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Preface

The biological sciences evolve at a perplexing pace. Since the mid-
twentieth century we have witnessed the molecular revolution. a dra-
matic technical turn in all fields of biology, and the rise and spread of
computation, jointly leading to vast amounts of new data, concepis, and
models about the vreanic world. Fundamentally different kinds of infor-
mation are now available as compared with the time of the last major
conceptual integration in the biosciences, the Modern Synthesis of the
1930s and 1940s—memorably summarized by Julian Huxley and newly
accessible in the companion to this volume, As a consequence, but less
noted than many of the spectacular empirical advances, the core theo-
retical framework underlying the biological sciences is undergoing
ferment. Evolutionary theory, as practiced today, includes o consider-
able number of concepts that were not part of the foundational structure
of the Modern Synthesis. Which of these will actually coalesce inlo a
new kind of synthesis, aupmenting the traditional framework in a sub-
stantial fashion, 1s a major challenge for the theonsts of oday.

To begin to meet that challenge, a group of 16 prominent evolutionary
biologists and philosophers of science convened at the Konrad Lorenz
Institute for Evolution and Cognition Rescarch in Altenberg, Austria,
in July 2008. The “Altenberg 16,7 as the group was labeled by the media.
mel over three days 1o discuss the new information, both empirical and
theoretical, from a large number of different ficlds. Conceptual change
wias seen to emerge from traditional domains of evolutionary biology.
such as quantitative penetics, as well as [rom entirely new fields of
research, such as genomics or EvoDevo. The structure of the present
volume reflects the areas in which the conceptual progress was perceived
Lo be most significant,

The modifications and additions to the Modern Synthesis presented
in this volume are combined under the term Extended Synthesis, not
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because anyone calls for a radically new theory, bul beeiuse the current
seope and practice of evolutionary biology clearly extend bevond the
boundaries of the classical framework. The Altenberg group jointly con-
cluded that by incorporating the new results and insights into our under-
standing of evolution, the explanatory power of evolutionary theory is
greatly expanded within biology and beyond. As is the nature of science,
some of the new ideas will stand the test of tme, while others will be
substantially modified over the course of the next few years. Nonetheless,
the authors agree that there is much justified excitement in evolutionary
hiology today. This is a propitious time to engage the scieatific commu-
nity in a vast interdisciplinary effort to further our understanding of how
life evolves. An extended evolutionary [ramework will be key for this
endeavor.

The editors wish to thank all those who made this work possible,
Foremost, we express our gratitude to the workshop parlicipants and
authors who contributed their expertise in so many areas ol evolution-
ary biology. We are grateful to the stalf of the KLI for their dedicated
assistance in preparing and running the workshop, and we are equally
grateful o the devated editors at the MIT Press—Katherine Almeida.
Susan Buckley, and Bob Prior—without whose experience, patience,
and encouragement this volume and its companion would not have
happened.

INTRODUCTION



1 Elements of an Extended Evolutionary Synthesis

Massimo Pigliveci and Gerd B. Miiller

More than hall a century has passed since the integration of several
strands of evolutionary thought into what came to be called the Modern
Synthesis (MS}), the conceptual framework that has defined evolutionary
theory since the 1940s. Despite significant advances since then in all
methodological and disciplinary domains of biology, including melecular
genetics, developmental biology, and the “-omics” fields, the Modern
Synthesis framework has remained surprisingly unchanged. Although it
is still regarded as the standard theoretical paradigm of evolutionary
biology, for several years now dissenters from diverse fields of biology
have been questioming aspects of the Maodern Synthesis, and pivotal
novel concepts have been claborated that extend beyond its original
scope (e.p., Maynard Smith and Szathmary 1995: Jablonka and Lamb
1995; Schlichting and Pigliucei 1998; Gould 2002; Miller and Newman
2003; Odling-Smee el al. 2003; West-Eberhard 2003; Kirschner and
Gerhart 2005), As a result, calls for an expansion of the Modern Synthesis
framework have intensified (R. L. Carroll 2000; Love 2003a: Kutschera
and Niklas 2004; Miller 2007; Piglincei 2007; Rose and Oakley 2007,
8. B. Carroll 2008), prompting further scientific debate (Pennisi 2008,
Whitfield 2008).

~ Under the heading “Extended Synthesis” this volume represents a
broad survey of key ideas in this multilaceted research program, and a
first look at an expanded theory of evolution as a work-in-progress. We
have pathered some of the most prominent authors who have been
writing about new directions in evolutionary biology and asked them to
explain where they think the field is headed, and how the new concepts
square with the Modern Synthesis’s view of whal evolution is. Some of
ﬂlESB authors are skeptical that any fundamental changes are discernible
in the current positions, while others lean toward major revisions of the
MS. Most contributors fall somewhere in between, accepting many of
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the central tenets of the current ramework, while wanting to relax some
of its assumptions and to introduce what they see as significant concep-
tual augmentations of the basic MS structure— just as the architects of
the Modern Synthesis themselves had done with previous versions of
Darwinism and the ideas that had been debated by biologists around the
turn of the twentieth century.

Whenever we talk to colleagues who are inclined toward a conserva-
tive position aboeut the status of evolutionary theory, we are confronted
wilh the question "So, what exactly is s0 new that we may speak of
an Extended Synthesis?" This volume is the beginning of o response to
that question, and we shall provide the reader with an overview below.
The commonest reaction to our explanations is something along the
lines of “I3ut that is already understond as part of the Modern Synthesis
anyway.” We beg to differ. Many of the empirical findings and ideas
discussed in this volume are simply too recent and distinet from the
ramework of the M5 to be reasonably attributed to it without falling
inte Blatant anachronism. Concepts such as evolvability (Wagner and
Altenberg 1996; R, L, Carroll 2002; Love 2003b; Wagner 2005; Hansen
2006; Hendrikse et al. 2007; Colegrave and Collins 2008; Pigliucei 2008},
for instance, did not exist in the literature before the carly 1990s; phe-
notypic plasticity (West-Eherhard 1989; Scheiner 1993; Pigliucei 2001;
Schlichting and Smith 2002; West-Eberhard 2003: Borenstein et al. 2006)
wis known, but consistently rejected as a source of nuisance, not of sig-
nificant micro- and macro-evolutionary change. Or consider EvoBDevo,
an cntirely new field of evolutionary research that has emerged in full
only since the late 1980s, precisely because of the perceived explanatory
deficits of the M5 in the realm of phenotypic evolution {lLaubichler and
Maienschein 2007; Miller 2007, 2008; Sansom and Brandon 2008), Yet
another common retort to our arguments is that the new ideas are “nol
meonsistent” with the framework of the Modern Svnthesis; this may very
well be true—and maost of us would gladly agree—but being consistent
with the M5 is not at all the same thing as being a part of the M5!

Much of the confusion and resistance (0 new ideas may derive from
the Tact that evolutionary biologists of course have gradually updated
their thinking bevond the Modern Syathesis, without necessarily paving
too much attention to the fact that in so doing, they have stepped
well outside of its original boundaries. Also part of the problem is that
most practicing biologists do not have the time to read the papers, and
especially the books, that shaped and solidified the MS during the 1930s
and 19405, and therelore may not be too familiar with its actual claims.

Elements of an Extended Evolutianary Synthesis 5

Therefore, befure plunging inte this book™ cxamination of how the
Synthesis 1s already extended in the current usage of evolutionary biolo-
gists, it may be usetul to briefly summarize the conceptual history {.'{
evolutionary thought as well as the basic tenets of the Modern Synthesis.
This will put us in a belter position to judge how the ideas advanced in
this volume relate to the central corpus of the discipline, and how much
of an extension 1s really warranted or provided.

Maodern evolutionary thought, of course, hegan with Charles Darwin
and Alfred Russel Wallace's paper to the Linnean Society (1858),
although the idea of biological change over time had been arpund since
ancient Greek philosophy. The original Darwinism, as it was soon 1o be
known, was based on two [undamental ideas: the common descent of all
living orgamsms, and the claim that natural selection is the major agent
of evolutionary change, as well as the only one that can bring about
adaptation. The first idea was quickly accepted {indeed, 1t had been
advanced by others before Darwin, though nobody had done the hard
work of systematically collecting evidence in its favor). Natural selection,
on the other hand, was more controversial. and Darwinism underwent
a period of “eclipse” (Bowler 1983) in the scientilic community toward
the end of the nineteenth century. According (o Julian Huxley, who
actually coined the term “eclipse” for that period, several alternative
evolutionary mechanisms were proposed al the time, including a revival
of Lamarckian-tvpe inheritance (which Darwin himsell had Nirted with),
so-called orthogenesis (macroevolutionary trends directed by internal
torces), and saltationism, the idea that evolutionary change is not gradual,
a5 assumed by Darwin. but proceeds in major leaps,

During the same period, by contrast, Wallace and August Weismann
pushed a view of evolution that again situated natural selection at the
forefront, but eliminated any vestiges of Lamarckism. The physiologist
George Romanes famously coined the term neo-Darwinism (nol to he
confused, as il so often is, with the Modern Synthesis) o mock Wallace
and Weismann’s pan-selectionist theories. Things did not look any better
for the Darwinian view of evolution at the onset of the twentieth century,
when the rediscovery of Mendel's work and the beginnings of genetics
dppeared to deal a blow to the theory, The problem was that Mendel’s
laws; as well as the newly discovered phenomenon of mutations, implied
that there could not be any “blending of inheritance” {the second idea
about inheritance, after Lamarckism, to which Darwin had turned in a
halthearted dttempt to complete his theory). Mendelian traits seemed to
be inherited as discrete units, which would imply the impossibility of
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gradual evolutionary change: Lamarck may have been definitely sban-
doned by then, but saltationism was alive and well.

1t is this perceived contrast between Mendelism and neo-Darwinism
that set up the conditions for what was to become the Modern Synthesis,
A group of mathematically oriented biologists, including Ronald Fisher,
I B. 5 Haldane, and Sewall Wright, began work that eventually showed
that there was no contradiction between Mendelian genetics, the obser-
vation of mutations, and the more continuous variation in so-called
guantitative characters that was the focus of neo-Darwinism. Fisher's
1918 paper, “The Correlation between Relatives on the Supposition of
Mendelinn Inheritance,” which in particular was the milestone that
demonstrated that Mendelian traits affected by several genes would pro-
duce the phenotypic distribution typical of quantitative characters (a bell
curve), the smoothing of the distribution being ensured by the combina-
tion of the additive effects of several lod and the blurring effect of
environmental variation. Fisher's 1930 book, as well as seminal papers
by Haldane (1932) and Wright (1932), established the field of population
genetics, today still considered the theoretical-mathematical backbone
of evolutionary biclogy.

That work by itself, however, did not constitute the Modern Synthesis,
The process took another several deeades 1o complete (essentially
ranging from 1915, when Fisher's paper appeared, 1o 1950, the vear of
publication of Stebhins’s seminal book on plant evolution). What was
needed was the understanding and acceplance of population genetics
by the majority of practicing evolutionary biologists, as well as an articu-
fation of the new ideas in direct reference to the classic disciplines
of natural history, svstematics, paleontology. zoology, and botany. This
happened thanks to the now classic books by Dobzhansky (1937), Mayr
(1942), Simpson (1944), Stebbins (1950), and Rensch (1959). although it
was the 1942 volume by Julian Huxley that introduced the term Maodern
Synthesis into evolutionary jargon,

The major contributions of these authors are now well known, but
need (o be briefly revisited in order to build our case that the MS did
not, in fact, include most of the concepts examined in this volume.
Dobzhansky was one of the first peneticists to work with natural popula-
tions, and contributed mounting evidence {especially with his famous
GNP series; Provine 19581) that there s much more vanation for quan-
tative traits than previously suspected: sinee this variation is the [uel
for natural selection, and hence essential to the neo-Darwinian process,
Dobzhansky helped to establish population gencties as the empirical

Elements of an Extended Evolutionary Synthesis 7

field that provided the long-missing picce to the original Darwinian
pu.zzle.

Up to this point one could consider the M5 as, in [act, a svnthesis:
from Fisher to Dobzhansky, 1t was a fusion of neo-Darwinism and
Mendelism achieved through the theory and practice of the new
papulahnnastallshcal genetics, The other major contributions, however,
went beyond synthesis to actually adding new concepts to the neo-
Darwinian edifice, and in some cases to even contradicting some of
Darwin’s own positions. Take, for instance, Mayr's related ideas of the
so-called biological species concept and of allopatric speciation. Despite
the fact that they are both sull controversial today (Mishler and
jj’ﬁﬁughue 1982; Templeton 19859; Grant 1994; Sterelny 1994; Barraclough
and Nee 2001; Hey 2001; Schluter 2001; Piglivee: 2003; Coyne and Orr
2004: Gavrilets 2004; de Queiroz 20035), they were a direct rebuttal of
Darwin’s conception of species as arbitrary demarcation lines imposed
by the human mind on an otherwise continuous process of diversification
'twhinhis why The Origin of Species does not really deal with, well. the
_@ﬁg,ih of species). Mayr made species into the fundamental unit of the
biological hierarchy, a move that implied that the study of the process
of speciation is part and parcel of what an evolutionary biologist ought
fu do. This was definitely going beyond, not just synthesizing, neo-
Darwinism and Mendelism.

The contributions of Simpson (paleontology) and Stebbins (botany),
while historically important, are much less clear from a conceptual per-
spectwe. Simpson’s Tempo and Mode in Evolurion (1944) reflects the
gumur__s own ambiguity about what is often referred to as “the harden-
il:lg\"'r of the synthesis in the late 1940s and bevond, when more heterndox
iﬂeas were purged or marginalized to vield the core that still character-
iz’as evolutionary theory today. Here the “synthesis” was achicved as
Il;lucll through exclusion as it was through integration, For instance,
Slmpsnn initially defended—on the basis of paleontological evidence—
the idea that macroevolutionary change may occur very rapidly, on a
geological scale. While his concept of tachytelic (fast) evolution may not
have been intrinsically incompatible with the MS emphasis on gradual-
18m, it was eventually dropped in favor of a more prosaic view in which
Iﬁiﬂrnemluliunary processes directly extrapolate to macroevolutionary
time seales, rendering paleontology little more than an appendage (o the
P'U'Pulatmn genetic view of things. We had to wait until Eldredge and

ould’s {1972) challenge of punctuated equilibria for that debate to be
mlg;mted
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The situation is similar for Stebbins: it is hard to see why, exactly,
botany needed to be “brought in™ with the Modern Synthesis, unless
the plant world offered a perspective significantly different from the
typically animal-centric (mostly, in the case of population genetics,
Drosaphila-centric) view, The work of Stebbins and others did have the
potential to challenge central concepts of the MS, beginning with Mayr's
insistence on the “biological” species concept and allopatric speciation.
Plants are known to exhibit a variety of isolating mechanisms that make
it difficult to fit one simple criterion to the reality of plant species, and
inslantaneous, sympatric speciation is common in plants through hybrid-
ization and both allo- and auto-polyploidization, But none of this came
to be considered anything other thun  set of curious “exceptions™ by
the central architects of the Modern Synthesis, particularly Mayr, or by
their modern mtellectual heirs (Coyne and Orr 2004),

As is well known, other branches of biology were left entirely out of
the Modern Synthesis. which is a major reason why so many authors in
recent years have clamored for its expansion. Most famously, embryal-
ogy and developmental biology were not incorporated, despite a long
tradition of research that had yielded tantalizing insights into the evolu-
tion of organismal form (Gould 1977). This may very well have been at
least in part a result. as Mayr often claimed, of the lack of interest on
the part of developmental biclogists, or perhaps it happened because
there was al the time no figure in that field comparable to the likes of
Simpson or Stebbins. In any case, the necd for the growing field of
EvoDevo to be explicitly and organically incorporated into evelutionury
theory is obvious and largely undisputed (Robert 2004: Miller and
Mewman 2005: Miiller 2007; Love 2006; S.B. Carroll 2008).

Curiously largely unnoticed is the fact that ecology also missed out
on the Modern Synthesis, The closest the MS came o ccology was
the establishment of the field of evolutionary ecology. almost single-
handedly started by Ford (1964). But Ford and his intellectual descen-
dants worked very much within the standard Fisherian model of almost
exclusive emphasis on natural selection and population penetics, and
ccology as a field kept developing with little to add to, or import from,
evolutionary biology (a situation that persists today, despite the wide-
spread existence of departments of “ecology and evolutionary biology”
throughout the world), This lacuna began to be addressed only much
later by unorthodox researchers such as Van Valen (1973) with his “Red
Queen Hypothesis™ and Odling-Smee (2003) with his work on the
concept of “niche construction.” Much still needs to be done in this area.

Elements of an Extended Evolutionary Synthesis 9

Be that as it may. the Modern Synthesis hecame the established frame-
?ﬂ;ﬂrﬁ in evolutionary biology, which has been summarized by Douglas
:;Eﬁhl}'mﬂ (1986: 12) in the following fashion:

The major tenets of the evalutionory synthesis, !.hcn. wiere Ihzﬂ pupl..ﬂ:nlions
mrltﬂin genetic variation thal arises by ra_ndmm {i.e., fint ndaphw.ly dirceted)
ﬁﬁfl.i.ﬁuh and recombimation; that populations cvolve by changes in gene fre-
'&ﬁﬁmybrﬂuﬂht about by random genetic drift, pene How. and cspccmily I111.11ITF.I|
calection: that most adaptive genetic vanants have individually slight phenotypic
effects so that phenotypic changes are gradual [gltlmugh some alleles with dis-
Qﬁﬂtt effects may be advaniageous, as in certain color pnl}frm::rphmms]: Lhae
;i'i‘;i*.i:rsiﬁmﬁun comes about by speciation, which normally entails the pradual
evolution of reproductive isolation among populations; and that these PrOcesses,
continued for sulficiently long, give rise (o changes of such gresl mfi_gnnudu i
to warrant the designation of higher taxonomic levels (genera, families, and so

forth),

‘As we will see in the rest of this volume, several of these tenets are
Hi,-,mg challenged as ecither inaccurate or incomplete, It is impaortant,
however, to understand the kind of challenge being posed here, in order
E’ﬁaid wasting time on unproductive discussions that miss the point of
an extended evolutionary synthesis. Perhaps a parallel with another
hrﬂnch of biology will be helpful. After Watson and Crick discovered
the double-helix structure of DNA. and the molecular revolution got
started in earnest, one of the first principles to emerge from the new
I!gsﬁ:fpl.ine was the unfortunately named “central dogma” of molecular
biology. ‘The dogma (a word that areuably should never be used in
seience)) stated that the flow of information in biological systems is always
H WB}F from DNA to RNA 10 proteins. Later on, however, it was dis-
covered that the DNA > RNA flow can be reversed by the appropriately
named process of reverse transeription. which takes place in a variety of
F{gﬂﬁiﬁms, including some viruses und cukaryotes (through retrotrans-
posons). Moreover, we now know that some viruses replicate their RNA
ﬁrﬁ-ﬂﬂy by means of RNA-dependent RNA polymerases, enzymes also
found in eukaryotes, where they mediate RNA silencing. Prions have
;h'DWn us how some proteins can catalyze conformational changes in
similar proteins, a phenomenon that is nol a case of replication, b
certainly qualifies as information transfer, Finally, we also have examples
of direct DNA translation to protein in cell-free experimental systems
in the presence of ribasomes but not of mMRNA. All of these molecular
Processes clearly demolish the alleged central dogma, and yet do nat call
ﬁ'-'ﬂ' the rejection of any of the empirical discoveries or conceptual
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advances made in molecular biology since the 1950s. Similarly, we argue,
individual tenets of the Modern Synthesis can be modificd, ar even
rejected, without generating a fundamental crisis in the structure of
evolutionary theory-just as the Modern Synthesis itsell improved upon
but did not cause the rejection of either Darwinism or neo-Darwinism,

Specifically, this book presents six sections aimed at outlining the
directions that contribute to an Extended Synthesis, with the goal of
stimulating lurther conceptual discussion and empirical work to move
the field forward. Part 11 concerns significant advances in our under-
standing of the tightly linked ideas (in the MS) of natural selection and
adaptation. lohn Beatty explores the relative roles of contingeney and
chance variation in evolutionary theory, important because the balance
between these and determining processes such as natural selection seems
to be perennially shifting in the minds of biologists. Sergey Gavrilets
writes about what happens when one takes seriously the idea that
adaptive landscapes—introduced as a powerful metaphor by Sewall
Wright in the 1930s—are mathematical constructs of very high dimen-
stonality and surprising properties. David Sloan Wilson revisits the
debate on group selection; a concept that has experienced vertiginous
ups and downs since the 1960s, and brings it up to modern standards
within the broader context of multilevel selection theory. _

Part [11 deals with the new information from molecular genetics and
genomics that brings significant new issues to evolutionary theory. It
begins with Gregory Wray's characterization of the consequences of a
shiftof focus from individual genes to gene networks, Michael Purugganan
continues with his analysis of the revolutionary impaet of genomic
science on the study of evolution.

Part 1V tackles the kinds of hereditary and replicatory mechanisms
that are not considered within the framework of the Modern Synthesis,
and that pose theoretical and empirical hurdles for it: Eva Jablonka and
Marion I Lamb present the case of transgenerational epigenetic inhe-
ritance, John Odhing-Smee treats niche inheritance, and Chrisantha
Fernando and Elrs Szathmdry discuss replication in systems chemistry
and extend the replicator principle to neuronal evolution, brains, and
language.

Part V is dedicated to the ongoing revisions of the MS that come from
the new ficld of evolutionary developmental biology (EvoDeva), and
contains chapters by Marc Kirschner and John Gerhart on the con-
tribution of developmental systems to evolutionary variation, by Stuart
MNewman on the developmental-genctic mobilization of physical forces

ments of an Extended Evolutionary Synthesis "

thJe origin of ammal body plans. and by Gerd Miiller on the roles of
sment in the generation of phenotypic innovation, Part VI consid-
principles of macroevolution and evolvability that are mlltsicln: the
scope of the traditional Modern Svnthesis, David Jablonskl writes ﬂt{c&ut
.ﬁ&hrgﬂ'—scait evalulionary processes underlying patierns of innuvanclm,
:@ﬁﬂasﬂmu Pigliucci considers the potential role of phenotypic plastic-
ity in macroevolution, Giinter P. Wagner and Jeremy Draghi present an
;gg'ggy.-uﬁ the evolution of evolvability.

