mechanisms at the molecular level can be
correlated with phenotypic differences. However, it is one thing
to know this fact, and another matter entirely to understand how
changes in transcriptional regulation induce cell-level changes
that can be linked to phenotypic variation. To truly grasp how
phenotypes are produced, we would need to determine, e.g.,
whether downstream genes are differentially expressed because
of regulatory element evolution. Armed with this knowledge, we
could then attempt to ascertain how these molecular-level
changes affect the patterning of cellular processes through cell
growth, proliferation, and paracrine signaling, which in turn,
would allow us to understand how endocrine signaling facilitates
communication between organs, and so on.

Because organisms are hierarchically arranged systems,
higher-level phenomena such as organogenesis, scaling relation-
ships, metabolism, and behavior can rarely be fully explained by
© 2017 WILEY Periodicals, Inc.of 10)
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drawing correlations with lower-level components. Statistical
significance has become a threshold for publication, but it is not
a substitute for genuine biological understanding of the causal
chain that leads to the production of phenotypes. Analytical
methods certainly have their place, but when they are employed,
it is imperative to reach for the right tool. Many of the approaches
now being used incorrectly assume that biological causation is
linear, when in fact, it is multivariate and multi-level. The
available data suggest that most phenotypes result from non-
Figure 2. A number of well-documented cases, including seasonal
polyphenisms in butterfly wing patterns, unequivocally demonstrate that
phenotypic differences can be the result of crossing a threshold, rather
than genetic differences. Polyphenism is a type of phenotypic plasticity,
where animals are capable of developing two or more discrete alternative
phenotypes that are not connected via intermediate forms.[102] Several
species from at least four lepidopteran families exhibit distinct seasonal
morphs whose development is set into motion by annual changes in
temperature and photoperiod.[112] Color pattern determination in Junonia
coenia, for example, is dependent upon the release of the hormone
ecdysone during a critical period of sensitivity during the first day after
pupation. The secretion pattern of ecdysone is regulated by the
stimulatory neuropeptide prothoracicotropic hormone (PTTH). In the
presence of high temperatures, and long-day photoperiods, PTTH
secretion begins earlier and ecdysone levels begin to rise a few hours after
pupation. This produces a peak of ecdysone that coincides with the critical
period of sensitivity, causing the animal to develop into the distinctive
summer morph.[113] Conversely, low temperatures, and short-day
photoperiods reduce the rate of PTTH secretion, which in turn, increases
the amount of time needed to reach the threshold that initiates ecdysone
synthesis. When the threshold is ultimately crossed, and ecdysone
synthesis begins, the critical period has passed, leading to the production
of the autumn morph.[113] A similar mechanism may result in the
development of distinctive seasonal morphs in Precis octavia. The
summer form (A) develops under high temperatures and long-day
photoperiods, whereas the winter form (B) develops under low
temperatures and short-day photoperiods.[114] In species such as P.
octavia, the alternative seasonal morphs are so distinctive that they were
originally described as different species.
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linear interactions (Figure 2). Nonlinearity is present in almost
all biological processes at all levels of organization, with some
notable examples being gene expression in segment forma-
tion,[77] cranio-facial development as a function of sonic hedge-
hog signaling from the brain,[115] physiological regulation of
body temperature,[116] and size dimorphism in social insects.[117]

In each of these cases, outcomes are contingent upon a
biochemical, molecular, or endocrinal threshold being crossed,
thereby initiating a cascade of changes in higher levels of the
organizational hierarchy. The fact that most biological processes
are non-linear explains why there is not a one-to-one mapping
between genotype and phenotype, and accordingly, why purely
genetic explanations seldom explain the origin of phenotypic
traits. To fully explain evolutionarily change, we need to grasp
how traits are produced ontogenetically, and this requires an
understanding of the dynamics of non-linear developmental
processes.
5. Conclusions and Outlook

The advancement of biology in the 21st century will require the
integration of data on genetic, molecular, cellular, endocrine, and
physical processes with modeling approaches. Combining
theory and data in this way will allow us to better explain the
production of phenotypes over developmental and evolutionary
time. As mentioned earlier, the elucidation of candidate genes
and differential expression patterns can provide a useful starting
place for understanding ontogenetic change. Yet, the identifica-
tion of these proximate mechanisms does little to explain how
intermediate processes contribute to the production of organis-
mal forms. For evolutionary studies, going beyond candidate
gene identification might mean exploring whether there have
been change in the processes occurring directly above the
molecular level. Considering that selection acts on phenotypes,
one might focus on the relationship between described genetic
changes, and the higher-level developmental processes that
interact to produce various traits. For developmental studies,
observed differences in gene expression profiles need to be
integrated with studies of gene products, cells, and growth
factors. Once the relevant experimental data are collected,
modeling approaches will likely prove invaluable,[74–77,118,119] as
they allow for the identification of the processes that are most
correlated with phenotypic change, and subsequently open new
avenues for experimentation.[119]

Biology hasmade incredible advances since themid-twentieth
century, and in many cases, this progress has demanded an
increasing level of technical skill, and specialization. At the same
time, as researchers have been pushed into ever-narrowing fields
of expertise, we have lost sight of the big picture. Rightly or
wrongly, the modern evolutionary synthesis has become
synonymous with the idea that genes are the single most
important causal agents in the organismal hierarchy. The
extended evolutionary synthesis, on the other hand, constitutes
an attempt to elevate the standing of a disparate medley of
biological processes that proponents of the movement have
spent their careers studying. Both approaches fail to acknowl-
edge the fact that biology is a science of levels, which by its very
nature, precludes the possibility of explaining the evolution or
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development of phenotypes in terms of a single tier in the
organismal hierarchy. Many parts and processes are required for
the production of a focal trait, but few are sufficient. As a
consequence, understanding developmental process almost
always requires the integration of findings from numerous
hierarchical levels. In the same way that butchers define cuts of
meat that transect major muscle groups, we have parsed
organisms into arbitrary professional categories that, in
isolation, provide little insight into the development of
phenotypic characters.
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