~ We conclude with part VI which consists of two essays, by the
Shilosophers of science Alan Love and Werner Callebaut, which explic-
iscuss the conceptual structure and theoretical implications of both
odern Synthesis and the ongoing expansions, presented in this
ume and elsewhere, that we collectively term the Extended Synthesis
e 1.1):

Though part VII provides detailed considerations of the theoretical
| hilosophical implications of an extended evolutionary framework,
we will briefly reflect here on whether the extended approach differs in
any principal aspects from the traditional account, Couldn™t it be argued.
_@.‘,-rins‘tanoe, that the new views introduced through molecular genetics

Variatlon

Inheritance

Matural
selection

Figure 1.1

Bmatic representation of kiey coneeprs of Darwinism [center ticld), the Modern
synthesis {intermediate ficld), and the Extended Synthesis {outer field), The seheme i
meant (o depict the broad éteps in the continuous expansion of evolutioniry theory, nol

I !‘F=éﬂu_n‘tu.rnla all concepts belanmng o each of thess steps
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and genomics merely add more detail to the classical concepls of varia-
tion and selection? Or that non-DNA based mechanisms of inheritance
are still part of the inheritance component implicit in the theory anyway?
Isn’t the environment given merely a little more weight as one effective
factor of change, with EvoDevo only adding new mechanistic detail
explaining how development itself evolves? That is. besides the obvious
disciplinary expansions, one may ask whether any of the peneral princi-
ples of the population-dynamical core of the classical theory are com-
promised by these new views, Well, no. The concepts we bring together
in this volume for the most part do not concern population dynamics,
our understanding of which is improved but not lundamentally altered
by the new results. Rather, the majority of the new work coneerns proh-
lems of evolution that had been sidelined in the MS and are now coming
to the fore ever more strongly, such as the specific mechanisms respon-
sible for major changes of organismal form, the role of Masticity and
environmental factors, or the importance of epigenetic modes of inheri-
tance. This shift of emphasis from statistical correlation to mechanistic
causation arguably represents the most critical change in evolutionary
theory today.

Underlying the shift toward a causal-mechanistic approach in evolu-
tionary theory is a hugely expanded knowledge base comsisting of larpe
data sets in genetics, development, plasticity, inheritance, and other
empirical domains, While the MS, in the absence of such data, had to
cantend with black-boxing all mechanistic aspects, and (hus was unable
to explain how organismal change is realized at the phenotypic level,
the organism as an explanandum has returned through the extended
accounts. The traditional theory treated phenotypic traits as abstract
quantitative measures, bul, as shown in this volume, it is now possible
Lo establish naturalized models of evolutionary variation and innovation
hased, for inslance, on gene regulatory and cell behavioral parameters.
Similar functional and dynamical models of evolving processes are used
in genetics, development, ecology, hehavior, systems biology, and other
fields of hiology (Laubichler and Miiller 2007). The predictions that
follow from such qualitative models can be experimentally tested, and
the outcomes can be compared with natural patterns of organismal
change, & new feature entirely beyond the scope of the MS.

The ongeing shilt from a population-dynamic account to a causal-
mechanistic theory of phenotypic evolution brings with it a signiticantly
expanded explanatory capacity of evolutionary theory. It has become
possible to address phenomena of evolution that were untreatable by
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e MS; and to cast them as “how" questions, such as How did body
e originate? How did homoplasies arise? How did novelties evolve?
Hlﬂ'ﬁ" do organisms change phenotypes in response to different environ-
{s? Whereas in the classical theory the traits used for quantitative
mgs were taken as given, the extended accounts can address the con-
H]Jf s of trait generation, fixation, and vartation. That is, evolutionary
iﬁa@ry is no longer confined to the explanation of the increase in fre-
quency and maintenance of favorable variants, but also becomes a theory
bfﬂ:u: mechanistic conditions for the origin and innovalion ol teaits,
~ The extended framework overcomes several hasic restriclions and
;ﬁuthuﬂniugical commitments that had been necessary for the corre-
lational approach of the MS to work, One is gradualism, Because the
paapuiauan-d}rnanuc formalism operated on the assumption ol con-
gﬁuaua and incremental genetic vanation, all nongradualist forms of
é';tltmunary change were excluded. Several approaches discussed in this
?@lﬂme show that nongradual change is a property of complex dynamical
a;mtems, including biological organisms, and that various kinds of mecha-
n_mms for discontinuous change are now known [rom the domains of
e nome evolution, phenotypic plasticity, epigenetic development. and
;;m;igennhc inheritance. The dynamics of biological systems illuminates
ﬂta capacity of continuous selectional regimes to produce the nongradual
heuutypm change frequently observed in the paleontological record.
Pﬁ'ctﬂuntmg for these forms of discontinuous change amounts to a sig-
nificant extension of the evolutionary synthesis.
] i"s second restriction overcome by the new approach is externalism.
-ﬁfﬁc:nﬁﬂrly exclusive concentration of the Modern Synthesis on natural
selection gave priority to all external factors that realize adaptation
ihl'uugh differential reproduction, a fundamental feature of Darwinism
it{ﬂ'- rooted solely in scientific considerations (Hull 2005). Organismal
ﬁhﬂpﬂ and structure were interpreted as products uniquely of external
selection regimes. All directionality of the evolutionary process was
Aassumed to result from natural selection alone. The inclusion of EvoDevo
in particular, as shown in section five of this volume, represents a major
Fhﬂhge of this paradigm by taking the contributions of the generative
Processes into account, as entrenched properties of the organism pro-
mote particular forms of change rather than others. On this view, natural
selection becomes a constantly operating background condition, but the
’fﬂmﬂmt? of its phenotypic outcome is provided by the developmental
systems it operates on. Hence the organisms themselves represent the
determinants of selectable variation and innavation. At the theoretical
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level, this shifts a significant portion of the explanatory weight from the
external conditions of selection to the internal generative properties of
evolving phenotypes.

A third restriction ol the Modern Synthesis is its gene centrism. The
focus on the gene as the sole agent of variation and unit of mherilance,
and the dogmatic insistence on this stance by the popularizers of
the Synthesis, quelled all calls for more comprehensive attitudes,
Although gene centrism has been a major point of contention, including
strong criticism from philosophy of science (Keller 2000k Moss 2003
Neumann-Held 2006}, this aspect could not be changed from within the
paradigm of the MS. which rested on it both explicitly and implicitly,
But gene centrism necessarily disappears in an extended account tha)
provides for mullicausal evolutionary factors acling on organismal
systems' properties, including the non-programmed components of envi-
ronment, development, and inheritance. Far from denying the impor-
tance of genes in organismal evolution, the extended theory gives less
overall weight to genetic variation as a generative force, Rather, the
opinions expressed in several contributions to this volume COTIVETEE On
the view of “genes as followers” in the evalutionary process, ensuring
the routinization of developmental interactions, the faithfulness of their
inheritance, and the progressive fixation of phenotypic traits (hat were
initially mobilized through plastic responses of adaptive developmental
systems to changing environmental conditions. In this way, evolution
progresses through the capture of emergent interactions into genetic-
epigenetic circuils, which are passed to and claborated on in subsequent
generations.

The overcoming of gradualism, externalism, and gene centrism are
zeneral hallmarks of the Extended Synthesis, whether in the forms pre-
sented here or in various other accounts to a similar effect published
since the late 1990s. The editors and authors of this volume offer this
extended view of evolutionary theory to the scientific community as, we
hope, much food for thought and a stimulus for constructive discussions,
It took almost four decades for the Modern Synthesis to take shape,
and we certainly do not expect to achieve an equivalent result with a
single edited volume. Others, including many not represented here, have
advanced along similar intelleciual lines, and more will undoulstedly
do so in the near future. No matter what the final outcome, 150 years
alter the publication of the Origin of Species. cvolutionary theory is
still making enormous progress in its capacity Lo explain the warld we
live in.
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VARIATION AND SELECTION




Reconsidering the Importance of Chance Variation

John Beatty

his book Wemnderful Life, Stephen Gould offered the following thought
eriment in order to express what he took to be the highly contingent
evolutionary outenmes:

‘experiment “replaying life's tape.” You press the rewind button and,

] nn.'I‘hJs chapter is ‘.1!*-.0 in part about low chancr: varialion—ias a
of contingency—undercuts the allimportance of selection, This
rsound odd. In discussions of relative importance, natural selection
Icl:mnca variation generally go hand in hand: natural selection of
LI variations, conceived a5 one process, is usually said to be a more
rtant cause of evolution than any other putative cause, for example,
ted variation.

€ extent that the importance of chance variation has been distin-
AMrom, and compared with, that of natural selection, the latter
!:' comes out the overwhelming winner, T will discuss the tradition
> of reasoning. from Darwin throughout the Modern Synthesis,
completely subordinates the importance of chance variation 1o that

tural selection. This will set the stage for introducing what Gould
] d to be the very “essence of Darwinism™ the conviclion that
etion, not variation—certainly not chance variation—gives direction
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to evolution and is the source of whatever creativity we might attribute
to the evolulionary process. And yet, as 1 will discuss, there are in
Dharwin’s early work some very nice examples of how the particular
pathways and outcornes of evolution may be due—and are perhaps oflen
due—1to the chance order in which variation appears. But Darwin sub-
sequently changed his mind about this. The very strong position that he
ultimately adapted concerning the sole direction-giving and creative role
of natural selection, and the imagery he emploved in this regard, were
in twrn adopted and reinforced by twenticth-century . Darwinians,
Recently. though. there have been a number of studies that effectively
“replay life’s tape.” and suggest that the significance of chance variation
and the order of variation, relative to natural selection, may need to be
reassessed or even reconceived,

Lurking in the background throughout this chapter is the bogey of
“directed variation.” There is, T think, a common perception that the
generation of variation is important onfy to the extent that it is prediet-
ably ordered (or biased or constrained. etc.). This scems 1o be assumed
by proponents of the importance of natural selection, as well as by
proponents of the importance of directed variation. But the post ficto
arder of chance varintion can be important as well. Variation {perse) is
thus ecven more important than proponents of directed vamation have
recognizied.

Darwin’s Invention and Subordination of Chance Variation

That chance variation is a source of evolutionary contingency is hardly
a recent discovery. Darwin provided striking illustrations, especially in
his work on orchids. But Darwin hardly championed the importance of
chance variation relative to natural selecoion, and in fact accorded 1t less
and less significance in wavs and for reasons that are worth recounting.
What importance it had for Darwin was always its role in championing
natural selection, especially relative (o direcred variation,

| would even say that Darwin came 1o the notion of chance variation,
as we now understand it in Targe part through the realization that such
a conception of variation would enhance the role of natural selection,
again especially relative to directed variation. In the Origin, Darwin
explained that he used the term “chance” merely to signify his (and
athers’) “ipmorance™ of the causes of variation. He was prompted to give
i e positive charicterization of chance varialion largely in response
to the suppestion that he had overemphasized the importance of selec-
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. and had failed to consider the possibility that the generation of
tion itself gives direction to evolution and is the ultimate source of

ionary creativily.
influential proponents of this view, Asa Gray and Charles Lyell,

ded (including, most importantly of course. humans in His mmage).
| made what has since become the familiar case thal natural selec-

the preserver or sustainer, Vishnu, & the destroyer, Siva, Matural
s will be a combination of the two last but without the first, or the cre-
wer, we cannot conceive the others having any [unction,
destroy[ing] force isselection, the sustaining | force | preserves things, ... but
n order that life shd. exist where there was none hefore, - & mind in the course
time. . . . this is not selection, but creation, the variety-making not the destroy-
- continuing by inheritance, power. Nothing new wd, appear if there were
t the creative force, (Lyell in Wilson 1970: 369)

ceused Darwin ol “deifving” natural selection by attributing 1o 1t
t of creativity that should be reserved for the Creator (Lyvell to
15 June 1860, in Darwin 1993: 255),
ray also recommended a creative role for God in the evolutionary
cess. It should not be surprising that He would have some way of
ringing] to pass...new and fitting events at fitting times” (Gray
963 4748). One way in which God could direct the course of
n would be by bringing to pass new and fitting variations at
itting times. After all, Darwin had admitted his ignorance concerning
e causes of variation, thus leaving a eap that could be both conve-
tly and appropriately filled by God.

ast while the physical cause of variation is utterly unknown and mysteri-
" should advise Mr. Darwin to assume, in the philosophy of his hypothess,
At variation has been led [by God] along certain beneficial lines. {Gray | 1860]
:121-122)
arwin had some theological qualms about saddling God with that
uch responsibility for the pathways and outcomes of evolulion (Beatty
2009). But even leaving aside God's role in all this, Darwin could not
ede that the direction of evolution was set by the direction of varia-
and merely endorsed by natural selection. Selection had a much
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greater responsibility and deserved much more credit, Darwin began to
express his view ol the matter in terms ol an analogy between natural
selection and an architect:

As squared stone, or bricks, or timber, are the indispensable materials for a
building. and influence its character, so is variability not only indispensable bu
influential. et in the same manner as the architect is the all important person
in o building, so 15 selection with orpanic bodies, (2arwin to Lyell, 14 June 1860,
in Darwin 1993: 254

And

[T} admiring & well-contrived ar splendid building one speaks of the architect
alone & not of the brick-maker.” {Darwin to Hooker. 12 June 1860, in Darwin
1993: 253)

In other words, bricks and timber do not guarantee any particular style
of building, nor any building at all. [t is the architect who puts them all
together. And similarly. the variation within a species al any one time
does not itself guarantee that the species will be shaped or reshaped in
any particular direetion. That is the job of natural selection.

I was o Jater version ol this analogy that Darwin used o articulate
the notion of chance variation as we konow it This time around, the
building matenials were not cut o order, and the architeel accordingly
assumed even more responsihility for the ooteome:

Let an architect be compelled to buld an edifice with uncut stones, fallen from
a precipice. The shape of each fragment may be called accidendal; yet the shape
of cach has been determined by the force of gravity, the nature of the rock, and
the slope of the precipice.—evenls and circomstances, all ol which depend on
natural laws: but there i no refation beoween these laws and the purpose for which
eaclt frapotent i weed by the builder. Lo the same manner the variations of cach
creature are determined by fixed and immutable lows; but these bear ro relation
ter the fiving structire which & stowly built up through the power of selection,
whether this be natural or artificial selection.

If pur architect succeeded in rearing o noble edifice, using the rough wedge-
shaped fragments for the arches, the longer stones for the lintels, and so forth,
we should admire his skill even in a higher degree than if he had used stones
shaped for the purpose. So it is with selection, whether applicd by man or by
nature; for though varability is indispensably necessary, vet, when we look al
some highly complex and excellently adapted organism, variability sinks o a
quite suhardinate position in importance in comparison with selection, in the
same manner as the shape of each fragment used by pur supposed architect is
urimpartant in comparison with his skill, (Darwin 1868: 2, 248-24% emphases
added)
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o version of the analogy, there is no conceivable directionality Lo be
from the process of variation itself, Direction is imposed entirely by
.election, and thus to the extent that evolution by natural selec-
s 4 creative process, il is selection alone that does the creating.

t there is another important component of the architecture analogy,
the chance f{)]‘I‘t"l"ltlDI‘l of the building materials, thLh hLdr'i on

.{Bnd which, as we will see, bears on the issue of evolutionary
ﬁggency)'. And that has to do with the abundance of the building
varigtions present at any one Ume. To see this. imagine an
e analogy in which the architeet works with rocks as they fall
atially, rather than a pile of rocks provided all at once. This would

md-tﬂ Grray's (and | suppose Lyell’s) view of things if stones of
ar sizes and shapes appeared in the order ordained by God for
itect Lo employ precisely in the sequence provided—perhaps

to the process by which the materials were generated, as to the
Of course, this is precisely the scenario that Darwin wanted to

—me the ground up. the baqc of the bu]!dmg will be con-
: _m among the rocks that fall first, and the roof from rocks that
In this case, the particular outcome will be much more likely
! aﬂent the order in which rocks of various sizes and shapes happened
~made available. The architect would still deserve considerable
f the outcome, but would also be considerably more constrained
ar] I[‘rﬂcks of all sizes and shapes had been available at every stage of
hf.'.lﬂdm_g process.
himself offered correspondingly parallel, aliernative narra-
1o illustrate evolution by natural selection in carly editions of the
Consider, for instance, the two hypothetical wolf pack examples
ollow his elaboration of the concept of natural selection in chapter
(] 850: 890-91). In the first example there is, at the start, considerahle
’ dlion among the wolves with regard to body proportions and speed.
1o evolution. Evolution commences only when there 15 a change
1€ environment—specifically, a reduction in the number of prey
)—that feaves the faster and slimmer wolves much better off.
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In the second nareative, evolution commences with the origin of g
fuvorable variation (in this case a new dietary preference) that was not
previously present. The new variation confers greater survival ability
and is subsequently accumulated by natural selection. 11 is this second
narrative, combined with chance varation, that figures prominently in
stories of evolutionary contingency. T will illustrate this with a brief dis-
cussion of Darwin's work on orchid evolution,

In his book O the Various Conieivantces by Which Orchids Are
Fertitised by [nsects, published in 1862, shortly after the Origin, Darwin
focused on what he took to be a common sort of phenomenon—namely,
the existence among closely related lineages of multiple solutions to the
same adaptive problem. This sort of phenomenon. he argued, was best
explained in terms of the natural selection of whatever variations happen
to arise in each group, and in whatever order. Orchid floral morphology
illustrated the general point quite well. As diverse as orchid flowers are,
Darwin argued, they all serve basically the same function, namely, to
enlist flying insects in their cross-pollination, and thus avoid inbreeding.
These otherwise very different “contrivances” [or intercrossing had
evolved, he believed, under virtually the same enviconmental circum-
stances, such as the same range of available insects (smull flies, large fies;
small bees, large bees; ete.). Sometimes one part of the flower had been
modified to entice insects in the vicinity. by mimicry or by scent; some-
times another part had been modified to do the same job, Once the
insects had arrived, the pollen had to be attached 1o them, Some flowers
were 50 constructed as to catapult pollen at the visiting insecls; some
catapult the insects against the pollen; some simply induce the visitors
to travel past and brush up against the pollen. Et cetera, et cetera. Thus
cross-pollination is accomplished in very different wavs, the different
outcames being due in large measure, Darwin argued, to natural sclec-
tion acting on the different variations that happened to arise in the
different lingages.

An example that particularly struck him involved the position of the
“labellum™ petal. which in most fully formed orchid flowers is the low-
ermost of the three petals In that position, it often serves as a landing
pad for pollinators. But interestingly, the labellum actually arrives at thal
position throwgh @ 180-degree twisting of the flower’s stem as the flower
develops. Darwin reckoned that the position of the labellum in the
ancestral orchid had been uppermost, presumably on the grounds that
this is also the original position in development, and assuming more
generally that the order of development reflects the order of ancestry.

ring the importance of Chance Variation 7

derstood the now typical, lowermost position ol the labellum to
0 m;mume of evolution by natural selection of the more twisted
ns that had happened. by chance, to arise (Darwin [H77:

.arwin was especially intrigued by cases where the labellum had
ts uppérmost position, which in some cases had resulted from
; tion of less and less twisted variations, and in other cases had
‘tﬂﬁdu; as the result of selection for more and more twisted forms,
of the latter sort twist a full 360 degrees to resume their starting
(figure 2.1)! As Darwin described the situation.

Orchids the ovarium (but sometimes the foot-stalk) becomes for a
d, catsing the labellum to assume the position of a lower petal, so
sects can easily visit the Mower; but ... it might he advaniageaus to the
t the Inbellum should resume its normal position on the upper side of
a5 is actually the case with Malaxis paludosa. and some species of
&g, This change. it is abvious, might be simply effected by the con-

t'-"[&:-r whatever reason, by chance| only afforded variations with the
um more twisted, the same end could be attained by the seleclion of such

mdﬁﬂ'ﬁt twist of the Tower sialk of Maloxiy pafudess. The labelhom s labeled ~1"
anwin 1877. 130),
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actually oeeurred with Mafaes peliedesa. for the labellum has acquired its present
upwiard position by the ovarium being iwisted twice as much as i usual. (1877
2R4-2R5)

So 1t had apparently become advantageous for Malaxis pafudosa and
some species of Cataseron o have their Jabella uppermost. But due to
differences.in the variations thal happened to oceur in the two lineages,
evolution by natural selection had resulled in very different means of
accomplishing this end: a 360-degree twist in the first case. and no twist
in the second (see also Lennox 1993), Here we have two replays from
the labellum-down starting position, under presumably similar selective
environmenls (fvoring the labellum up), with two different outcomes,
Selection alone cannot be responsible for the difference; it is also a
malter of the chance differences in variation that cceurred. NB: it s
worth emphasizing that it is crucial to Darwin's aceount that the varia-
tions in question appeared sequentiallv, and in no particular direction
overall.

Duarwin invoked basically the same process—evolution by natural
selection of chance differences in sequentially appearing variations—
to account for the endless diversity of floral morphologies among
orchids:

o my examination of Orehds, hardly any lact has strock me so muoch as the
cndless diversilics of structure . for gaining the very same end, namely, the
fertilization of one flower by pollen from unother plant. This fact 15 o a large
extent intelligible on the principle of natural selection. As afl the parts of a lower
are co-ordinated, iF shght varmions moany one part were preserved from being
benclicial 1o the plant, then the other parts would generally have to be modified
in some corresponding manner. But these laeter parts sight nor vary ae aff | who
knows, i is o mntter of chance|, or ey sright not vary ot a fiiieg manuer [again,
whi knows|, and these other vanatons, whatever their nanere might be |dittol,
which tended to bring all the parts into more harmonioos sction with one
another, would be preserved by natural selection. (1877: 284: emphascs added)

But Darwin did not pursue such contingencies for long, One major
reason was the intervention of the Scottish engineer Fleeming Jenkin,
whose extremely eritical review of the Origin—appearing rather late,
and coming from out of the blue—forced serious rethinking on Darwin's
part (Jenkin 1867 ). Among other things, Jenkin convinced Darwin that
natural selection of sequentially arising variations simply would not
work, The problem was Darwin’s “blending” theory of inheritance,
according 1o which parents who differ with respect to some trait (€.
height) would give rise to offspring intermediate between them. The
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. of a single, new advantageous variation would thus nol pass
trait to its offspring: rather. the trait would be diluted through
with an organism of the previously prevailing type. And accord-
e advantage associated with the new variation would also be
gced. The new Lrait, along with its associated advantage, would be
uted 1151 hqequ:-:nt generatmns until the lrall and s .1:.1 v ﬂldgt_

i Ppai.ng mstead that 'L]'ILTIE is d]wayﬁ considerable variation p1esant
atural selection to act on, and that the variations that ultimately

arica .épisndn in Gayon 1998; 85— 1{]2]
i h@equﬂnt edltmns m‘ the Owigin, Darwm dalalud the scmnd

hegins with the appearance BF a favorable variation that did not
sly exist in the population). In its place, he substituted a para-

‘which he acknowledged having previously envisioned natural
n sometimes acting on copious, preexisting variation, and some-

... Nevertheless, until reading an shle and valuable article
orth British Review™ (1867), [ did not appreciate how rarely single
ons, whether slight or strongly-marked. could be perpetuated. {Darwin

me much trouble, but has been of more rmﬁ use than any other
say or review" (E Darwin and Seward 1903: 2, 379). Jenkin had, to
;. pointed out a serious problem with regard to Darwin’s views
mﬂtlﬂn (or, to be more precise, with regard to his views on varia-
1 combined with his blending theory of inheritance). But Darwin's
0 only made natural selection thal much more directive and cre-
lative to the input of variation.



30 John Beatty

The Continued Subordination of Chance Variation throughout the Evolutionary
Synthesis

By way of transition to twentieth-century Darwinism and the Modern
Synthesis, it helps first 1o backirack to Asa Gray, Gray had initially

congratulated Darwin for his book on orchids, Darwin wis appreciative,

but perplexed. Had Gray really understood it? Darwin questioned him
over and over again as to whal he thought about the last chapter, which
reiterated the lesson illustrated by the twisted orchid. Finally, Gray
admitted to Darwin that the book gave him a “cold chill” (Gray to
Darwin, 7 July 1863;in Darwin [99%: 525-526). Such whimsy hardly bare
witness to Gaod's direction. Gray reacted more vigorously to whal became
the preferred case against the importance of directed variation, namely,
the assumption that there was at all times ubiguitous variation, in al)
directions, for selection to act upon. As it was [ater put o Gray by the
arch-Darwinian George Romanes, “The theory [of evolution by natural
selection| merely supposes that vanations of all kinds and in all direc-
tions are constantly taking place, and that natural selection seizes upon
the more advantageous” [ Romanes 1583: 329,

“Merely supposces?!™ Gray retorted (in effect), Were it the case that
variations af all kinds and in all directions were ever present for natural
selection to act upon. then of course it would make no sense to propose

a role lor God in dirccting the course of variation in order to guarantee

the evolutionary outcomes He Fivored, But 1o Gray, the accomplished
naturalist, the facts were simply otherwise:

[Cmmifarous variation 15 no fact of observation, nor a demonstrable or, in my
opinion, even a warraniable inference from abservation and experiment. [ am
curious to know how far the observations and impressions of the most experi-
enced naluralists and cultivators conform to my own, which {favour the idea that
varigtions occur, in every depree indeed, but along compuaratively few lines.
(Gray 1883).

Mendelism would shortly put an end to concerns about blending
inheritance, and to the need to assume “omnifarous” variation to shore
up the accumulative power of natural selection. But twentieth-century
gencticists and evolutionary biologists had new reasons to believe that
there would always be plenty of variation for natural selection to act
upon. A number of theoretical and empirical studies ¢ould be cited in
this regard. T will consider just three.
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urely theoretical grounds. R, A, Fisher argued that even a small
af Folyu!le]u. loci would give rise to a staggering amount of
1 ‘H‘B]‘IETIGH A mere 100 h W, wnh twcr alleles each can recombine

ﬁma that new mutatiuns could ]Tr!n:.' no conceiviahle mJu in the
of evolution by natural selection:

mareover, millions of different directions in which such modification

,mme. to a standstill for lack of further possible improvements. [t has
en been realized how very far most existing species must be from such
stagnation, or how easily with no more than one hundred factors a

there was very little variation to be seen. One need only recall
gan’s excitement at finally discovering an observable Drosophila
hose pattern of inheritance could be studied. Subsequently,
ons were found in ever greater numbers in Morgan's Jaboratory,
was initially believed that these variations were artifacts; Drosophila
1t wild seemed to have little. if any, intraspecific variation, and hence

“when doubled up in th:, homozyeous state (as when inbred
h} In this way, natural populations soak up variations “like a
all the while remaining phenotypically uniform:

mitation process constantly and unremitiingly generates new hereditary
L tﬁ'—ﬂﬂnt mutations and chromosomal changes Thise varanis sccumulate
s lﬂﬁﬂnb of sexuall} n:prndu:lnb and cross-fer ulmm‘ ﬂrgunhm\ and Furrn

n-ied in hetﬂruz}'gnus candition. Acuurding to the suceinet mcl:tplmr
OV, a-sexual species s like a sponge” which absorbs and stores the
riability. {Dobzhansky 1951 73)

\ . oAk v
ANOUs means of exposing this hidden variation, such as the manner

LB d by Chetverikov himself, turned up more and more, But nothing
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like the amount of varialion exposed by Richard Lewontin and Jack
Hubby, who employed gel electrophoresis to detect amino scud differ
ences in proteins—differences attributable to nucleotide differences in
the genes coding for those proteins, Therr studies of natural populations
of Drosephila psewdoobscura suggeste
their methods—that nearly every gene locus has at least two alleles, and
that a third of all loci are heterozypous (Hubby and Lewontin 1966:
Lewontin and Hubby [966; Lewontin 1974),

3. Hidden genetic variation was also revealed by one artificial selection
experiment after another. It seemed possible to bring about evolutionary
change in most any direction that selection was applied. As Lewontin
summarized the results among Drasophila workers:

There appears o be no character—morphogenetic, behavioral, physiological, or
cvtological—that cannat be selected in Dyosophia. The only known Failure is
the attempt of Maynard Smilth and Sondhi .. to select for lefi-handed Nies
{Lewaontin 1974: 920 sec also Dobzhansky 1970: 20H-208)

This was a somewhat more indirect demonstration of standing variation

than, say, the methods employed by Lewontin and Hubby. But it bore.

maore directly on the question of whether selection was the all-important
delerminant of the direction of evolutionary change, ar whether the direc-
tion of evolutionary change was significantly constrained by the input
of variation.

These and other theoretical and empirical considerations made a strong
case for the “omnifarous™ variation required by Darwin’s first evolution-
ary narrative, and undermined the second narrative. [t came to be believed
by major architects of the Modern Synthesis that natural selection does
not wail for variation to appear, Nothing hinges on input (in this regard
see also the insightful article by Stoltzfus 2006). As Dobzhansky summa-
rized, long after Fisher had suggested basically the same thing:

That selection can work only with raw materials arsen ultimately by mutation
is manifiestly true. But it is also true that populations, particularly those of
diploid, outbreeding species, have stored in them a profusion of genetic var-

ability. A temporary suppression of the mutation process, even if it could be

hrought about, would have no immediate effect on evolutionary plasticity.
[ Dobzhansky 1970 201 )

And as Richard Dawkins more recently assured his many readers:

For simplicity we speak of mutation as the Arsl stage in the Darwinian process,
natural selection as the second stage. But this is misleading i it suggests that
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~tection hangs about waiting for a mutation which is then either rejecied
| u Cand the waiting begins again, 1 could have been like thal: natural
Jof that kind would probubly work, and maybe does work somewhere
niverse. Buf as i matter of fact on this planet it usually isn't like that

997: 87)

";gf:-ij;jjs-wntrihuted further to the idea that natural selection is the
tant cause of the direction of evolutionary change and, to the
- evolution by natural selection is a “creative” process, that
al selection is the creative clement, Rather than mulliply quotations
effect from Darwinian evolutionary biologists throughout the
h century, I will quote Gould’s characterization of the “essence
nism” and a key component of the Modern Synthesis:

Iey? [Gnuld could md should have asked why mnuml selection was
pared to an architect by Darwin.] T won't defend the choice of
ut owill uphold the intent, namely, to illusirate the essence of
the creativity of natural seleéction. The essence of Darwinism lics
that natural selection creates the L Variation is ubiguitous and
dircetion. Tt supplies the raw material only, Natural selection directs
‘of evolutionary change, (Gould 1977: 44; and again 1 highly recom-

of evolutionary change, then why would we find, among closely
d species, multiple solutions to the same adaptive problems? Why
ilr:miﬁﬂlly very similar species, inhabiting similar environments,
evolutionarily if indeed they have much the same store of varia-
tural selection to act on? Must we alwavs assume in such cases
th&ﬂnﬂmnmnnh are quite different after all, and pose quite dis-
tadaptive challenges, so that the divergence can be explained
¥ in terms of differences in the directionality of selection? In their
ential critique of the state of evolutionary biology circa 1979, Gould
Ley ontin attacked what they took to be the all-too-common view
e dtural selection is “omnipotent™ to explain all evolutionary out-

(Gould and Lewontin 1979: 584-585). As one of their main objec-
ey pointed to the existence of multiple adaptive solutions to the
PmblEm among populations of the same species and closely related
os: This shows, they argued, that adaptive outcomes are “the result
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of history; the first steps went in one direction. though others would have
led 1o adequate prosperity as well”™ (. 593),

They did not elaborate on the process by which related populations
or species would take their “first steps™ in different directions on their
way o alternative adaptive outcomes, That process might involve the
introduction of different mutations in different lineapes, andfor in a dif-
terent order. But there is another possibility that was, 1 suspect, more
prevalent in the minds ol evolutionary biologists at the time, This alter-
native involves, as a first step, the random drifting of the frequencies of
already present alleles, leading to the fixation {or near fixation) of dif-
ferent alleles in different groups, That initial divergence due to random
drift might then result in the establishment of different genetic back-
grounds-against which the rest of the existing variation would be tested.
For example, at a particular locus, 4, might drift 1o fixation in one popu-
lation while A, drifts to fixation in another, This might then influence
the outcome of selection at a second locus, where B, might be favored
in the first population. in combination with A, while Bymight be favored
in the second. If the fitness of an allele at one locus depends on which
particular alleles are present at other loci—a situation known as
epistasis—then initial differcnces due to drift (or any other cause) can
have cascading effects and lead to considerable divergence.

The latter scenario relying on existing variation—rather than the first
scenatio, relying on chance differences in variational input—would
surely lave been first on the minds of those evolutionary biologists who
pondered Gould and Lewontin®s suggestion at the time it was publishec.
[t would have reminded them of the first “phase” of Sewall Wright's
“shifting balance™ theory of evolution, which had been a controversial
issue off and on throughout the century (Wright 1932; Provine 1986
Coyne el al.

n evolutionary divergence” at this time, one would surely have been
expected 1o focus on randon drifr and selection, and the instructor would

not hive deducted a single point for failing to mention chance variation

and the order of variation.

One important turn of events in this regard was the commencement
of Richard Lenski and collaborators” lang-term {and still ongoing) study
of 12 initially identical (cloned) lines of £ coli, evolving in identical {and
identically altercd) environments. The experimental system was designed
to allow investigators to distinguish between the roles of selection and
“chance™ in adaptive evolution and diverpgenee. Given that the 12 lines

997 Wade and Goodnight 1998) I one had been given
the exam wssignment " Discuss the refative roles of chance and selection
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éﬁca]ly idLntiu'al at the '-:tart lhcrc wis a clcar need and an

i rﬁﬂ' Life {1989 ,in wiu:.h Gould had mused, regretfuil}. that
.ﬂ‘lﬂ- tape of life cannot actually be ruplayud; there can never be

ion argnutcame mMoncetheless, th:!l is what the Lenski group aimed
,.: ;;l Gould's replay analogy came (o serve as a [raming device in

.1? tha]r pubhcntmm

the investigators grew the 12 lines on a novel medium {i.e.,
h the str&m of E, coliin qut.&-imn wils nnt 1:-rwmusl-.r adapted)

for the purpﬂse of CDI‘I‘ide‘ISDI‘iJ Mot surprisingly, each line

111 fitness, but there was some variance among the fitnesses
The investigators somewhat tentatively interpreted these dif-
as “transient divergence” due to “stochastic variation in time
L.of particular classes of beneficial alleles among replicate popu-

ely) that with time the same beneficial variations would appear
h lineage and spread throughout, and that the lincages would
cby converge on the same fitness. This expectation would be realized
if there were no significant epistatic interactions involving the loci

dch of the 12 lineages and grown separately on yet another novel
dium (Travisano, Mongold, et al. 1995). Initially the fitnesses of these
lines differed considerably; the differences were much greater than
hﬂlwvaen the donor lineages, although over the course of 8NN
ations in the new medium, the differences were reduced, The ini-
Iy e differences in the second environment suggested to investiga-

tthe genetic differences at the end of 2,000 generations in the
vironment werc much greater than previously thought. 1t seemed
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that the various lines had evolved genetically quite different wavs of

being fit in the fArst environment:

Thus, we agree with Bull and Molinews (1992, p
of selection prediel the outcome of evolution with respect 1o the phenotype
under direet selection, but the models are not suceessful at predicting .. | the

multiplicity of genetic states satisfving the selected phenotvpic criterion”

{Travisano, Vast, and Lensks F995; 19a).

But what aboul the lines continuing to evolve in the lirst environment?
Interestingly, the differences in fitness that had arisen during the first
2008 generations in that environment were maintained, and even
increased somewhat during the subseguent 8000 generations. The diver-
gence was not transient after all (figure 2.2). The investigators conlinued
to argue that the genetic differences between the lineages had arisen
because of differences in timing and order of mutations, but now added
that the initial differences had substantial epistatic imphications for other
loci, so that strong selection in identical environments would lead to
different evolutionary outeomes;

Evolutionury biologists usually regard diversification as being caused by either
(1) adaptanon to different environments, which often produces conspicuous

1S|'

Relative Fitness

- . . . . .
o 2,000 4,000 6,000 3.000 10.000
Time {ganarations)
Figure 2.2

Increases in finess of twelve inilially identical ines of E colf, evalving in identical environ-
ments (Lenski and Travisano 1994 6511,

B92) that “elementary models
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garmm:-n or (i) random genetic drift. which is usually seen in molec-
arintion. Yet our experiments demonstrate diversilication, in iden-
ironments and with very large populations, of no less selected a trait
jiself, Someone confronted with the variabilily among our denved
pﬂ {and unaware of the experimental desipn) maght attribute this diver
mental heterogenedty - .. but any such “just-so story” would clearly
q in this case. Instead, our experiment demonstrates the erucial role
ents [the order of mutations] in adaptive cvalution,
fined divergence in mean fiiness supporis a Wrightian mm]u,l ul evirlilion,
] r:plImT.c populations found their way onto different Atness peaks,
e experimental pupulauum were s0 large that the same mutations
| of them, the order in which various mutations arose would have
t. As a consequence, some populations may have incorporated
t were heneficial over the short-term but led to evolutionary dead
nd Trivisano 1994 A513]

experiment was based on an adaptive opportunity that was
o the experimental setup from the beginning, The novel environ-
1 which the various lineages of bacteria were grown had included
1 E. eoli was known not 1o metabolize. But the investipators
it within the realm of possibility that £ coli might evolve the
"_-:make use of citrate as a carbon source. As of 30,1} genera-
ne of the 12 populations had done so. But by 31,500 generations,
e had succeaded

m mutation that would ultimately oceur in the other pupuia-
wt‘ll. rendering the contingent outcome anly temporary, Or
! the lucky population had by that time, through a serfes of con-

evolved to become uniguely capable of taking the final evo-

able to discriminate between the possibilitics by employing the
“fossil record” of evolution up to that point, That is, after every
generations, samples of each lineage had been frozen. So the

olution of that lineage multiple times from that point. And what

ound was that the ahility to metabolize citrate arose over and over
L f'S't_iJ‘lg that, by this point. the lineage in question had—augain
14 series of contingencies—become uniguely capable of making
Wtionary breakthrough. They argued, in particular, that the
lineage had evolved a genetic background that substantially
i5ed the mutability of the citrate metabolism locus in question.
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Their very literary conclusion drew from the lust passape of the Origin
and from Robert Frost's most famous pocm:.

[Our study shows that historical contingency can have a profound and lasting
impact under the simplest, and thus most stringent, condilions in which initially
identical populations evolve in identical environments. Even from so simple g
beginning, small happenstances of history may lead populations along differang
evolutionary paths, A polentiated cell took the one less traveled by, and that hag
made all the difference. (Blount et al, 2008: TH5)

Other selection experiments involving genctically identical starting

populations evolving in identical covironments have similarly demon-
strated that the pathways and outcomes of evolution depend in part on
chance differences in the order of mutation. In some of these, it has been
possible to characterize the divergence al the penetic, and even at the
nucleotide, level, In one study by Holly Wichman and colleagues, two
large (1) replicate lineages of a DNA bacteriophage were cultured in
identical, novel environments for approximately 1,000 population dou-
blings. On the basis of entire genome sequencing, Wichman and her
collaborators detected 13 nucleotide substitutions in one lincage, and 14

in the other {all of these nucleotide substitutions resulted in amino acid:

differences and were thus alse phenotypically significant in this sense).

Of these 13/14 substitutions, 7 were common between the two lineages.
Thus there was a fair degree of parallel evolution. But the other halfl of

the detected substitutions occurred only in one or the other hneage.
On the basis of the very large population sizes that they maintained,
over the period of time in question, the investigators reasoned that all
of the mutations that occurred in one lineage would probably oceur in
the other. But whereas one group of mutations had spread 1o fixation in
each lineage, another group had not. This must be due, they reasoned,

lo the fact that this group of mutations excluded each other. That is, if

one of them were to appear early in the expeniment, and spread through-
out the population, its prevalence would render the other mutations in
that group adaptively unfavorable (again, epistasis figures prominently).

This interpretation fit with the fact that the seven parallel substitutions
occurred in different orders in the two lineages, suggesting that this

group of mutations did not exclude each other. None of them, upon
spreading, rendered the others unfit.

The degree of parallel evolution that would have signified the all-
importance of natural selection in this case (13/14 out of 13/14 substitu-
tions) was not met, Why?
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et evolution not complete? Given the population 5'1;.—:{: in the che-
these substitutions would have arisen multiple times during the course
calections. This variation among replicales suggests that stochastic 1’::.-1-
s the identity of the carliest changé to sweep through the population
n which substitutions arise, may influence the pattern of adapta-

i in svstems where parallelism is the rule rather than the exception,

VETY interesting study focuses on identifiable mutations al a
of loci, and demonstrates that the selectively most advan-
hination can be reached only if the mutations occur in a
ar order (or in @ small subset of all the passible orderings in
hose mutations might arise). Danicl Weinrich and colleagues
ve point mutations in £ coli that individually contribute, in
deprees, to antibiotic resistance (specifically to f-lactam antibiot-
7 'p'emicjilin; Weinrich et al. 2006). There are 32 combinations
mutations (where, for example, AB, BCD, and ABCDE arc
ons). The investigators experimentally determined the resis-
32 combinations. The optimal combimation was all 5 muta-

S

: is another). Many of these sequences, they caleulated, would
o i s b G . P
achievable by natural selection for increasced resistance alone,

istance were selectively traversahle.

ng from identical lineages in a particular antibiotic environ-
L the sequence of mutations would have 1o be one of the appropriate
of the possible 120, in order to guarantee parallel or conver-
tion to the same optimal outcome. Mutations arising in any

onary divergence is sometimes due to differences in the order of
ance of chance variations, and not (o differences in the direction
on. Variation does not have to be predictably directed (or
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biased or constrained }in order o influence evolutionary outcomes, This
much we can confidently say. But what do studies such as those jusg
deseribed reveal about the overall significance of chance variation ang
the order of variation? Surely they demonstrate that the importance of
chance variation should not be subordinated completely o the impor-
tance of natural selection. But while studies such as these count against
the wnimportance (or the “triviality™) of chanee variation, | am not sure
how they bear on its overall importance.

First, there is the issue of whether the studies in guestion are biased
towitrd the production {and subsequent detection) of arder-of-mutation
effects. I will not address this issue, Even if these studices are not particu-
larly hiased, it would still not be clear how one would extrapolate from
the various positive instances generated by them, to the importance of
chance variation and order of mutation in general,

Even if we knew something like the true proportion of cases in which
identical selection pressures would lead from identical starting points to
different endpoints (depending on order of mutation, over some speei-
tied number of generations, ete.), there would still be the guestion of
whether the proportion is “significant™ or “important.” This can be seen
by considering the Iatter two studies, which T chose in part becanse
Lewontin carlier employed them as textbook demonstrations that “The.
order of ocourrence of motations is of eritical importance in determining
whether evolution by natural selection will or will net actually reach the
most advantageous state [or will instead reach one of possibly many
alternative, subhoplimal states]” (Griffiths et al. 2006} How interesting,
though, that Wichman and her coauthors titled their paper “Dilferent
Trajectories of Parallel Evolution During Viral Adaptation.” as il 1o
emphasize the parallel substitutions that occurred, rather than the equally
lrequent divergent substitutions. And how interesting that Weinrich and.
his coauthors concluded their paper, “1t now appears that intramolecular
interactions render many mutational trajectories selectively inaccessible;
which implies that replaying the protein tape of life might be surprisingly
repetitive” (Weinrich et al. 2006: 113). One might have thought they had
demonstrated something closer to Gould’s thesis, that life’s 1ape is sur-
prisingly not repetitive,

A rather different challenge 10 making sense of the overall importance
of chance variation and the order of variation has to do with where, along
the continuum from genotype through development to phenotype, oné
chooses 1o focus. Take the case of the twisted orchid, Darwin was struck
by the different ways in which Malaxis and Catasetuny evolved an uppef-
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Jlum petal: in the former case through the selection of more
twisted lower stems, and in the latter case through the selee-
and less twisted forms. But someone else might be struck by
gelection accomplished roughly the sume result in both
i ;;ij.r, Ean uppermost labellum, Similarly, some might be struck
@ﬂpig differences between the 10.00- generation-ald f2. coli
¢ Lenski group studies, while others might be struck by the
larity in fitness gained (figure 2.2). And so on.
: _i's.h_.rﬁn'othcr, altogether different, sort ol ssue that is involved
+ne the relative roles of chance variation and natural selection,
to do with the difficulty of disentangling causal processes,
ften trivialize the importance of variation by sayving things
ﬁ.{'ﬁﬁﬂhilﬂ}* is indispensably necessary, yet ... as Darwin
he extended passage comparing natural selection to an architect
thove). Or, as Dobzhansky put it. “The statement that |some
sf evolution by natural selection| required a supply of ‘chance’
true but trivial. What is far more interesting is ., ." natural
«of course (Dobzhansky 1974: 323). How can variation be “nec-
d “required.” and at the same time “trivial?” Consider the
table case for the Darwinian, where variation is truly “omni-
Romanes would have had it, and there is strong directional

ection-giving power of selection in this case deperds on the ubig-
\ riation available. Well, perhaps | am just repeating the ques-
peating my perplexity, in different terms. But now consider o
& case for the importance of chance variation: variation is scarce
tially identical lineages diverge considerably due to differ-
the order of mutations, followed by cascading epistatic conse-
'be sure, there is an important sense in which the difference
es cannot be due to selection in identical environments. And

ivial in this case as variation was in the previous case!

ll not be easy to disentangle the overall importance of chance
on from that of natural selection. But 1 believe Gould was right
Darwinism™ or, rather, how “Darwinism™ played out in the
ynthesis, and has continued to play out, up to the recent past,
05 have been concerned not only 1o articulate and demonstrate
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the prevalence, the predominance, the ultimate control of natural selee. ! w17 (1992) Molecular genetics of adaptation in sn experimental model of

P EUnliition 46: 8R2-K0S,
S T e siea s ; ratiate That Ratie 1 volution 46: & . .
1? 0. Thy T.IEI wdlng een III.‘DHL‘I'_‘TI'ILd 0:demonstiate that natiral selal o NH, Turelll M (1997) Perspective; A eritique of Sewall Wrght's shiftng
tion prevails and predominates over. and controls, chance variation, -ﬁfs\fﬂl'llti'-m- Evolution 31t 643-671,
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conceived for the purpose of being thus subordinated. The trivialization gy On the Origin of Species by Means of Natural Selection. or the
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[n this chapter, I discuss two purticular areas of theoretical evolution. - b)
ary biology that have experienced significant progress since the |&t& | 18
1980s: a theory ol litness landscapes and a theory of speciation. [ ajgg 0 (
outline two particular directions for theoretical studies on the Origing % T
of hindiversity which are especially important, in my opinion, for =
unification of different hranches of the life sciences. One is the develop- E i
ment of a theory of large-scale evolutionary diversification and adaptive £ 0s
radiation. The other is a quantitative theory of the origins of our own w2
Specics, ; . . .
] a2 o4 0.6 a4 1
Classical Fitness Landscapes Feenicr. of aliole 4
The theoretical notion of fitness landscapes {also known as “adaptiyﬁ d3
lindscapes,” “adaptive wopographies,” and “surfaces of selective value"'} ]
which emerged at the onsel of the Modern Synthesis, has become i
standard tool both for formal mathematical modeling and for the intui- ne

tive metaphorical visualizing of biological evelution, adaptation, and % aad P
speciation. This notion was first introduced by Sewall Wright in a class g

paper delivered at the 1932 International Congress of Genetics. Wright i 02

wanted to illustrate his ideas and mathematical results on the interaction o Lt

of selection, random drift, mutation, and migration during adaptation in i

a nontechnical way accessible to biologists lacking quantitative skills v Ii;*‘Z?:E LA

(Wright 1932, 1988), Wright's metaphor ol fitness landscapes is widely o " Tratvariance
viewed as one of his most impertant contributions to evolutiona
biology (Coyne et al. 1997; Pigliucci and Kaplan 2006; Provine 1986,
Over the ensuing 7l years. the notion of fitness landscapes has been
substantially expanded and has found numerous applications well
outside of cvolutionary biology (e.g., in computer science, engineering,
ceonomics, and biochemistry ). !

A key idea of evolutionary biology is that individuals in a population:
differ i fitness (due to the differences in genes and/or environments:
expericnced). Differences in fitness that have penetic bases are the mo
important ones because it is the changes in genes that make innovations:
and adaptation permanent, The relationship between genes and fitness:
(direct or mediated via phenotype) is obviously of fundamental impor=
tance. In the most common modern interpretation, a fitness landscapes
specifies a particular fitness component (e.g., viability, that is, the prob=
ability to survive 1o the age of reproduction) as a function defined o 8
particular set of genotypeés or phenotypes,

i

tness landscapes. (n] Fitness landscipe inoa oneslocus, wo-allele muodl.
e Amess landscape in n one-locus, two-allele model. {c] Fitness landscape for
v frait model, (d) The average fitness landscage Tor a quantitative trait madel,

notypes (here, heterozygotes Aa). One may imagine an
S & point on 4 fitness landscape and a population as a cloud
lich changes both its structure and its position as a result of
different evolutionary factors (e.g, natural selection and sexual
Iy mutation, recombination, drift, migration). The peaks and
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of an individual, Later the notion of fitness landscapes was general-
faﬁthar fitness components, such as fertility (i.e., the numbér of
21 or mating success (i.c., the probability of mating), which can
perty of a mating panr rather than of an individual {Gavrilets

vitlleys of the landscape represent high-fitness and low-fitness combing.
lons of genes (or phenotypic values), respectively; natural selection ig
imagined as a force pushing the population uphill, and adaptive evoly.
tion is visualized as hill-climbing. . ;

In his original 1932 paper, Wright introduced two versions of fitness [n most interpretations, fitness landscapes are static, that is, they
lundscapes. The first corresponds to a relationship between a set of gengs change over time. However, models also exist in which landscapes
and individual fitness as illustrated in figure 3.1a, The second describes . pyver time as a result of changes in the external environmenlt.
# relationship between variables characterizing the population’s genetic ey-dependent selection (e.g.. Asmussen and Basnayake 1990;
state (e.g., allele frequencies) and the average fitness of the population, am et al. 1972; Dieckmann et al. 2004; Waxman and Gavrilets
The fitness landscape for the average fitness can be derived from a fitness under which fitness continuously changes as the population
landscape for individual fitness in a straightforward way. For example, ¢an also be interpreted in terms of landscapes {or seascapes).
Higure 310 illustrates the fitness landscape Tor the average fitness corre- all, fitness landscapes are an inherent and most crucial feature of
sponding 1o the fitness landscape for individual fitness shown in figure thematical models dealing with natural or sexual selection. (Note
Ala. In finess landscapes for the average fitness, it is the population

 many modeling papers, a technical term for specifying the relation-
{rather than an individual ) that is imagined as a point climbing the slope een genotype [or phenotype] and [itness is “fitness function”
toward a nearby peak. The attractive feature of this interpretation of n “fitness landscape.”)
fitness landscapes is the fact that in some simple models, the change in
allele frequencies induced by selection is directly proportional o the
pradient of the average fitness (Wright 19310 In this case one can intuit
the general fealures of the evolutionary change just from the shape of
the corresponding fitness landscape, without the need to solve the under
Iying dynamic equations, |
The generalization of the notion of fitness landscapes for the case of
continuously varving traits (such as size, weight, or a concentration of & ytions about their structure in an attempt to get a tractable model
particular gene product) was introduced by Simpson (1953). An example v is hoped, will capture some essential properties of the process
of a fitness landscape for a single quantitative character is shown in figure |
3.1c. The fitness landscape illustrated in this ligure describes stabilizing Il fitness landscapes? Although we still miss precise and broad
selection, that is, selection favoring an intermediate optimum (here, at cal evidence, some general features of fitness landscapes can be
trait value (). Figure 3.0d illustrates the average lithess landscape corre- identified from available data, biological intuition, and mathematical
sponding to the individual fitness landscape shown o ligure 3006 In '
figure 3.1d the independent variables are the average and variance of
the trait values in the population which jointly control the average fitnesss
Lande (1976, 1980) showed that the change in the average trait value
induced by selection is proportional to the gradient of the average litness
‘The theoretical work of Lande (1976, 1980), Barton (e.g., 1989a: Barton
and Bouhani 1987, Barton and Turelli 1957), and others in the 19708 and
1980s made such landscapes an indispensable part of the theoretical
loolbox of evolutionary biology.
In the original formulation and in most of the latter work, the fitness
compaonent under consideration was viability and, as such, it was a props

that can potentially affect fitness, This means that fitness land-
e inherently multidimensional, as was already well realized
ight himself. Unlortunately, the relationships hetween genotype
notype) and fitness for real biological organisms are sull poorly
ood. Therefore, the dominant strategy for using fitness land-

all Wright, who used three-dimensional geographic landscapes
iphor for multidimensional relationships between genotype and
the most prominent feature was the existence of many peaks of
height separated by many valleys of different depth, Different
 be viewed as alternative solutions to the problem of survival,
biological organisms face. In Darwin’s words, “the multifarious
Or gaining the same end” (see Beatty 2008), Wright reasoned that
interactions of the effeets of different loci and alleles on fitness
_'m'plaiﬂlmmr and epistasis will make the existence of multiple
ks unavoidable. This picture of fitness landscapes (illustrated
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ial peaks exist nearby (Kauffman 1993: Kauffman and Levin
'.;i_uf some additional forces, a population cvolving on a
i /| § ! pdscape will stop changing after a relatively shart, transient
A I. L | 1 = e aleotion is a force pushing the population uphill and thus pre-
.-"I:k{".;'r:"?:r"ll"'ll'ly.:“'::).}.'--.j ' it ,ﬁ‘,ﬂm poing downhill. Therefore. within the framework of
PO R Y "::"‘- 4 tness landscapes, the problem of crossing fitness valleys, whl{_:h
PP 5«5"..'| 'r*::."u-' iTh T s | for moving toward other peaks (and that would result in
iR *J'I'I'.‘.’ | II:. INATERS R Ptﬂti[}n and/or evolutionary divergence ), becomes of major

Fitness

ﬁ;-mu_pussible solutions (o this problem. First, additional
pposing selection and overcoming it, at least occasionally, can
' lation neross a fitness valley. The factor that has received
ion in this regard is random genetic drift, which is particularly
in small populations (Kimura 1983; Lynch 2007). Second,
anges in the fitness landscape itsell can result in temporary
ce of fitness valleys. Sewall Wnght's own solution was his
ce theary (Wright 1931, 1982), which relies on complex
{ multiple evolutionary factors (selection, mutation, migra-
random drift).
hifting balance theory focuses on a populstion spatially sub-
i large number of small subpopulations (demes) exchanging
ecause demes are small and there are many of them, it is
ne of them will make a transition by genelic drilt across the
to an alternative (perhaps higher) peak. Wright separated
of peak shift (i.e., evolution from one peak Lo another) in a
two steps: stochastic transition by random genetie drift from
ood of an old fitness peak into the domain of attraction of
(Wright's phase 1). and deterministic movement toward
cak once the deme is within its domain of attraction {Wright's
Wright reasoned that once a new adaptive combination of
g the new higher peak is established in a deme, the deme
gher population density. Then, as a result of higher emigra-
msuch demes, the higher fitness peak will 1ake over the whole
_ﬁEhITE phase 1), Wright's argument was mainly verbal,
e conclusions of later formal analyses did not support
I uition. Recent formal modeling has shown that although the
sms underlying Wright's theory can, in principle, work, the con-
rather strict (Coyne et al, 1997, 2000; Gavrilets 1996),
the mechanisms implied in the shifting balance theory can
de a general route for adaptation and diversification (lor a

et .
VJ\._‘-._- iy
= 2
% e
e

Ganatype space

(b)

Fitness

CNOLYRE Spoce

Flgure 3.2 .
Twa types of classical fitmess landscapes, (1) A rogped landscape. (b) A HiﬁL’.lE"Pl_'r'.f!;
Tandscipe, i

in figure 3.2a) is now known as that of rugged fitness landscapes ( Kauffman
1993 ). Fitness peaks are important because of the expectation that natural
selection will drive populations toward them: However, as soon as ﬂ'l?
population reaches a neighborhood of a local peak, any movement away
from the peak will he prevented by selection,

It is important to realize that the peak reached by the population does
not necessarily have the highest fitness, On the contrary, it is much rﬂﬂ_i'ﬁr
plausible that this peak has an intermediate height and that (much)
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discussion). This probably was one of the justilications for
? tempt 10 diminish the role of mathematical modeling in the
hesis, which he undertook several decades later (Haldane
1959).

the limited amount of concrete models and resulis, the
aﬁfﬁe,r theoretical work and ideas on our understanding of
has heen significant. In particular, Fisher's verbal theory of
ction (Fisher 1930) has provided a theoretical foundation for
effects of sexual selection performed since the [970s and
defs&ﬂn 1994), Fisher’s discussion of the expected negative
es of hybridization may have affected Dobzhansky's think-
later led to a hugely influential theory of reinforcement of
T pmductwc isolation {Butlin 1987, 19495; Dobzhansky 1940
)3: Noor 1999 Servedio et al. 2003), Wright's shifting balance
popular among some evolutionary biologists, who invoke it to
fation in some genera (e.g, Levin 1993; Mallet and Joron

dissenting opinion see, e.o., Goodnight and Wade 2000; Wade and Goog.
night 1998). '

In contrast to Wnght, anather founder of theoretical population gep-
etics, . AL Fisher (see Provine 1986: 274-275 Ridley 1993 206-207),
believed that as the number of dimensions in a filness landscape increases,
local peaks in lower dimensions will tend 1o become saddle points ip
higher dimensions. In this case, according to Fisher's inluition, naturg]
selection will be able to move the population to the global peak, A
typical fitmess lindscape implicd by Fisher's views has a single peak [sc.g:
fipure 3.2h). Fisher’s scenario is based an o behief that (1) there is pne
perfect combination of genes (rather than a series of more or less similar
alternative combinations), and that (2) this gene combination (filness
peak) can be “found” by selection without the need for any additional
factors such as genetic drift. Fisher's beliefs were already reflected in his
earlier work (Fisher 1930, in which he suggested a simple model (now
known as “Fisher's geometric model™) postulating the existence of a
single global peak which can be reached by a sequence of advantageous
mutations. More recent work has shown that Fisher's criticism of Wright's
arguments is not warranted: the peaks that get transformed to saddle
points by increasing the dimensionality of genatype space are well out-
numbered by new local peaks brought about by the same process
(Kauffman and Levin 1987). This means that a typical fitness landscape
has an enormous number of local peaks, and finding the global peak b}'
selection anly is, in general. impossible. (1 note that this is a well appw on for writing his classical 1966 paper on sympatric speciation
ciated feature of numerical optimization techniques used across mﬂn]' 1;‘-‘_1'}'."-ME}TT whose 19263 book was very critical of this mode of
areas of science and engineering.) In spite of this, Fisher's geomelrie \ : though sympatric speciation still remains 4 controversial
model remains an important tool for studving adaptation in the nmgh:g: oyne and Orr 2004; Dieckmann et al. 2004; Gavyrilets 2004 ), most
horhood of a fitness peak (Orr 2002, 2(06a, 2006k Waxman 2006; ‘tend to agree with Mayr’s intuition, as conditions for sym-
Waxman and Welch 2005}, g

heoretical evolutionary  biolopy  (Gavrilets 2003a, 2004
. & significant part of this work was done by penerations of
trying to prove wrong Mayr and Dobzhansky’s intuition on
ce of sympatric speciation (more precisely, the lack of it}.
vas Maynard Smith told me once, a significant part of his

Classical Population Genetics and Speciation
¥, n spite of his expressed disregard for theoretical work,

Owerall, the focus of earlier modeling work in evolutionary thIDﬂ‘; ' ) " was apparently strongly influenced by Wright's ideas on

performed by Fisher, Wright, and Haldane was on adaptation and on
showing how biological populations evolve, diversify, and adapt und!r:]'a
the joint action of selection and other factors, Another guestion ©
piramount importance in the Modern Synthesis—the arigin of -ipccii_‘{'_i
(Dobzhansky 1937; Mayr 1942)—had only a peripheral place in the =
carlier mathematical theory. Fisher, Wright, and Haldane published bl-‘.t e pidly grows in size. A new adaptive combination of penes
4 handful of modeling papers on some aspects ol speciation (see Gayrilets Bed by random genetic drift during @ short time interval when

n the theory of founder effect speciation, which he proposed
and was elaborated later by Carson 1968; Carson and Templeton
eshiro 1980; Mayr 1954; Templeton 1980; see also Provine 1989
Ory of this theory), a few individuals found a new population

s
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the size of the expanding population is still small. An inherent featypa =mely large dimensionality of fitness landscapes implics that
of the shifting halance that severcly constrains this process is the niber of possible genotypes is astronomically high, (For example,
necessily 1o spread the new adaptive combination of penes from a logsd ¥ | genes, each of which can have only two alleles, the number
deme to the rest of the population, During this stage (i.e., phase [ ble sequences is 2" = 10"} Therefore, one should not expect
new combinations of genes have to compete with the old ones, whigh (o have different fitnesses—there should be a lot of redundancy
outnumber them. Founder effect speciation avoids this di[ﬁcult}r.ﬁ’ qe-to-fitness relationship, so that different gu:nm.:,rpcﬁl mlust
simply removing the need for the new combination of penes (o cg J‘ - fitnesses. The question is how these genotypes with similar
% distributed in the genotype space and whether high fitness

pete with the old one: a loeal subpopulation grows (o become a new
species without interacting with the ancestral one. For several decades: ay form comnected networks expanding through the geno-
far as [ am aware. it wis Maynard Smith (1962, 1970) wha

buoyed by Mavr's authority, founder effect speciation {in various forms)
was the dominant explanation of at least island speciation (Provine to suggest such a possibility. He explamed such networks
with a word game where the poal is to transform one word

198G,
The proponents of these theories offered only verbal schemes without wy changing one letter at a time, with the reguirement that
ate words are meaningful (as in the sequence WORD-

trying to formalize them. Formal analyses of founder effeet speciation 1
using analytical models and numerical simulation were undertaken on RE-GONE-GENE). More recent work has shown that con-
in the 19805 and later (Barton 19890 Barton and Charlesworth 19 orks of genotypes with similar fitnesses represent a generic
Charlesworth and Rouhani |988: Charlesworth and Smith | 982; Gavrilets
2004 Lande 198 Roubani and Barten 1987}, Contrary to prevailing
wisdom at that time, the general conelusion of these analyses was thiat !
founder event cannot result in a sufficiently high degree of reproductiv
isolation with a high enough probability to be a reasonable explanation
for speciation. Convineing empineal evolutionary biotogists that Mayr's |
theory cannotl work was a very importan! contribution of theoreticia ow, on the left, and on the right). Let us say that two black
to our understanding of speciation, . e connected if there exists a sequence of hlack sites starting at
As the preceding discussion shows, & number of beliefs and ideas held *m and going to anather, such that subsequent sites in the
by the architects of the Modern Synthesis were later proven wrong or of e neighbors. For any black site, let us define a connected
limited biological significance and importance. Mathematical modeling it as the set of all black sites connected to the site under con-
played an important role in this continuous process of relining, extend= . Asimple numerical experiment shows that the number and
ing, generalizing, and pruning evolutionary thought, e of connected components depend on the probability 7
; alues of P there are many connected components af small
_ figure 3.3a). As P increases, the size of the largest connected
ponent increases (see figure 3.3b). As P exceeds a certain threshold
as the percolation threshold, the largest connected component
the giant component) emerges, which extends (percolates)
:; the whole system and includes a significant proportion of all
: (see figure 3,3c¢). In this model, describing a so-called site
t!‘_pﬂ on an infinite two-dimensional lattice, the percolation
ld 15 P, = (.593 (e.g., Grimmett 1989),
Uer next a different model. Assume that there is a very large
of diallelic loci, Now each genotype has L one-step neighbors

strate these ideas, let us consider a two-dimensional lattice of
ites in which sites are independently painted black or white with
es Pand 1 — P, respectively (see figure 3.3). We will interpret

Properties of Multidimensional Landscapes Mot Captured by Classical Theories.

Both Wright and Fisher, along with other researchers utilizing the no
of fitness landscapes in their work, well realized that the dimension
ity of biologically relevant fitness landscapes is extremely high (in
thousands and millions). Still, they believed that the properties 'ia
three-dimensional “geographic™ landscapes well captured those of m
tidimensional landscapes. However, the theoretical work of the pastt
decades (discussed below) has led to understanding that these expe
lions were not quite justified.



Figure 3.3
Percodation in swo dimensions Tor three different vialues of P
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itants), Let us assign fitnesses in exactly the same way as in
us paragraph, that is fitnesses are generated randomly and
dently and are equal only to 1 {viable genotype) or () {inviable
s With prababilities P and 1 — P, respectively. Similarly 1o the
odel (figure 3.3), viable genotypes will tend to form neutral
1l this model, for small values of P, there are two qualitatively
regimes: suberitical, in which all connected components are
mall (which takes place when P < P where P, is the per-
reshold), and supercritical, in which the majority of viahle
are connected in a single piant component, which takes
when P = P, (Gavrilets and Gravner 1997), A very important,
Lounterintuitive, feature of this model is that the percolation
if‘i approximately the reciprocal of the dimensionality of the
Space: P = 1/L, and thus P, is very small if L is large (sec
2004; Gavrilets and Gravner 1997}, Therefore, increasing the
ﬂﬂ_ﬂlit!r’ of the genotype space L, while keeping the prohahility
Viable P-constant, makes the formation of the giant componenl
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The assumption that fitness can take only two values, O and 1, miphy
be viewed as a scrious limitation, To show that this is not so, let us ;
sider the same genotype space as in the previous section (i.e., the . isms differ in numerous characteristics, and thus the
of L diallelic loci), but now assume that fitness, w, 18 a realization g lity of biologically realistic fitness landscapes is much larger
random variable having a uniform distribution between (G and | ( Gavrilets 2 properties of multidimensional fitness landscapes are very differ-
and Gravner 1997} Let us introduce threshold values wy and wy, Wl = of low damen:ﬂun Consequently. it may be misleading
differ by a small value, e. Let us say that a genotype belongs to
(s -litness band if its fitness wosatisfics the conditions w, < w <
Parameter £ can be viewed as the probability that a randomly chosen
genotype helongs to the (wows)-fitness band, One should be able ta
that being a member of the (wpw:)-litness band is analogous to be
viable in the previous model, with parameter £ playing the role of
the previous model Therefore, if the dimensionality of genotype spa
L is very large and £ = I/L, there exists a giant component (i.¢.,a Jl-fit (or, as Wright put it, “harmonious™) genotypes form
colating nearly neutral network ) of genotypes in the (w,.w:)-fitness b : et that expands (“percolates™) throughout the genotype
lts members can be connected hy a chain of single-gene substitutio ._ﬁ'. ppwpnate three-dimensional image of such a litness land-
resulting in genotypes that also belong to the network. If € is small; al approximately flat surface with many holes representing
fitnesses of the genotypes in the (w, wa)-fitness band will be very sim at do not belong to the percolating network (see figure 3.4),
Thus, with large L. extensive evolutionary changes can oceur in a nearly! ‘metaphor of holey landscapes. local adaptation and micro-
neutral fashion via single substitutions along the corresponding nearly’ | be viewed as climbing from a hole toward a nearly neutral
neutral network of genotypes belonging 1o a percolating cluster, Nofe. enotypes with fitnesses atl a level determined by mutation-
that if one chooses we = 1 and wy = 1 = £, 1t ledlows that tness landscap
have very high ridges (with genotype fitnesses between 1 - g and 1) that
continuously extend throughout the genotype space. In g similar
il one chooses wy, = £ and w, = [, il follows that the landscapes have
very deep gorges (with genotype litnesses between (0 and £) tha
continuotsly extend throughout the genotype space. [ stress that
ahove conclusions apply not only for the uniform distribution of fitness
values but also for any random distribution of fitnesses, provided
overall frequency of genotypes thal belong 1o a (w,w,)-fitness band.
larger than /L.

The above discussion illustrates two general points about WIEHU-
metaphors which one should keep in mind, The first is that specific me 2
phors (as well as mathematical models) are pood for specific purpose
only. The second is that accepting a specific melaphor necessarily in
ences and defines the questions that are considered to be jmportant.
metaphor of “rugged adaptive landscapes™ is very useful for thinki
about local adaptation. However, its utility for understanding hrgc-sc"l
genetic and phenotypic diversification and speciation is queauunﬂb Z
The metaphor of rugged adaptive landscapes, with its emphasis on ada =

nd valleys, is to a laree degree a reflection of the three-
orld we live in. However, genotypes and phenatypes of

1o -;;m-ssm:.; fitness ‘rﬂ]]l;":,-"i may hr_ nonexistent,

orks of genotypes with similar fitnesses expanding through-
otype space can be praphically illustrated using a metaphor
landscapes (Gavrilets 1997a, 2004; Gavrilets and Gravner
ley fitness landscape is a fitness landscape where relatively
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mately similar fitnesses (holey landscapes) is a general

selection-taniim drift halance. The process of climbing occurs OitEH
ltidimensional fitness lundseapes (both uncorrelated and

shorter time scale than that necessary for speciation, clade diversifigg
tion. and macroevolution. Once a corresponding litness level is reach d in both genotype and phenotype spaces ). To date, most
the population will be prevented by selection from slipping off of b mnuun on fitness tandscapes in biological applications
level Lo lower fitnesses, and by mutation, recombination, and gene f S o from studies of RNA {e.p., Fontana and Schuster |995; Huynen
from climbing to higher fitnesses. Speciation occurs when a populag : Schuster 1995), proteins (e.g., Lipman and Wilbur [991;
evolves 1o a penetic state separated from its initial stale by a hole, .t al, 1996; Rost 1997). viruses (e.g., Burch and Chao [994,
The earlier work on newtral and nearly neutral networks in I‘mﬂ (e.g., Elena and Lenski 2003; Woods et al. 2006), and
dimensional fitness landscapes concentrated exclusively an renotype i T B;g“-l,cnski et al, 1999 Wilke et al, 2000 ). Although limited,
spaces in which each individual is characterized by a discrete set of ge'fr_ | pro ide support for the hiological relevance al holey fitness
However, many features of biological organisms that are actually obsery ah
able and/or measurable are described by continuously varving variab
such as size. weight, color, or concentration. A question of particulag
biological interest is whether (nearly) neutral networks are as promin represents a significant theoretical advance that took place
i a continuous phenotype space as they are in the discrete genot . itly. The biological implications of this resull concern
space. Recent results provide an affirmative answer 1o this guestio mb reas (Gavrilets 2004), including the dynamics of adaptation,
Specifically, Gravner et al, (2007) have shown that in a simple model -‘.-: nair of penetic variation, the role of genetic drift, genetic robust-
random fitness assignment. viable phenotypes are likely w form a lar bility, the importance of chance and contingency in evolu-
connected cluster even if their overall frequency is very low, provid - ciation.
the dimensionality of the phenotype space L {i.c., the number of phen
typic characlers) is sufficiently large. In fact, the percolation threshaold
F, for the probability of being viable scales with /. as 1/2° and thus
decreases much Faster than 1/L, which is characteristic of the analogo
diserete genotvpe space model, s
Earlier work on nearly neutral networks was alse hmited to consid
ation of the direet relationship between genotype and fitness. Any ' 197 10). Dickinson and Antonovics {1‘”_"} «"“1 Mﬂ"r nard 5“11”1
phenotypic properties that usually mediate this relationship in cul #66) laid foundations for future modeling efforts. Recent years have
mlicant advances in speciation research (e.g., Coyne and Orr 2004;
in et al. 2004; Gavrilets 2003a, 2004; Howard and Berlocher
LBy naw we have solid understanding of the factors promoting
ng speciation, shaping its dynamics, as well as its character-
€ scales and patterns. As our understanding of the processes
L6 the origin of new species Increases, we appreciate more and
.i'-'ﬂl'tﬂnce of the insight of the founders of the Modern
hat “speciation can occur in different ways” (Dobzhansky et
that “there are multiple answers Lo every aspect of specia-
1982).
riely of speciation mechanisms, the question of their clas-
fimportance. Theoretical population genetics has identified
of factors controlling evolutionary dynamics, such as mutation,

Jization that biologically realistic fitness landscapes have
fundamentally different from those implied during the Modern

tion Theory

cady mentioned, systematic atlempis to lay foundations of
tive Ihe'n'nf of speciaticm did not start until the [Y60s 'md [‘:I'?[I»:

hiological oreanisms were neglected. Gravner et al. (2007) sludsﬂd
novel model in which phenotype 15 introduced explicitly. In their model.
the relationships both between genotype and phenotype, and betw
phenotype and fitness, are of the many-to-one type, so that neutrality
is present at both the phenotype and the fitness levels. Moreover, the ir
maodel results in a correlated litness landscape in which similar genotyp
are more likely 1o have similar litnesses. Gravoer et al. (2007) shoy
that phenotypic neutrility and correlation between fitnesses can red
the percolation threshold, making the formation of percolating networks
casier,

Owerall, the results of Gravner et al. reinforee the previous conclusi
(Gavrilets 1997h, 2004: Gavrilets and Gravner 1997: Reidys et al. 19
Reidys and Stadler 2001, 2002) that percolating networks of genoty
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art by some kind of selection (natural or sexual) for adip-
; -ai:iﬂlit ar biotic environment. Reproductive isolation
ng parts of the population emerges as a by-product of

random penetic drift, recombination, and natural and sexual selectign
A straightforward approach lor classifving different mechanisms H-“H
modes of speciation is according to the type and strength of the factare
contrelling or driving genetic divergence. In principle. any of the lactap ypic divergence. This type of speciation can happen
listed above can be used at any level of classilication. However, tradition. sraphic context (i.e., allopatric, parapatric, or sympatric), but
ally the discussions of speciation in evolutionary biology are framed i "é:ﬁgw} hetween the subpopulations actively opposes their
terms of a classification in which the primary division is according to the ' 1ce and the evolution of reproductive isolation. Speciation
level of migration between the diverging (sub}populations {Mayr 19425 ' gined as population [ragmentation on ridges in a holey
In this classification the three basic (geographic) modes of speciation g , but now fitness differcnees between genotypes along
allopatric, parapatric, and sympatrie. The traditional stress on the spat “at local fitness peaks are important. By now there is a
structure of (subjpopulations as the primary factor of classification ical models for this type of speciation.

(rather than, say, on selection) reflects both the fact that it is most easily of models is similar 1o the second. but now there is an

ahserved {relative to the difficulties in inferring the type and/or streng ered trait (or traits) that can evolve to directly decrease
f mating (and the level of gene flow) between diverging

of selection acting in natural populations) and the growing realization
tions, These are “reinforcement-type models™ related o the

that the spatial structure of populations is very important. Alternatively,
it has been suggested Lo use a classilication based on types of selection pof reinforcement {Dobzhansky 1940; Fisher 1930). These
complex models, which are difficult 1o study analyti-

(Wia 2001 ) or on i continuum of “geography/prezygotic isolating mech _
ﬂIE:LI’ analyses have been limited to numerical simula-

nisms” { Kirkpatrick and Ravigné 2002},
Sometimes very different hiological mechanisms can be described b ¥ _gﬂnb kind of speciation in terms of fitness landscapes is
Jfand not particularly useful), as there are several fitness

very similar mathematical maodels. Therelore, classifying mechanisms:
speciation on the basis of similarity of the corresponding models may which are relevant simultaneously.
of some use. Three peneral, partially overlapping sets of models can b The most controversial scenario of speciation has traditionally been
identified. In the first set, which I will call “spontaneous cJuatenza'tmI! peciation. These controversies have attracted the atlention
models, an mitially random mating population accumulates a substanti al oreticians, and by now the great majority of theoretical work
amount of genetic variation by mutation, recombination, and random M concerns speciation in the presence of gene flow between
drift, ind then splits into two or more partially or completely reproducs opulations driven by ecological selection (Gavrilets 2004;
tively isolated clusters. Spontaneous clusterization models include tho '__d'RavIgné 2002), Most of this work is represenied by
deseribing the accumulation of Dobzhansky-Muller genetic incol tudies, but there now exist a number of simple analvtical
patibilities, speciation by hybridization, divergence in mating pref mpalm: speciation (Gavrilets 20030, 200, 2006; Gavrilets
ences, or allochronic speciation via divergence in the timing of mati in 2002). The theory of sympatric speciation is arguably the
{reviewed by Coyne and Orr 2004; Gavrilets 2004). Spontaneous cl d part of theoretical speciation research. The general
terization can happen in any geographic context (i.e., allopatric, pa I sympatric speciation as identified by recent theoretical
patric, or sympatric). This type of speciation can be imagined 2 are (1) strong combined effects of disruptive selection
population fragmentation on ridges in a holey fitness landscape b dﬂm mating, (2) strong association of the genes controlling
different clusters becoming reproductively isolated because they happ 3 selection and those underlying nonrandom mating, (3)
to be on opposite sides of a hole in the landscape. The fitness differe enetic variation, and (4) the absence of costs on being
between genotypes which may be present are not of particular impors e choice (Gavrilets 2004), Two most Slrdlghttmwdrd Ways
tance. This set of models is most advanced analytically. : tic speciation are provided by a “magic trait” mechanism
I the second set of models, which can be called “adaptation with i U selection mechanism. The former describes situations
ﬂ-"m 18 @ trait that is both subject o disruptive/divergent

reproductive isolation as a by-product” models, the population is pull
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selection and simultaneously controls nonrandom mating (such as e for Future Research on the Origins of Biodiversity

in stickleback fish or color in Heliconing butterfies), The latter corpa.
sponds to situations in which organisms evalve stronger and strongep
preferences [or specilic habitats where they form mating pairs and/pe

e

' :,r_excir.'mg directions tor empirical and theoretical research
biodiversity. Here | want to touch on two of them which
rhy important, in my opinion, for unification ol different
i life sciences. One is the development of a theory of large-
tionary diversification. ldeally such-a theory would link
u .pnm‘}l' processes (e.g., sclection, mutation, random drift,
q. coevolution, competition, ete.), studied by evolutionary
mﬂ ecologists, with macroevolutionary patterns (e, stasis,
1, dynamics of diversity and disparily, species selection),
leontologists (Eldredge et al. 2005). The initial step in
ch a theory would be a development of a theoretical frame-
odeling adaptive radiation, The second quesiion concerns the
ur own species. Arguably, no area of evolutionary biology is
elling to general audiences than those related to human
topic underpins discussions of our place in the universe. of
cognition, and of our fate as a species. It is now recognized
v features of modern human behavior, psychology, and culture
xplainable to a certain extent in terms of selective factors that

T,
Mathematical models clearly show that, under certain bhiologically
reasonable conditions. sympatric speciation is passible (Gavrilets 2004) \
However, in spite of the enormous interest in sympatric speciation angd.
strong motivation to find examples, there are only o lew cases {fﬂﬂemﬁ
in Coyne and Orr 2004) where sympatric specialion is strongly implic
cated. One explanation for this discrepancy 1s that sympatric speciati
i dilficult to prove or it is difficull to rule out alternative -::anarin
Another possibility is that conditions for sympatric speciation as identi-
fied by mathematical models are rarely satisfied in natural populations.
Incorporating theoretical insights into empirical work and applying
mathematical models to particular case studies (e.g., Gavrilets and Vos
2007 Gavrilets, Vose, et al, 2007) are erucial steps loward assessing the:
importance of sympatric speciation in nature,
Not surprisingly, there have been a number of theoretical develop-
ments that were not appreciated, predicted. or emphasized during ~
time of the Modern Synthesis. For example, from the theoretical p-um : lfu:mg the Pleistocene. Developing a modeling formalism for
of view, the power of the phenomenon of spontancous clusterization he action and effects of genetic, ecological, environmental,
became apparent only recently. Although the recent theory of the s0ci: i _'mltuml factors operating during the process of human origin
reinforcement-type speciation provides some support for the ver ' be a major breakthrough in (theoretical) evolutionary biology,
arguments made during the Modern Svnthesis, it also identifies a numbel
of limitations and weaknesses in these arguments (Servedio and N
2003 ). Mayr was very skeptical of the generality of ecological speciation.
and sympatric speciation, hut recent work has shown that under certains
conditions. both can be important. The potential role of sexual selecti ]
in speciation (Andersson 1994) is stressed by many modern theore
studies, whercas it was almost completely neglected in the early di
sions. Many models show that speciation can happen very rapidly a
a long period of relative stability (stasis), while the earlier work emph
sized continuity and small changes in evolution and speciation.
importance of conflicts {e.g,, genomic or sexual) or coevolutionary intal-
aclions was not realized. while now models show that these factors €3
be a very powerlul engine of speciation (Gavrilets and Waxman 2002}
Owerall, a diversity of new mechanisms for generating biodiversity
known now, but were unknown or undemppr{:cintud al the onset of LE
Muodern Synthesis,

Ti Jaﬁnn is defined as the evolution of ecological and pheno-
ity within o rapidly multiplying lineage (Schluter 2000:

| the Galdpagos islands, Anolis lizards on Caribbean islands,
iverswords, and cichlids of the East African Great Lakes,
0y others (Gillespie 2004: Givnish and Sytsma 1997; Losos
Ehllrgﬂf and Meyer 2004; Schluter 20HW:; Scchausen 2007;
o 'igja} Adaptive radiation typically [ollows the colonization of
wonment or the establishment of a “key innovation” (e
$ in columbines, Hodges 1997) which opens new ceological
nd/or fiew paths for evolution.

Ve radiation is both a spectacular and a remarkably complex
vhich is affected by many different factors (genetical, ecologi-
mental, environmental, etc.) interweaving in nonlinear ways,
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Different, sometimes contradictory, scenarios explaining adaptive rydiz.
tion have been offered (Mayr 1963; Schiuter 2000; Simpson 1953), Some.
authors emphasize random genetic drift in small founder populations
{Mavr [963), while others focus on strong directional selection in s
founder populations (Eldredge 2003: Eldredge et al. 2005), strong diver
sifying selection (Schiuter 20000, or relaxed selection (Mayvr 1963}, Which
of these scenarios is more general is controversial. The large time scaje
mvolved and the lack of precise data on its initial and intermediate stap, gl
muke identilying general patterns of adaptive radiation very di[‘ﬁgﬁ]
(Gillespie 2004 Losos 1998: Salzburger and Mever 2004; Schluter 2000 : :
Sechausen 2007: Simpson 1953). Further, it is generally unknown if the s perfectly adapted lor one of the available niches. Our main
patterns identified in specific case studies apply to other systems. ) 0 h develop a better understanding of the dvnamics of invasion

The difficulties in empirical studics of general pattérns of adaptive
radiation, its lime scales, driving [orees, and consequences for the for ma-
tion of biodiversity make theoretical approaches unportant. However,
the phenomenon of adaptive radiation remains largely unexplored from
a theoretical modeling perspective. Adaptive radiation can be vimw._fg_ci'
an extension of the process of speciation (driven by ccological facto
and subject to certain initial conditions) to lurger temporal and spati
scales, As | already stated, a recent explosion in empirical %pemau
work (reviewed by Covne and Orr 2004) was sccompanied by the e
gence of a quantitative theory of speciation (Guavrilets 2004). In con
there have been only few attempts to build genetically based models of

lable in the new environment. However, as seleclion acts on
netic variation supplied by mutation, different lineages can
~oted to and simultaneously develop genetic preferences for
; qﬁtﬂl niches. The process of ecological and phenotypic
tion and speciation driven by selection for loeal adaptation
m_"_b}' the growth in the densities of emerging species.
5p ecies utilizing different ecological niches evolve differences
references by a process analogous 1o reinforcement. In some
ot than starting the simulations with a population of low-

shi these efforts are still at very initial stages, some patterns
cross different models. The following summarizes these

Iling adaptation to ccological niches evolve faster, approach
mum v&'[uas closer, and maintain less penetic varialion at (sio-
' ]'j ilibrium than traits controlling habitat preferences;

| _aren;:e traits evalve at a slower pace than the ecological
preference traits, maintam more genetic variation, und can
matically in time;

large-scale evolutionary diversification. s eferences can diverge both between and within species
Some recent work in my lab has begun (o lay the foundations iz rent ecological miches;

guantitative theory of adaptive radiation. Some of them are based ¢ "empt},r ecological niches get filled only on islands and in

a model of adaptive radiation which is intended to be more abs es of sufficiently large size: i .

and general (Gavrilets and Vose 2005, 2009), Other altempls use mode
ailored for particular case studies such as cichlids in a crater
{ Barluenga et al. 2006: Gavrilets. Vose, et al. 2007}, palms on an oce
island (Gavrilets and Yose 2007: Savolainen et al, 2006), snails on
shores (Hollander et al. 2005, 2006; Sadedin et al, 2008), and butterfli
in jungles (Duence-Gueman et al, 2009; Mavirez et al, 2006). The gener
setup in all these models is similar. We typically start with a few individ=
uals of a sexual diploid species colonizing a new environment (.8

island or a lake) in which a number of spatially structured cmpty ecal
cal niches are available. Although the founders have low filness,
abundant resources and the lack of competitors allow them 1o seed
population that is able (o survive throughout the environment at Io
densities. The founders have no particular preference for the ecologt

tnce traits is small:

'afspmalmn typically, there is a burst of speciation soon
ol ation rather than @ more o less continuous process of

-effect: the diversity (i.c., the number of species) peaks

,ﬁﬂli_-ﬂnd neutral gene flow: species can stably maintain their
large number of selected loci for very long periods of
Of substantial hybridization and gene flow that removes
0N in neutral markers:
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- Least action effect: speciation gceurring alter the initial burst usyg ','_;
involves a minimum phenotypic change; i

ors that likely woere important during the earlier evolution

many features that make humans a “uniquely unigue
but the most crucial of them are related to the size and com-
brain (Geary 2004; Roth and Dhcke 2005 Striedter 2005},
Home sapiens increased in a runaway fashion over a period
indred thousand years, but then stabilized or even slightly
the Tast 35,000-50,000 years {Geary 2004, Ruff et al, 1997;
5, In humans, the brain is very expensive metabolically:
bout 2% of the body's weight but utilizes about 200% of
erabolism at rest (Holloway 1996), The burning question is
ove the evolution of human brain size and intelligence?
(0 fputenlial answers focusing on the effects of climatic (Vrba
slogical factors (Russon and Begun 2004), and social factors

+ Differentiation in mating characters is often of a continuous natyrg.
without clearly defined, discrete morphs; !

- Parallel diversification when new mating characters gel shared acrogs
different ecological niches and/or when new ecological characters g
shared across different “sexual morphs™ is expected:
* While the characters controlling local adaptation and habitat prefer
ences remain close Lo the optimum values, mating characters can chan

continucusly in a neotral fashion; P

« Given everyvthing else the same, the typical stages of adaptive radis
ton are (1) divergence with respect to macrohabitat, (2) evolutio
microhabitat choice and divergence with respect to microhabit
(3) divergence with respect to "magic traits” (Le., traits that simulta |
ously control the degree of local adaptation and nonrandom mating i and Whiten 1988: Dunbar 1998, 2003: Flinn et al. 2005:
and (4} divergence with respect to other traits controlling survival
reproduction. I-‘Bgme 1997), coming under the rubric of the “social brain™
(sometimes also called the “Machiavellian intelligence”
| siders selective forces coming from social competitive
s the most important factor in the evolution of hominids,
sint in the past became an ecologically dominant species
et 1990; Flinn et al. 2005). These forees selected for more and
ctive slratepics of achievinu x',m-':al success (il ud'mg dcce;}lion
i

Although some of these predictions are supported by empiri
data (Gavrilets and Losos 2009), much more work {both theare
and empirical) is necessary to really evaluate their biological and eval
ttonary significance. In evolutionary biolopgy, comprehensive stu
of a few model organisms have been very successful in identi
and understanding general evolutionary mechanisms and principle
a similar way, comprehensive numerical studies of a few models
adaptive radiation will greatly benefit our understanding of larze-s
diversification.

ﬂbﬂlt}f to learn and use them. In this scenario. the social
slated into reproductive success { Betzig 1986, 1993; Zerjal
Imlemng for larger and more complex brains. Once a tool

learni : i
The Ultimate Speciation Event: The Origin of Our Own Species £ s andrusing thiese stry “"“L“ {' SR ““mr’“’”‘ Brai)

Diecades of intensive work by generations of evolutionary biologists ha
led to a dramatic inerease in our understanding of how new species
(Coyne and Orr 2004; Dieckmann et al. 2004; Gavrilets 2004; Hiowa
and Berlocher 1998)—1he central theme of Darwin's revolutionary b .
(Darwin 1859}, 1 believe that the time is ripe for attacking the ultimate
speciation event—ihe origin of our own species (Darwin 1871). An
eral theory of the origin of humans will include a significant quantitatt
mathematical component that will have to deal with a complex comb
tion of ecological, penetic, cultural, and social factors, processes,
changes. Here, | want to illustrate one possible theoretical ﬂpprﬂach'.

9F mating success. In an attempt to shed some light on the
1of these processes, Gavrilets and Vose (2005) intraduced an
etic, individual-based, stochastic mathematical model of the

"0 properties of the brain: a learning ability characterizing
ity to learn a particular meme, and a cerebral capacity
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characterizing the number of memes a brain can learn. Both of thess
characteristics were Irealed as additive quantitative traits subject to stas
bilizing selection in order to capture the energetic costs of having a Iilrga,
brain. In turn, memes were characterized by their complexity (i erdiﬁﬂ_ﬁ
culty) and their “Machiavellian liness” quantilying the advantage (o 2
individual who has this meme, Meme complexily and fitness were [I,Eg&_
tively correlated. so that more efficient memes were more difficuly ’h;
learn, The model also assumed that the effects of memes known to both
competing individuals cancel each other, This assumption resulis m:ﬁ
need to mmtnunm]}' ilwunt or learn new memes to be able to stay in

‘complexity of memes present in the population does not
ul, n the contrary, decreases in time, This happens as @ result
competition among memes; while complex memes give advan-
duals on a slow {biological) time scale, they lose competi-
! memes on a fast (social) time scale because they are more
aarn, Intriguingly. the model suggests that there may be a
't -"m-d a reduction in cognitive abilities (driven by the costs
large brain) as the reproductive advantage of having a
~decreases and the exposure to memes increases in modern

are effort is needed for building a comprehensive theory of

Due Lo its Lurnrr]ux:w LhL 1T|.E}L|L|. had 1o be studied uumgnga[]'r
Overall, the results of Gavrilets and Vose suggest that the mechanisms
underlying this hypothesis can indeed result in a significant increase in
the brain size and in the evolution of significant cognitive abilities on th&
time scale of 0O00-20,000 generations, Interestingly, Gavrilets anqt
WVose show thal in their model the dyvnamics of intelligence has threg
istinet phases. During the dormant phase only newly invented memes
are present in the population. These memes are not learned by -:Jt]mr
mdividuals, During the cognitive explosion phase the population’s me
count and the learning ability, cerebral capacity, and Mﬂchmvclhm;l
litness of individuals rapidly increase in a runaway fashion. During the
saturation phase natural selection resulting from the costs of having large
brains checks [urther increases in cognitive abilities. A

Both the learning ability and the cerebral capacity are selected against
due ta costs of having large brains, but having nonzero values of bath
traits is necessary for learning and using different memes. The prm:d‘é?j
of transition from the dormant phase to the cognitive explosion phase is
somewhat similar to that of a peak shift on a rugged landscape. As in
the case of stochastic peak shifts on a rugged landscape. the transitior .
from the dormant phase to the coenitive explosion phase is most
limited by new genetic variation. The levels of cognitive abilities achie
during the cognitive explosion phase increase with the intensity of co
petition for mates among males and decrease with the number of |
controlling the brain size. The latter effect is explained by the fact f-hﬂ

a larger number of loci implies weaker selection on each individug il

% J't_hﬂ development of simple models 1hdt can be studied
the performing of large-scale individual-based simula-
nore complex and realistic models,

of a quantitative/mathematical theory of biological evo-
I for the success of the Modern ‘-.ynlhu.ts The w_.uhf

aﬂﬂnmpﬂmed by man}r theurencal developments, mclur.!inj,,
“of multidimensional fitness landscapes and the emergence
cal theory of speciation and diversification on which T have
chapter. We now have a much better understanding
processes, Mot unexpectedly, many of the new theoreti-
v that certain expectations and intuitions prevalent earlier
lmvc a limited scope. This is part of the scientific process,

gmon wisdom is that a picture is worth a thousand words, In
ciences, an r&quatinn is wnrth | lhuusand pi{:mres Two areas

ficant udvanfh as 1 'ummpted o :Hustrate above. The
ry of evolutionary diversification across multiple spatial
scales that would link microevolutionary processes with
lHonary patterns. The second is a theory of human origins
-'Ehﬂlimg our behavior, social interactions, and history. In 2009
e the 150th anniversary of the publication of The Origin

]L]LU&.

In the model, evolutionary processes oecur at two different time scal
fust for memes and slow for genes. More complex memes provide more
fitness benefits 1o individuals. However, during the cognitive explosiof
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ep describing more “maimstream” types ol varition (via
ion), selection (individual or pair selection), and inheritance
eal” genes). This implies that general evolutionary patlerns
understand them will not be significantly altered. Finally.

_ﬁﬂvjng significant implications both for our understand-
é[m and for many practical guestions concerning our lives
ned across many different areas al hiolegy, so that singling
or defining an extended synthesis does not seem justified.
n of biological sciences will be achieved via conlinuous
] volutionary thinking into various branches of the life sci-

of Species. In 2021 we will celebrate the 150th anniversary of Dariigigs
ather groundbreaking book, The Descent of Man. Significant theoret
progress can be achieved in the twelve years separating those figg)
YEHFS, 1

Some Thoughts on an Extended Evelutionary Synthesis i
The synthesis of several biological disciplines that occurred in the 1930
and 1940s and became known as the Modern Syanthesismarked the b '
ning of the still ongoing process of unification of biological scien
As our knowledge and understanding of particular arcas of biolog
increases, the connections among them become clearer, resulting in
sironger and broader synthesis. Many developments in biology that hay
occurred since the 1970s and 1%80s were not (and could not be) a
cipated by Darwin or during the time of the Modern Synthesis. Many,
patterns and processes that were unknown or nol viewed as particul
important and/or relevant earlier have become crucial for our und
standing of the evolution of life on Earth in general, and of the place
our own species in this process in particular. All this is a normal pro
in the development ol any svientilic diseipline. Do new developmen
and knowledee really challenpe the ideas central at the time of
Modern Synthesis and require a dramatic reevaluation of the basi
Definitely not. Declaring the Modern Synthesis or the Darwinian th
dead, wrong, or in crisis becnuse some of the beliets or views held pre
ously are not supported by newer data or theories, or because there
still gaps in our knowledge, means being ignorant of how the sciene
develops. Do new developments and new knowledge in differcat areas
of biology justify the need for something that ¢an be called an Extend
Evolutionary Synthesis? [ think the answer to this guestion is a verys
subjective matter, :

To me, many recent advances of evolulionary biology that are s00
times presented as focal points of a future Extended Evolution:
Synthesis (c.g., Pigliucei 2007) fit well in the grand scheme of yariation.:
selection, and inheritance within the populational context laid dowi
during the Modern Synthesis. Moreover, from the theoretical point 08 auhani S (1987) The frequency of shifis between aliernative states. Jaurnal
view, the general rules and patierns of evolutionary dynamics will opy 125: 307414 '
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pultilevel Selection and Major Transitions

Slpan Wilson

on (MLS) theory addresses a fundamental issue in
iology that was not featured strongly in the Modern
corcept of major evolutionary transitions and human
&]nr transition has made MLS theory more relevant than
ls chapter will provide a brief overview of MLS theory,
transitions, and human evolution as a major transi-
stbjects can become part of an extended evolutionary

nd Its Relation to the Modern Synthesis

vof natural selection is framed in terms of individual
ing and reproducing better than other organisms, such
ught-resistant plant, a better concealed insect, a faster-
1d 50 on. These traits are focally advantageons, individu-
them are more fit than individuals in their immediate

raits that help other organisms or that cause whole groups
tively are usually not locally advantageous. Examples
1o raise the offspring of others, watching out for preda-
t protects everyone in the vicinity, and conserving shared
they are scarce. These traits arc clearly “tor the good of
they do not give individuals possessing the trait a fitness
o1 pared with other individuals n their immediate viCinily.
Iy disadvanrageous.

L of traits that are “for the good of the group™ but locally
is not a trivial problem. Most traits associated with
ty have this “for the good of the group” quality, in addition
ctal traits in nonhuman species. Darwin proposed a straight-
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e

forward solution in Descent of Man (1871: ch, 4) and elsewhere ag ¢
resented by this canonical passage in Descens (p. 166}

n to inhabit more than one peak of an adaptive landscape,
hea way for the populations occupying the highest peiks
‘populations pccupying the lowest peaks. As strange as it
qpht's first consideration of the evolution of altruistic
was a brief discussion and sketch of 0 madel in his 1945
af.-Gearge Gaylord Simpson's Tempa and Mode of
Hustrates the degree to which the issue at the heart of
s eclipsed by other issucs at the heart of the Modern

[t must net be forpotten that although a high standard of morality oves k
shight or no advantape to cach individual man ard his children over other ¢
of the same tribe, vet then an increase in the pumber of well-endowed mg
advancement i the standard of morality will eertainly give an immense gy
tage to one tribe overanother. There can be no doubt that & tribe including g
members who, from possessing 10 o high degree the sparit of patriotism, fi
obedience, cournge. and sympathy, were alwavs ready 1o id one anothe
to sacrifice themselves for the common good, would be victorious over moe
ather tribes, and this would be natural selection. At all times throughou
warld trihes have supplanted other tnbes: and as morabty s one impo
element in their suceess. the standard of morality and the number of
enclowed men will thus everywhere tend to rise and increase:

o, Fisher., Haldane. and Wright all confirmed Darwin’s
i1, however briefly. Traits that are selectively disadvanta-
ups can evolve by causing groups to outcompete other
~group competition can take a variely of forms, such as
fissioning at different rates, or contributing more dispers-
| gene pool. In all cases, the local disadvantage of “for the
oup” traits must be counterbalanced by an advantage al
the traits to evolve in the total population.
ment of the Modern Synthesis of the 19405 was to make
gtics: theory part of mainstream evolutionary biology.
roblem of group-level selection remained in the shadows
ext 20 years. Morcover. many biologists did not share
ri insight and naively assumed that adaptations can
1y 1&\?&1 of the biological hierarchy—for the good of the indi-
, species, or even ceosyslem—without requiring special
en the need for higher-level selection was acknowledped,
umed that it could easily prevail against lower-level selec-
in, which in retrospect is called “naive group selection,”
he final paragraph of the textbook Principles of Animal

The human teaits listed by Darwin are manifestly adaptive a
proup level, despite their local disadvantage. Groups of individuals:
aid each other will oulcompete other groups, even il such individu
sefectively disadvantageous within groups, Natural selection can op
at more than one level of the biolagical hierarchy, each level favor
different set of trans This was the birth of what later became known
MLS theory. Darwin did not comment on the irony thal morality, b
account, is primarily i@ within-group phenomenon and can lead
evolution of behaviors, such as between-group conflict, that can qu
as immoral from a third-person perspective, Also. competition bet
groups need nol take the form of direct conflict, Groups that funet
better as collective units for any reason will dilferentially contribu
the total gene pool, just as drought-resistant plants “outco
drouvght-susceplible plants in desert environments without any
interactions, _

The three fathers of population genetics theurydRunnld__E
1 B 5 Haldane, and Sewall Wright—all considered the problem
group-level selection. but only briefly (see Sober and Wilson 199
for a review). Creating a mathematical framework [or evolution
general pushed this particular problem into the shadows. Even >
Wright's shifting balance theory, which bears a superficial resem i
ter group-level selection, addressed the question of how individual-
traits with a complex genetic basis can evolve. When genetic interac
dre epistatic, multiple local equibria exist that are not equally ﬂdPF
at the individual level, leading to Wright's famous metaphor of a muis
peak adaptive laindscape. A multigroup population structure is ¢4

survival of individual living things, ar of populations. increases
_f-'fhiCh ﬂIE'I.-' |111‘m{1muual}' ddjLIb[ themselves to cach other and

T um matter of :,i_u!ug_l; and evolution, undu.r[u_;~. mgmnf.mh_ nnd
i h’lﬁlugy, aiel is the foundation for all sociology.

ent, the architects of the Modern Synthesis shared this
?.-Oﬂuaa evolution is a population-level process, 11 15 easy Lo
P;HTﬂJnf:ters stich as mutation rate, sexual reproduction, and
d xlsblaﬂﬂrl have evolved to make evolution an efficient popu-
LD . Yet, many traits, such as mutation rate and sexual
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reproduction, are selectively disadvantageous within populations,
ing a conflict between levels ol selection. These issues are still g
debated under headings such as “the evolution of uvulvahi[l{y“{
Wagner and Altenberg 19%; Pepper 2003 ) and “lineage selection? (¢
Nunney 1999 Jablonski 2008), so the architects of the Modern Synif,
can be forgiven for not having fully articulated or resolved them ap.
time, -

The preblem of higher-level adaplations did not begin to oee
center stage until the 1960s, when the Modern Synthesis was firm
cstablished. A number of authors, including most famously John Maynag
Smith in England and George C. Williams in America, began to quest
the veracity of naive group selectionist claims. In Adupration and Nariy
Selection, Williams (1966) nterpreted population genetics theory fg 3
broad audience of biologists. including Darwin’s original insight
group-level adaptiations require a process of group-level selection
tend to be undermined by lower-level selection. Then he evaluated:
evidence and made a strong claim: even though group-level adaptat

Iﬁf group selection required an explanation of seemingly
,_b;ghgvinr'ﬁ in individualistic terms, Alternatives were pro-
number of theoretical [rameworks, such as kin selection
fiting one's OWN genes in the bodies of others), reciprocity
sthers in expectation of return henefits), and selfish gene
e as the fundamental unit of selection for the evolution
'ij1g this period. it became almost mundatory for authors
readers that group selection was not being mvoked,

oup selection way being invoked. Almost immediately. it
rpe that all evolutionary theories of social behavior assume
‘of multiple groups, that the traits labeled “altruistic” and
are selectively disadvantageous within groups and reguire
lection to evolve in the total population. The various theo-
works all obeyed the central logic of MLS theory and dil-
dly in: perspective. Several examples will be provided 1o
triking fact that the rejection of group selection persisted
han the theoretical and empirical basis for rejecting group

ar after the publication of Adupration and Natral
illiam D, Hamilton (1967) published an influential article
dtraordinary Sex Ratios which documented many examples of
biased sex ratios, especially in small species of arthro-
‘highly subdivided populations. In his mathematical
lain: the evolution of female-biased sex ratios, Hamilton
i large number of groups {“hosts") are colonized at random

selection is almost invariably weak compared with lower-level selectiol
and most interpretations of adaptations as “lor the good of the groi
are just plain wrong. As he put it (p, 93), “group-level adaptatio
not, in fact, exist.”

Williams's assessment was based less on empirical evidence
theoretical arguments and the principle of parsimany, which dietales t
simpler explanations {individual selection) he preferred over n
complex explanations (group selection) whenever possible. In
fashion, broad topics such as territoriality and dominance were been more explicit. Female-biased sex ratios are selec-
preted as individual-level adaptations based on plausibility argum
without anything close (o a rigorous empirieal test ol selection
and among groups. The closest that Williams came to a rigorous e
cal test concerned the evolution of sex ratios, in which within
selection favors an even sex ratio and between-group selection
either a male- or female-hiased sex ratio, depending upon whether p
lation growth or reguation is favored at the group level, Williams I.h 5
ilowas “abundantly clear™ that most species have an cven seX e
declaring that 1 would repard the problem of sex ratio as solvet

272),

0 the total gene pool, exactly as Williams postulated in his
30 as an empirical lest of within- versus between-group

".hl’;rth within- and between-group selection, he primarily
odel in terms of females maximizing their number of
12 under conditions of local mate competition, This differ-
_Et_i'l.l_'& enabled sex ratio theory to become a hot topic in
biology without anyone noticing that it reluted Willams’s
ganst group selection, a fact that he finally acknowledged
lliams 1992; 49),

‘example. Hamilton (1963, 1964) originally formulated
Stheary (termed “kin selection” by Mavnard Smith [964)

Williams's categorical rejection of group selection was widely acee
and Adaptation and Natural Selection became as influential as the bo
associated with the Modern Synthesis published in the 19405 and 1
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sition includes a number of hallmarks: (1) it is a rare
tﬂ- in momentous Consequences once il occurs—Ilower-
aun match for the new superorganism, which becomes
omi ant and radiates through evolutionary time Lo become
.s: (3) the transition is never complete—within-group
nppressed, not entirely eliminated. Even multicellular
isturbing number of genetic elements that spread by
nflict rather than “for the good of the group” (Burt and
: -|.-.' ..

m. ' major evolutionary transitions is one of the most
; ments in evolutionary biology. The architects of the
imagined all evolution to be the result of small muta-
duﬁls_ from individuals. The concept of major transi-
~an entirely new pathway—individuals from groups.
or transitions fall squarely within MLS theory, they were
w MLS theorists prior to Margulis's bold symbiotic cell
f up}:l_aﬂ:}naj developments have surely gone beyond the

tralts can evolve by wirtue of benefiting whole groups, despite pa
selectively disadvantageous within groups, Within-group selection g
not invariably trump between-group selection, and their relative i
tance must be determmed on a case-by-case basis, (See Sober and Wil
1995 for a review of the turbulent history of group selection, and ()k:
2007, and I 5 Wilson and E. O Wilson 2007, 2U08 Tor more de
reviews of contemporary MLS theory. ) 2
How does MLS theory relate to the modern synthesis? It falls sqy
within the paradigm of micreevelution, population genctics mode|
an emphasis on adaptation and natural selection estiblished .hg
Maodern Synthesis, However, the central focus of MLS lhbﬂr}f——wh
“lor the good of the group” traits can evolve—didn't occupy {:ﬂntﬂr\-
until the 1960s, 20 vears after the Modern Synthesis had become e
lished. MLS theory can therefore be truly reparded as an exrensig
the Maodern svnthesis. The fact that Adupraien and Natral Sel
became as influential as the books associated with the Modern Syn h
illustrates that MLS theory is an important extension, Finally, the re
of MLS theory shows that it comtinues to be an important extension i
contemporary research,

-

| as a Major Transition
Major Evolutionary Transitions k
_'Smith and Szathmary (1995, 1999} were bald about
concept of major transitions, they were timid about apply-
evolution, restricting themselves to a discussion of the
Alanguage, which by itself does nol obviously relate to
ow it appears likely that human evolution was a full-
lransition. from groups of organisms 1o groups ay organ-
on that we are so unique among primates is that our
the primate equivalent of a single organism or 4 social
hm 1999; D. S, Wilson 2007; Wilson, Van Vugl, and

The balance between levels of selection is not static, but can itself evolyg
When between-group sclection sufficiently dominates within
selection, the group becomes so Tunctionally organized thal it hec
a higher-level organism in its own right.

This scenario was proposed by the cell biologist Lynn Marguhs(
to explain the evolution of the eukarvatic cell not by small mutatio
steps from bacterial cells, but as svmbiotic associates of bacteri
Biologists noticed that Margulis's theory, which involves between-git
seleetion trumping within-group selection, was diametrically oppose
the dogma that within-group selection invariably trumps between:
selection.

Later,John Maynard Smith and Edrs Szathmary (1995, 1999) €
Margulis's theory to include other major transitions in the history
including the origin of life iself as groups of cooperating moleet
reactions, the first cells, multicellular vreanisms, social insect caI 1
and human evolution. In each case, mechanisms evolve that SUppre
selection within groups, causing between-group selection to hﬂﬁﬂﬂi :
dominant evolutionary force.

key ingredient of 2 major transition is the suppression
ces within groups, causing between-group selection to
ry evolutionary force, In most primate species, including
ors, intense within-group competition limits the oppor-
peration among members of the group, This is in contrast
0 hunter-gatherer societies, which are fiercely egalitarian,
s for this shift, and when did it occur in human evolution?

incomparably better at throwing projectiles than other
Ly that reguired whole-body anatomical changes and




a0 David Sloay ol - od Major Transitions 91

evolved early in the hominid lineage. Although the original purpge e Study of Human Behavior and Culture from an Evolutionary

throwing was presumably to deter predators and competing sey
it could also be used to suppress bullying and other d:)m]’nuering'
tor within groups (Bingham 1999). This 5 a specilic version of :
general hypothesis of guarded egalitarianism, originally advanced A f human behavior and culture from an evolutionary per-
Boehm (1993, 1999) on the basis of the egalitarian nature of mast : obvious to everyone in Darwin’s time that. if true, his
hunter-gatherer societies. However it was accomplished, puarded alutionize our understanding of ourselves. Yet, by the
tarianism provides the key ingredient of an evolutionary transitian  century, studying human behavior and culture from an

It has been common in the past to regard advanced human co perspective was largely off-limits The Modern Synthesis

abilities, such as a theory of mind, as the first step of human evil undary for the most part, _s'aying much about !I‘}in!ugjp
that made widespread cooperation possible {e.p., Tomasello 1@99}* utious about human behavior and iTlEltEIrL‘. in his book
it appears that the sequence needs (o be reversed (e.o.. Tomasell ing. for example. Dobzhanksy (1962: 345) stated 1hu[~ “1
2005). The first event wis the suppression of fitness differences terion of wisdom and values™ than the following
groups, based upon adaptations such as the ability to throw stones, ient Chinese sage:
did not require a change in social cognition. Then, between-group s
tion favored forms of mental cooperation in addition to physical
eration. After all, symbolic thought and the social transmissia
behaviors are fundamentally cooperative activities that are unlikels
take place among uncooperative individuals. Even human capacities
we take for granted, such as the communicative nature of our
ahility to point, and awareness of athers that emerges carly in i
are forms of cooperation that appear to be uniquely human (re
by Tomasello et al. 2005).

In retrospect, human evolution has all the hallmarks of a major
tion. It was a rare eventl, occurring only once among primate
momentous consequences: cooperation enabled our ancestors 1o
over the planet, eliminating other hominids and many other 8
along the way. We also diversificd 1o oceupy all climatic zones and b
dreds of ecological niches, although by cultural evolution raf 15|
genetic evolution. The advent of agriculiure enabled us to iner
scale of society by many orders of magnitude through a prof
cultural multilevel selection (e.g., Turchim 2003), Finally, the trans
was not complete. Within-group selection still takes place and is
suppressed compared 1o between-group sclection: . ary anthropology™ began to gain currency, and even then

Thinking of human evolution as a major evolutionary Transitees of scandal about them. In short, although evolutionary
so new that most of the implications remain to be discovered, pro =, ed into an enormously sophisticated science during the
vel another area of study that was not anticipated by the oLl
Synthesis.

tly about MLS. but T would like to end with @ comment

Taws must be based upon the man's own consciousness,
mmoen experience of mankind, tested by due sanction of histor-
found without error, applicd 10 the operations and processes
hysical universe and found to be without contradiction, laid
nut question or fear, and able 10 wail a hundred generations
without a doubt by a Sage of posterity.

t be edifying, but it is difficult to know what it has 1o
n any concrete sense.

ansky made his oft-quoted statement “Nothing in
g excepl in the light of evolution.” Two vears later,

or the last chapter on humans, which ignited a storm
. Wilson was attempting to relate evolutionary theory to
107 in a much more concrete sense than Dobzhansky in
Mving, but this was not admissible in 1975,

ntil the 1990s that terms such as “evolutionary psvehology™

‘taken place only since the mid-1990s, If the theme of
Siime 15 how evolutionary theory has gone beyond the
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Modern Svnthesis, then the inclusion of human behavior and. alution of evolvability in genetic linkage patterns. Biosystems b

counts as one of the most important recent extensions, :in{:luding._
restricted o the concept of human evolution as a major evoly
transition. i

aoand covarinnie, Nature 277: 520-52 1.
son of eovarionce selection mathematics. Annals of Tumun

; ".'[]95}3} Unto Others: The Evolution and Psycholopy af Unscliish
e MA: Harvard University Press
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ing Genomics into Evolutionary Theory

s advances in evolutionary biology have grown out of
di:sjnarulc disciplines. Indeed. synthesis was present
ning. Darwin was a consummate integrator of mfor-
"tiljg his theory of natural selection he drew key insights
scientific literature and his own extensive observations
riiutals:u from geology and sociology. He also drew on
d animal breeding, and the nascent fields of embryol-
ntology to provide material evidence in support of his
_.lﬂ’ter the Modern Synthesis integrated fundamental
_éndﬁlmn and quantitative genctics into evolutionary
it more contemporary view of paleontology played a
cani part of the integration. The Modern Synthesis is
| the most pivotal era in the history of post-Darwinian
lution. Witness the title and topic of the present
dern Synthesis is the benchmark against which all other
utionary theory are measured (Pigliueei 2007).
-case could be made, however, that information about
or heredity has been just as transformative to evolu-
e Modern Synthesis. Understanding the structure of
Fnature and variety of mutations, the moleeular con-
rent kinds of mutations, and the mechanisms by which
ftraits have all led to profound insights into cvolutionary
chanisms (Lynch 2007). Although the impact of molee-
lutionary thinking was spread over several decades
nirated into just a few vears, the insights thal have
Are as profound as any that emerged from the Modern
2] in'_BIit example is Kimura's Neutral Theory, which was
Ipirical observations of genetic variation. The develop-
dl Theory was not a natural extension of the Modern

1
)
i8]
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Synthesis, and could not have happened in a premolecular ap
Kimura's ideas have utterly transformed how evolutionary hi'
model and analyre evolutionary processes at a genetic level,
Acentury and a hall alter the publication of the Crigin of Sp,
evolutionary hiology is once again in g period of extraordinary §
tion and synthesis (Feder and Mitchell-Olds 2003: Rose and (s
2007 Pagel and Pomiankowski 2007). A quick perusal of the chapi
this book reveals that the impetus fer this excitement is coming
severdl sources, Unquestionably, however, one of the most impar
these is the availability of genome-seale data sets from many spec
from many individuals within some species. As methods for ga

genomic data become more robust and as prices for doing so drop, g

sideration of these very large and rich data sets will become routi
T

every facet of evolutionary biology, The impact will be profound, Ing

chapter, 1 discuss some of the opportunities and challenges:
genomic éra brings to evolutionary biclogy, and some of the ways
research into genome evolution is extending the Modern Synthes

Extending the Modern Synthesis to the Genome

Although genomics s one of the youngest branches of biology,
tinel phases inats history are already over. The fivst is the era wh
mation was limited o genome sequences from just a handful of
divergent species, The number ol geénome séquences 15 rising e
tally: prokarvotic penomes are being sequenced on a daily b

entire mammalian LENOMES and reconstructed  ancestral g
sequences [orinternal nodes (Ma et al. 2000 Blanchette et al. 2004}
the beginning of a new era in understanding how genomes
Sequenced genomes from closely related species provide pa
appealing subjects for evolutionary analyses, and this information
available for several clades (e.g., Kellis et al. 2003; Stark et al
Rhesus Macague Genome Sequencing and Analysis Consortiumt
It is possible to apply comparative methods in a serious way to seqt

at the scale of tens of kb up to entire genomes (e.g., A. G. Clark b8

2003; Doniger and Fay 2007; Hahn 2007), based on information
accessible through the Weh. As ultrahigh throughput sequenct

nologies become more robust and affordable, it s hecoming Pugﬁ S

gencrate whole-genome segquences and very large population sani)
targeted regions at costs that a single lab group can contemplates

s Into Evolutionary Theory 4

ase in the history of penomics that is already over is the
sonsisted only of DNA sequences. Today, much of the
are around functional data at a genome-wide scale.
measure mMRNA levels for thousands ol genes at
technology 1o provide data of this Kind (Eisen el al.
biologists began using microarrays as costs dropped.
first glimpses of evolutionary differences in gene expres-
the genome (e.2. Oleksiak et al. 2002; Khaitovitch
ph-throughput DNA sequencing will largely supplant
the next few years, circumventing the necd to design
: for each species (a major impediment Lo comparative
roviding the first comprehensive and unbiased sampling
. Several other kinds of genome-scale functional
their way into evolutionary studies, including assays
g (Calarco et al. 2007). binding sites for transcription
2006; Odom et al. 2007). DNA methylation (Zhang
atin configuration (Babbitt and Kim 2008), and
sites (Wang et al. 2008). Although these remain
inologies to apply in a comparalive conlext, prices con-
nd they will undoubtedly sec inereasing application by

] —scale data sets offer anything to evolutionary bielo-
wof single genes do not? After all, a penccentric focus

nary phenomena that are apparent only at the scale
usunds of genes. For instance, we would not know
erties of very weak negative sclection, meluding bias
I codons (Akashi 1996: Niclsen et al. 2007) and spurious
‘Start sites (Hahn et al. 2003; Froula and Francino 2007).
loexamine sequences from whole penomes. Second.
5 ta sets provide much more neecurate and less biased
a1 any single gene, or even dozens of genes, can provide.
Hiique with respect to levels of variation and fixed differ-
istinct combination of the influences of negative
Hain the function of its produet, any recent adaptive
Omic region where it resides, and the presence of dupli-
Cfar away (Gillespie 1992; Li 1997). Surveying thousands
a much clearer understanding of gencral trends by
these distinet individual histories. Third, full ECNOme
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sequences make it much easier to study rare events, such as gene dy,
cations and losses. transpositions and other large-seale rearrangemeny
changes in centromere positioning, and so forth. The vast majority
what we know about the origin and fate of mutations is based an
most abundant kind of mutation (single base substitutions) because th
can be quantified within segments as tiny as a few kb or even [ose
contrast, we know much less about the frequency with which rarer myy
tions arise and persist, the conditions that influence these processes, g
their phenotypic and fitness consequences. At the scile of entire 2ENO
cven rarc events can be studied quantitatively, Fourth, compreher
surveys of all penes allow one 1o screen for functional differences:
fnstanc:‘:, microarrays measure which genes show the biggest differen
in expression between species or populations or environments, 4 pow
ful eomplement to genetic association studies. Like quantitative g:n_a
this approgch is unbiased and comprehensive, in the sense that it ¢
query mast or all genes rather than just a hand-picked set of gEn
however, it is sometimes far cheaper than quantitative genetics
can be applied in many species for which breeding designs are n
practical,

In studying multiple genome-scale data sets, evolutionary biolog
are venturing into largely uncharted territory for both theory and d
analysis. The opportunities are exciting. but the ehallenges are not trivial.
To take just one example (but an important one): nearly all of pop
tion genetic theory is predicated on the assumption of minimal epis
interaction among genes: in other words, the basic assumption is
one can ignore the rest of the genome when considering segrega ' Genetics
:uuri;nli:}n _in any given gene. Yet there is growing evidence that epis ' i nal gene model of population genetic theory is highly abstract.
15 pervasive (Gibson and Dworkin 2004). Genetic background o ‘considered in isolation from the rest of the penome, on the
has a strong clfect on the expressivity of a mutation, whether th lion that the majority of genetic variation is additive. Gene-by-
measured as an organismal trait or an intermediate phenotype -sucb;l 5 ment interactions are assumed to be minimal, and the effects ';'rf
pene expression (e.o., Brem and Kruglvak 2003), Effects of linkage @ e are assumed Lo be static even il new mutations arise or the
dalso penerally ignored in studies of population genetics and molec ent changes. The abstract model also ignores information that
evolution. Another kind of interaction that is often ignored is 2 PEIED available about specific genes. such as the function of its product
duplication. One of the lessons from whole-genome sequencing i wh, her it belongs to a gene family. This is not to say that pene-by-
been the discovery thal many genes are tandemly duplicated. The p nt interactions have never been studied, of u;.mrsu, nor that
sence of a nearby paralog may alfect patterns of nucleotide substitut bnction is never taken into account (see, for example, Via and
by relieving functional constraint (e.g,, Lynch et al. 2001; Hittinger = 1985); the point is that such studies are the exception.

Carroll 2007} _ € models are convenient from a mathematical perspective, and

The reality is that genes do not evalve in isolation, but rather i 100 was not only justifiable but necessary during the tme of the
context of the rest of the genome. Statistical methods for estimati ynthesis when the physical nature of genes and mutations were

f epistatic interactions at genomic scales are beginning 1o
nnink and Jansen 2001; Yang et al. 2007; Pattin et al. 2008),
wot been widely applied. Multilocus models of selection that
puuaddiliw contributions to fitness have been developed
and de Jong 1993: Beerenwinkel vt al. 2007), but empirical
again remain limited. Now that it is possible lo obtain geno-
undreds or thousands of markers throughout the genome,
‘t;,:,__-_h_a possible to apply these tests and models more widely.

following sections discuss three extensions to the Modern
gt are emerging out of the tumult and excitement of evolu-

ting Models of Genetic Information

y N

ctension from a genomics perspective is to update working
netic information. The dominant gene models that evolu-
hiologists have used for decades are beginning to show their age.
: of the gene models used in population genetics, molecular
d evolutionary senetics—although for somewhat different
each case. Progress in molecular biology has rendered the
used in all three of these areas of evolutionary biology
d genomic data sets are pushing them past the breaking
model is considered in turn below, along with some of the
hocurrent research s providing fruitful extensions,
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a complete mystery. But a simple, absiract gene model s becomigg S has occurred in 3 histone gene is much more useful for predicting
+ the most sophisticated population genetic model that ignores

netion. Similarly, mutations in different positions within a gene
| have very different fates, hecause they are more or less likely
i 11hﬂ.-_funclinn of the protein and thereby alfect fitness. This elfect
clear. for instance, when comparing the fate of mutations within

about how genes function, how different kinds of mutations alter ()
function, how mutations can interact (o influence traits, and how geﬁ
differ from one another in terms of function and trail associations,
Unfortunately. it is difficult to gauge how well a simple, abstract ge _ _
maodel performs relative to one that incorporates more information. Pagy ';sifﬂ'{}f an enzyme or the DNA binding domain of a transcrip-

of the prﬂh]r_m is thlsl we have only a |.1tm idea uf the geneml thcn,__ o ' or with the rest of the gene.
Jevant information about specific genes and mutations can be incor-

environment interactions, Wh:u 1% LJL:i] however, is [hal these kmdh qf Cinto population genetic models. One area where population
assumption-violating interactions are nol rare, Gene-by-cnvironmeng
interactions are pervasive (reviewed in West-Eherhard 2003), Althoug
less well documented, epistasis apparently is also widespread (Gibson: |
and Dworkin 2004: Hermisson and Wagner 2004 Azevedo et al. 2006), 0 ly predict subtle effects, but analyses of penome-scale data sets
Population geneticists have modeled epistasis (e.g., Wagner and Mezx 1
2000k Sehlosser and Wagner 2008), and gquantitative genetics prov
powerf{ul tools for measuring its effects (e.g., H. Li et al. 2007; Aylor and
Zeng 2008). but most empirical studies focus on main effects and rela-
tively few have attempted to uncover the general extent of epistasis, The
largest relevant data sets come [rom studies of pene expression at
genome-wide seale (Rockman and Kruglvak 2006), Recent studies have
demonstrated the evolutionary impact of epistasis across genomes {'3'. i
Brem and Kruglyak 2005; Cooper et al. 2008) and that ecologically rel=
evanl environmental variation can influence the transcription of a lar
proportion of genes (e.g., Idaghdour et al, 2008; Sambandan et al. 2008).
The fitness consequences of these effects are rarely known, but ma@
are hypothesized to be adaptive, including stress responses, immune
system function, induced defenses, and various forms of phenotypie
plasticity { West-Eberhard 2003; Pigloce 2005).
Limitations in the abstract gene model become clear when informas
tion about a specific gene is available. Most of these concern the added
predictive power that this information can bring. When modeling the
likely fate of a mutation. it can be helpiul to know, for instance, that
sene is the product of a recent duplication and might be under relax
selective constraint, or that it lies within an inversion, and the resultin
lack of recombination might influence its fate independent of fitne
consequences. Likewise, it is useful to know something about the fun
tion of the gene's product: immune system components and tes
expressed penes, for example, generally evolve faster than most 0 other
kinds of genes in animals (W.-H. Li 1997). Simply knowing that a muta=

20005). Whether a gene resides on an autosome or a sex chromo-
qualitative datum, but many other relevant kinds of informa-
quantitative. Extending population genetic medels to incorporate
her kinds of information will require parameterization.

nely, the necessary information is available, Genomic
B].'ﬂ at hand [or many of the species commonly studied by
omary biologists, so that it is often possible to obtain information
ne copy number, gene product tunction, and chromesomal posi-
much more information than this for the major model organ-
In clades where the genomes of multiple species have been
d or where variation has been surveyed genome-wide. it is also
torderive a quantitative expectation of the likely fate of a muta-
longer time scales. Genome-wide analyses are beginning 1o
'n_et. patlerns among functional classes of genes in terms of
e disequilibrium. mutational spectrum, and population structure
ecies (e.z., Voigt et al. 2006; B, M. Clark etal. 2007). as well as
of sequence substitution rates hetween species (e.g.. A, G, Clark
<UU5: Haygood et al. 2007). Although these studies are primarily
ory, they provide the basis for building an expectation about the
5_1]!‘-‘1&5 in populations that are parameterized lor individual genes.

al elasses of genes. and nucleotide positions within genes,

volution
Lo population genetics, the pene models used in studies of
“evolution have recognized differences among mutations from
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e estimated that a roughly comparable number of function-
ined sites lie in noncoding and coding regions of cukaryotic
':55 abalina and Kondrashov 1999; Shabaling et al. 2001;
0 2005). In humans there may be more segregaling mulations
transcriptional regulation than mutations affecting protein
rackman and Wray 2002), and positive selection on 57 non-
s (just one part of the regulatory landscape ) was apparently

the putset, The traditional maolecular evolulion gene model consists nf 3
sequence of DNA thal begins with an ATG codon, ends with one of
stap codons, and contains several more codons in between. The: digtin
tion between synonymous and nonsynonyvmous nucleotide substituy :
provides o crude madel for interpreting the fitness consequences of
mutations, and the ratio of these two classes of mutations has beep
staple of analyses for decades (Gillespie [992: W.-H. Li 1997 Hartl ap
Clark 2006). But this is a rough and imprecise model; many, perhaps extensive as positive selection on all coding sequences during
rmajority, of nonsynonymous substitutions have no liness conseque : ns (Haygood et al. 2007). Evidence is accumulating that the
because they don't affect protein function, while some synonymous sube 3| focus on coding seguences misses out on a large fraction of
stitutions have fitness consequences because they alter splicing or codop adaptive significance within a genome. And this may be as
usage (e, Kimehi-Sarfaty et al. 2007). alitative as a quantitative blind spot: coding and noncoding
Other kinds of mutations are generally ignored. Insertions and dele ay contribute differentially to particular kinds of traits,
tions in multiples of three bases need not alter the reading fram arphology, rﬂpmducii'un. or immune function {(Carroll 2008;
although they will if they fall across an intron-exon junction. In-fra et al. submitted).
indels are almost always eliminated from alignments prior Lo quantit
tive anulysis, even though they are at least as likely to affect fitness
nonsynonymous substitutions, Three other kinds of mutations—inde e model of guantitative penetics is based simply on physical
that shift the reading frame, premature stop codons, and changes in within the genome, The subjects of guantitative genetic study
position of the start codon—can all have large functional consequence priately called loci {positions) rather than genes, because they
because thev alter protein length. These kinds of mutations are usu not reside within a gene. Until quite recently, identifying
assumed to result in loss of protein function, and therefore to carry ants that define quantitative trait loct (LT Tor short) has
a large negative fitness component. Comparisons within and across difficult except in unusual cases. As a resull, guantitative
senomes reveal that this is clearly not always the case (e.g.. Ng rgely ignored the molecular consequences of causal muta-
2008), i emical consequence if coding, regulatory conseguence il
An even larger deficiency in the codon-based gene model is tha i er certain kinds of mutations are more likely 1o produce trait
ignores a large fraction of mutations that affect pene function. msequences than others, and how causal mutations actually
Transcriptional initiation is regulated by sequences that lic almost anismal traits of interest.
entirely outside coding sequences; transcripts are spliced to reme 1 L however, the focus of quantitative genetics is shifting away

+ I - .‘l' e ' - & - -
ntrons in a sequence-dependent manner; many genes utilize alternati nply identifying OTL that are devoid of any functional context
transeription start sites; 3° untranslated regions often contain sites b

amodel of identifying genes with testable functional involve-
regulate message stability and trafficking; and additional noncodin r‘?_}_fﬂr:isa mutational bases that can be experimentally investi-
seguences regulate chromatin configuration or encode microRNA m : L his been made possible by the ability 10 carry oul
ecules that regulate transcript turnover or translation (Lewin 200 olution mapping from large numbers of genetic markers (10'-
Latchman 2(417). i ributed across the genome, which in turn makes feasible the
Most of 1hese various kinds of functional noncoding sequences Rave 0 of causal mutations (also known as QTN or quantitative
heen studied by molecular hiologists for decades. Regulatory sequen m.ﬁdesg in a growing number of cases. Knowing what kinds of
have received relatively little attention in studies of molecular evolull I8 mutations contribute to adaptation in organismal traits adds
but this is becoming increasingly difficult to justily (Chen and Rajews 1ew dimension to evolutionary genetics, for instance, providing
2007: Wray 2007; Carroll 2008). Genome seguence comparisons betW

1o how mutations produce trait dilferences and whether
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parallel traits have parallel genetic bases (e.g., Shapiro et al, uu 3
Prud’homme et al. 2006; Tishkolf et al, 2007},

Another extension 15 the use of scans [or positive selection {descril
carlier), which provide a valuable complement to traditional quantitay
genetic approdches by identifying genes that may be involved in adap '
tion throughout the genome. There are many cases where quantitative
penetic approaches cannot be applied, for instance, when hybrids caniy
be made between species or generation limes are too long, In such cas
genome-wide scans for positive selection provide one of the few com-
prehensive and unbiased approaches (o identifving the genetic basis f s
trail diflerences among species.

The convenlional gene models of population genetics, quantitative
genetics, and molecular evolution all need to be, and are being, extend era ers ctlons with the rest :1I' th. gclmme Empmc:ﬁh wurLLd with
in order to accommodate new information. Much of the impetus com ‘: nes. rea:ed ﬂI’E.EI.mSI'Ub umJLr uniform environmental L.ulIdltllJﬂS,
from outside of evolutionary Mology, primarily from advances in mo
ular biology but increasingly from genome-scale data sets, The inescap-
able fact is that we now live in a world where data sets are immensely
larger than they were just a few years ago. Larger scales of data provi
not only a more accurate, but also a more comprehensive, view of eve-
lutionary processes than ever before, Tmportanily, this brings both n
information and new challenges. On the one hand. larper dala sets all
quantification of rare processes and the ientification of spatial organiza- use it factors out “messiness” of various kinds. Treating genes
tion with the genome. On the other hand, leveraging these much larger isolation also made sense in an era when relevant data about mflu-
data sets will require further exlensions to both the theory and the ) il to a single gene were sparse. But the gene-in-a-bubble
analytical tools of evolutionary hiology (Singh 2003; Lynch 2007; Fi'lg':é_ is ultimately limiting, Real organisms live in environments that
and Pomiankowsk 2007). space and time; alleles function in a diversity of genetic back-
vand genes alfect traits that have real ceological consequences.
m‘tam extension :ll lhh pmnl it puppmb the bubble Hu]TL]I.Ind

anit of selection (Hamilton 1963: Williams 1966: Dawkins
out the same time. it became possible to sequence first pro-
nd later DNA, technologies which utterty translormed evolution-
ogy. And in so doing, this strongly reinforced the gene-centric
ive. The single pene became the prime unit of analysis for popu-
etics, and moleeular evolution in particular. These two notably
fertile areas of evolutionary biology during the last third
4 ﬂénﬁe[h century developed rather different gene models (see
5 section).

ey shared one thing in common; the gene in their genecentric
":-E:-‘;ii:ierl within a cunc:;plual bubl::le herrm:liculh-' v.c:a!n.:d awa!,'

ts; theorists built model.v. und developed statistical tests ahgned
ene-in-a-bubble approach. (In contrast, research in guuntita-

Moving Beyond the Gene-in-a-Bubble Approach

The second extension to the Modern Synthesis that is emerging frﬂlﬁ;
genomics involves integrating approaches from different branches of
evolutionary biology, It seems intuitively obvious that answering complex:
questions in evolutionary hiology will sometimes require drawing 98
a combination of methods from phylogenetics, population genetics,
evolutionary genetics, molecular evolution, evolutionary ecology. and
evolutionary developmental biology. In practice, however, most publicas
tions in evolutionary biology draw on the methods of just one of these
areas. 5

Why is this so? Following the Modern Synthesis, evolutionary biolog¥
hecame increasingly genecentric, with attention focused on the gene 85

ation penetics, evolutionary ecology, quantitative genetics, evo-
f.i_iamln'pmﬂnlal hiulug}'. and more. Genomic data sets provide

- markers for guantitative genel:cs. prnde data for developing
background maodels of sequence evolution testing, produce data

Anference of chunges in regulatory sequences such as enhancers



108 Gregory A, W eriomics into Evolutionary Theory 109

« for multiple comparisons is clearly important, but off-1he-
hods designed for other purposes may be inappropriate hecause
mptions are violated by the nature of the data. In addition,
rarely a clear understanding of the distribution of trait measures,
propriate statistical test is not always olvious. Finally, missing
onand variation in data quality sre often a much larger problem
“omic data sets than in traditional evolutionary analyses. Visual
"ﬂ'g't;a quality are simply not possible because of scale, and sta-
that assume complete data sets are often inappropriate,
iworks are a second important scale of genetic organization
be necessary to extend traditional methods of evolutionary

and microRNAs. and identify candidate penctic differences that may.
explain trait differences, i

Integrating approaches among traditionally distinet disciplines within
evolutionary biology can vield unique insights. Studies are heginning '
appear that identify which genes are involved in the evolution of
ticular trait, discern whether these gencs have heen under positive
balancing selection. reveal how changes in the function of these gep, i
alter the trait of interest, and measure the impact of the trait conses
quences in the natural environmentl. Examples of studies that integra n_.;
some or all of these perspectives include the evolution of reduced armpp
in freshwater populations of three-spined sticklebacks (Shapiro et

2004, 2006, the evolution of wing and abdominal color pattern within o .-'r nderstanding how genetic variation affects network function,
the genus Drosophila (Gompel et al. 2005: Prud’homme et al, I_- _ will require modeling networks o provide testable predic-
Jeong et al. 2008), and the evolution of lactose tolerance and malari on ell as a way to incorporate the structure of interactions among

analyzing results. Some existing modeling approaches (based.
ice, on Boolean, Bayesian, or algebraic topology methods) and
cthods (e.g., path analysis) provide promising possibilities.
- a| challenge for association studies is how to incorporate informa-
i about known interactions witliin gene networks. as this violates

resistance during very recent human evolution {Hamblin and Di Rienzg
200K): Enattah et al. 2002: Tishkoff et al. 2007). 4

Extending Analyses across Scales of Genetic Organization

The third kind of extension of the Modern Synthesis inspired by genom-
ics is applying bath theoretical and analytical approaches to stud
evolutionary processes across the full scale of genetic organization
Although the focus has been at the scale of o single gene for severa
decades, the lower and upper bounds of this scale are increasingly acces-
sihle 1o study by evolutionary biologists, At the smallest end of lhc-a‘i:_ﬂ:
are single mutations; while at the largest lie whole genomes, In between
fall other less commonly discussed bul important scales ol ge "‘
organization: haplotypes and genic partitions (exons, introns, 5" anc
3" untranslated regions, and repulatory regions) lie between mutati
and genes in seale, while gene networks and chromosomes oceupy |
tinct organizational dimensions at a scale between genes and whole
Eenomes.

The challenge is 1o extend both the theoretical and the analytical
approaches of population genetics. quantitative genetics, and molect
evolution across this entire range of scales. Increasinely, data sets arg . 1€ analysis of genomic data sets is the primary area of research
appearing that either put a strain on traditional methods of evolutionary: e numbers of statisticians, mathematicians, and computer
analysis or simply can't be analyzed within existing frameworks. T t_‘lme of their research has direct applications for evolutionary
problem is particularly acute at the whole-genome scale. Very 18 i_J_JEt_IUdi_ng- false discovery rate to correct for multiple compari-
data sets are often subjected to far more statistical comparisons thaf arey and Tibshirani 2003), hidden Markov models for modeling

traditional evolutionary studies (often by several orders of magnitudel: evolution (Siepel and Haussler 2004), and appropriate statisti-

ion present their own problems. No one wants (o read a
LO00D lines long (E. coli-sized), much less 20,000 lines long
senome-sized). A common visualization tool is the “heat map,”

1o read the names of individual genes. There are also chal-
?.buﬂding databases that provide ready access (o results so thal
€an be conducted by other investigators.
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nt of geuﬂr‘ﬂﬂ-ﬁcale data sets s prompting a wide range of
v studies. The results are revealing cvolutionary phenomena
s were previously unawire, such as codon bias and biases in
on of positive selection on coding and nopeoding sequences
o o gene function, Genomic data are also being used Lo evalu-
ns that were formerly untestable, such as genome-wide
apismsis and the Tﬂng term t‘atu of _L_,E['Lﬂ dupiicaliuns

cal Frameworks lor association studies (Pritchard et al, 20000, The trage.
fer of expertise 15 not all in one direction: phylogenetic methods g
routingly (but unfortunately not umiversally) applied in mainsty
genomic studies to distinguish orthology from paralogy. Although ph
logenetic inference is more computationally intensive than patterns
matching methods such as reciprocal best BLAST hits, it generally
produces @ lower error rate. On the data representation front, y
displays are gradually evolving beyond the heat maps that became almg
ubiquitous following the invention of microarrays. Finally, databas
have begun to move beyond simply serving as data repositeries, and are
setting standards for organizing and archiving information, F

Evolutionary hiology is transitioning from an era of data limitation |
one of data abundance, and even superabundance, in a limited but

asis for trait emlul.mn lhmu;__,h whu]r_ pﬂnmm association
nome-scale functional assays such as microrriys. Applying
al appm'u,hﬂs of population genetics, evolutionary genetics,
'_E:m]uuﬂn to penomic data sets poses nontrivial chal-
sl against these challenges, however, are extraordinary

growing number of areas, Put simply, the challenge 15 shifting away from. snartunities to better understand evolutionary processes and mecha-

how to gather data and toward how to analyze, integrate, and make se s and quantitative biologists, in particular, are entering a

of very large data sets (Singh 2003), i e f exceptional opportunily as data sets expand in scitle. seope,
S T

Summary and Prospects on to know how extensively and in what ways genomic data
e our understanding of evolution. But one point is already
A century and a half after the publication of the Origin of Species, evo- c fata are building upon and extending the robust framework
lutionary biology is entering a time of extraordinary expansion. - dern Synthesis in ways that we could not have imagined even
foundation that Darwin built was tested and vastly strengthened, initially
with the elucidation of transimission eenetics and later with the na 16
of the genetic material. Today we are in the midst of another excitin \C ments
and potentially equally transformative, period in the history of evolu
tiomary biology. Informaton from molecular biology. developmen
biology, and, most recently, genomics is prompting substantial change
to the penecentric view that emerged during and shortly after the Mode
Svnthesis. | have argued that three specific extensions are under W
already. First, enormous advances in understanding how genes functior
and how they work together o produce developmental and physiological
processes are prompting substantial and highly informative updates 108 bins, faster rates of amino acid substitution, and larper proteins in D
the gene models used in evolutionary studies. Second, technolo [ ter. Gieneticy 144: 12971307,

advances now allow us to study genes in the context of the rest of 123 : ?'ﬂmﬁ] Adaptive evolution of non-coding BINA in Drosophila. Mature 437;

eld and Jenny Tung provided many helplul comments, My
upported by grants from the National Science Foundation
tional Institutes of Health.

16) Molecular evolution between Drosaphila nelanogaster anid [3-simulins:

genome and the environment rather than as isolated entities, reveali
much about gene interactions, phenotypic plasticity, and developmett
roles. And third. expanding analyses beyond genes as the focal unit 18
allowing researchers 1o study the evolution of the hereditary material
i wide ranee of scales, from single mutations through gene networks U
enlire genomes.
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the first genome was sequenced—the viral species §X174, 4
length—and this sequencing was a landmark in biology
cklen, and Coulson 1977), Tt was 18 years later, in 1995, when
‘of & living organism was first announced, the 1.8 Mb
s influenzae bacterial genome (Flesichmann et al. 1995),
‘erossed another major milestone when it was announced

al. 2001). Today, whole-genome sequencing  projects
r faster; as of early 2008, more than 180 genome sequences
leted across all major kingdoms, and genome sequencing
dvinced to the point that (depending on the size of the

‘the genome of their favorite organism. And the frenzy is not
» model species; in early 2008, the 2.2 Gb platypus genome

I genomics also made possible the study of comparative
ossible, which, taken in an evolutionary framework, allows
the diversification of genome structure and the function

thonary sciences, producing large-scale information about
e and function across multiple species. This has resulted
knowledge of the complete inventory of genes found in
éennmes_ and in the process has begun to bring to light
€5 that continue to excite the interests of molecular evolu-
N§ chapter, T will discuss four issues that modern evolution-
has either learned or needs to grapple with in the age of
5S¢ Lopics are only a handful of the myriad opportunities
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that genomic scicnce presents to the advancement of evolutiong
thought. but they illustrate both the possibilities and the challenges
have surfaced in the genomics cra, and may help extend the scope of

Maodern Synthesis, |

snomes, their life cveles and impact on genome structure. that
on their place in molecular evolutionary processes (Wessler
otte and Pritham 2007 ).

‘guestion in evolutionary genetics has been the evolution-
it of trunsposable elements, and whether their possible roles in
The genome is structurally dynamic, an observation that was first ot ‘cganﬂmﬁ structural evolulion may explain their persistence
advanced by Barbars McClintock in her groundbreaking studies on heir ability to msert in gene coding regions with conseguent
transposable elements (MeClintock 1984). Early conceptions of A utational impacts. The contribution of transposable ele-
genome as a stable unit began to give way to a view of genome: : within-species genome variation can be substantial: a study in
malleable structures that could evalve quite rapidly. composed of ex nple, shows that intergenic regions of the genome can be
ious entitics that colonize the unique environment of the genomic “eeo- divergent even hetween individuals in a population as a

Transposable Elements and the Genomic Ecosystem

system.” iple transposon inseriions and deletions (0. H. Wang and

Since aboul 1994, the genome has been increasingly seen as a vibra q CThere is also evidence to indicate that element movement
structure subject to the movement of genctic clements within genom . induced by unusual environmental conditions, as has been
and between species. Lateral gene transler, lor example, is ubigquito dserved under the stress of tissue culture (Komatsu, Simamoto, and
between the nuelear and oreanellar genomes—both the eukaryo Ky 1 2003). although it 1s unclear what ather environmental condi-

element activity.

ies have shown that most lransposon inserfions are dele-

roducing hypomorphic loss-of-function alfeles. There are cer-
3 showever, thal transposons can be a foree in reshaping

mitochondria and the plant-specific chloroplast { Blanchard and Schmi
1996: Huang ct al. 2005). Moreover, (ransfers of genome segmi
between species are now known to be widespread (Richardson
Palmer 2007), and are helieved to bé a central feature of bacterial biology |
(Hao and Golding 2008). These have led to the notion of the genom i I:Im: and regulation. Studies in transposable clements have
an evolutionary mosaie, built up of pieces cobbled Logether from vana they can harbor regulatory elements thatl are co-opted by
taxa during the long evolutionary history of life. k. ' ,,Wh'ph these elements are inserted, providing a means of rewir-
c regulatory networks (White, Habera, and Wessler 1994;
eau, and White 1993}, Clear examples are observed i plant
in the case of a ~500-bp regulator sequence in the tomato
‘Which is derived from a retrotransposon (White, Habera,
sler 1994). Another cxample 15 @ retrotransposon insertion
edm promoter regions of members of the pea rhesE gene
may drive regulatory diversification of different gene
mbers (White, Habera, and Wessler 1994,
insertions into coding sequences are also known to create
Or induce alternative splicing patterns that can create new
s and, ‘possibly, protein products (Purugganan and Wessler
anan 1993). In a study of retrotransposon insertions in the
tene, it was shown that insertions of retroelements in the Wi-
354 and wx-(i alleles lead 1o alternatively spliced products
Urtgganan, and Wessler 1992). The alternative sphecing

Transposable elements, however, have remained the major players
contributing 1o genome dynamism, The first, molecularly characte i
in the early 1980s, were the Tn elements in bacteria, the P elemen
Drosophilu, and the Ac/Ds system of maize (Berg and Howe 1959'
Since their discovery, these mobile elements are known to fall v
several major types. OF these elements, the DNA transposable eleme
operate by excision and insertion into varous places in the genome
while retrotransposons propagale by making RNA copies of themse
that are reverse transcribed and inserted into other locations in
genome | Wessler 2006). Other, smaller elements are known
example, the MITE transposons of plants—whose mode of transposition
still remains to he completely elucidated (Jiang et al. 2003).

Transposahle clements comprise u large [raction of genomes, ma
up as high as 44% of the human genome. Numerous lransposon £
are observed, with over 4 million transposon copies in the human geno
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induced by the retrotransposon insertion in wy-G also leads to tissyee
specific phenotypes, including differences in pollen and endospe
expression of the Wy gene (Varagona, Purugganan, and Wessler ,1'gd
Marillonnet and Wessler 1997), Other examples ol transposon-induce
splicing variation have been observed in Drosophila and in humang
{Fridell. Prett, and Secarles 1990: Wallace et al, 1991}, ;
Finally, transpositions are major mechanisms lor the evolution gf - modeling their population expansion and contraction as well
novel genes, largely through the evolution of chimernic [usion pe - al inheritance. The ecology of these transposable elements
(Long 2001 ) One example 15 the SETMAR gene in primates, a chimer o ow be sorutinized with genome studies, and a suite of guestions can
gene that originated as a fusion between a SET histone methylira
ferase pene and an Hsmar! transposon (Cordaux et al. 2006). This ever [ : ‘esilhﬂ copvnumber of T.ilESv.i‘ Lrauspesuns in lhe ganr_rm e
appears 1o have oceurred between 4 million and 58 million years ag
when an Hsmar! element inserted downstream of & SET gene, followe
by the formation of a new exon from a previously noncoding sequence
as well as a new intron (Cordaux et al, 2(06). Other examples of
genes, such as the jingwer (Long and Langley 1993} and spliine (W Wi
et al. 2002) genes in Drosophila species, arise from fusion and/or ins pt_‘n:donnnnle in chlﬁ.rr.'nl b[’ILLILh Wh}' :.lm_.*. veast have l:ml;r
tion of retrogene sequences of normal genes that may have occurred as R rel nsposons in its genome, whercas non-LTR retroelements
a result of reverse transcriptase activity of resident retrolransposons, e in mammalian genomes and DNA transposable clements
All this suggests thal transposable elements are genomic constitue e fraction of plant genomes? And arc lhi:TL' mechanisms,
that can lead to novel genes or gene functions. An alternative ane NP-B case, wherein these transposan “species™ interact with
mutually exclusive viewpoint. however, is that transposons are simp. he genamic ecosystem? Given that these mobile elements
senomic parasites (Zeyl and Bell 1996) that colonize and live out mponents of organismal genomes and are much more
life eyeles within genomic “ecosvstems,” This view is supported in e entities, this will extend the reach of the lenets of the
hy the observation that retrotransposons share an ancestry with R nthesis beyond what has been considered in classic popili-
and retroviruses (Leral and Capy 1999), which sugpgests they may liil lead us toward the study of the dynamics of the evolution
originated as infectious viral agents that have lost the ability to move ture; and provide a basis [or understanding the dynamic
hetween organismis except through the vertical transmission that 0CCUES B genomic ecosystem.
as residents of their host genomes, They are invaders that have }
native, and the hosts have developed mechanisms—such as splicing.
(Purugganan 1993) and epigenetic silencing (Zilberman and Henikafl
2004)—to mitigate their deleterious effects. Elements can even comp
with each other in this ecosystem, as suggested by Cam et al. {2008).
Saccharomyees pontbe CENP-# gene, which 1s a relictual transpos
derived from pogo transposons, appears to interfere with the activity ¢
retrotransposons (Cant et al. 2008), This suggests that mechanisms €
that facilitate competition between DNA transposons and retroftrs
sons, and that the host genome can potentially exploit these mecha
to provide a genomic surveillance system to alleviate the activity
possible deleterious impact of these genomic parasites (Cam et al. 208

r to the paradox of transposable clements may lie some-
ween these two possibilitics—adaptive mutational apents
parasites. They may turn out to be more of the lalter. but
sistence and properties can occastenally provide adaptive
t the -genﬂ*-iﬂ level. The challenge now is to attempt to under-
hics of these penomic entities as they inhabit organismal

Mﬂ L‘}Ihﬂl‘ genomes (maize) seem almost held together Lw
sable elements? Do their numbers proliferate throughout
T are there punc[uﬂui MOMEents in L‘v'ullil'lum!rv tme in

Selection on Genomes

Cof selection as a driving force in molecular evolutionary
ﬁl.'l the subject of debate sinee the 1960s, fueled in part by
cutral theory of molecular evolution, This mutation-drift
@veloped by Motoo Kimura, provided a clear theoretical
r--thie observation of large amounts of variation in organis-
;-szura 1979), and was bolstered by molecular observa-
monstrated that nonfunctional portions of organismal genes
0 evolve faster than protein-coding regions (Kimura 1977),
100 of the neutral perspective was further strengthened by the
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need of molecular systematists and population geneticists for nenppg o the ontbred fruit fiy (Bustamante et al. 2002). Moreover,
molecular markers, to infer taxon or population relationships and d i -Pmu.:h. this method can be used to identify positively
graphic processes, hoth of which could be done only in an unbis o : +. between A. thaliana and its sister species A fvrata (Barrier
fashion with the use of neutral loci, ‘F screening 304 penes between these two species, 14 were
The primacy of the neutral model began Lo be seriously questioned ig  high ratios of nonsynovnymous (Ka) 1o synonymous { Ks)
the 1990s, when molecular evolutionists rediscovered their ling stitutions (Ka/Ks = 1) and using data from polymor-
interest in selection and adaptation (Kreitman 1996; Orr 2005), Th at these genes within A. thaliana, a Poisson random field analysis
led to critiques of the neutral model and accumulating information anfirm that these loci had higher selective coefficients than
examples of selection at the molecular level {Krentman 1996). Th &py;‘.g genes (Barrier cf al, 2003).
had always been clear molecular examples of selection—inelud lity of whole-genome sequences between closely related
diversifying selection at the mammalian MHC locus and plant e | a5 within-species molecular population genomics dati,
incompatibility genes (Ohta 1991: Klein et al. 1998: Kamau ap ‘whole-genome analysis of selection on genes. The recent
Charlesworth 2005)—but other instances of selection at the gen the chimpanzee sequence, for example, allowed investiga-
level began to be systematically uncovered. Interest in the nature apare amino acid divergence for 3377 penes, of which 9%
selection is strengthened by increasingly sophisticated methods C s 0f amino acid divergence sugpestive of positive selection,
detecting the action of selection on genes. The historical informa 1t adaptive selection has shaped the protein sequences of a
imprinted in DNA sequences provides insights into the relative role t proportion of protein-coding genes in these primate species
drift, selection, and recombination in generating and maintaining genstic e et al. 2005). These positively selected genes include ones
variation at the molecular level, and theoretical methods exist that defensefimmunily, gametogenesis, apoptosis, and sensory
identify which of these mechanisms have acted on specific loci (Krei istamante et al. 2005),
2000 Nielsen 20013, This is aided by better means of using coxlescen ambiguous signature of positive selection is a “selective
methods to model the evolutionary process at the molecular is recognized in part as significantly reduced nucleotide
and to disentangle demographic effects from the signature left CIOSS 8 genomic region in proximity to a selected gene. This
selection (Lawton-Rauh 2008). Combining these methods with genon lymorphism levels at the selected pene occurs because an
data. it is now apparent that the genomes of many organisms are shap! ositive selection increases in frequency in the population
in large part by selection (but see Lynch 2007), and that one can identil er rate than the rate at which new neutral mutations accu-
the genes that have experienced positive selection in the past. ' he reduction in nucleotide variation, however, extends outside
There are several footprints of selection on genes that can be identi= - allele to linked neutral sites, as these sites hitchhike with
fied in molecular evolutionary analyses (Nielsen 2001). One is an incred BSArEel of selection (Maynard-Smith and Haigh 1974). For partial
in the rate of fixation of amine acid substitutions between species whe = CEPS; one can also observe a region of clevated linkage dis-
compared with the relative levels of replacement polymorphisms with msurrounding a selected gene. The physical extent of o sweep
species or populations, which can be detected by the MecDonald-Krei : W hundred bps or several hundred kb) is governed by the
test (McDonald and Kreitman 1991 ), or an extension of this method d %lﬂt;liun?effcclive population size, and effective recombina-
uses a Poisson random field formulation (Bustmante et al. 2002), whi ) the selected region. Population bottlenecks also reduce
provides 1 means to estimate selection on a large number of genes actd = & variation levels, but this is manifested penome-wide, rather
senomes. One of the first applications ol the latter method was a € ; more localized decrease in polymorphisms associated with
parison between protein-coding genes in Drosophila melanogaster 8 Leps (Wright et al. 2005).
Arabidapsis thaliana, two model systems that have been used extensive

SWeeps have been demonstrated in a variety of contexis,
for molecular evolutionary analyses. This method shows that the immﬂjcmfﬂrmati{mthatpmvides sequence data for extended
rampant negative selection across the inbred A. thaliana genoml

rgﬂnisma] genomes, Validation of the notion of selective
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snotypic characteristics. In concerl with the development
yolution and population gencties, the advances in molecu-
< have implicitly expanded the Modern Synthesis. Today, a
ol evolutionary genetics is the study of gene polymorphisms
mja‘r’ level, und how these may contribute to population or
sence. The study of the genetic architecture of evolutionary
g:_'essed from consideration of penes as statistical entities in
pulations to the point where it 15 possible 1o address the
-u_f adapmr:. }1henn[vpe=. ala concrete, molecular ]revr,,l

sweeps comes from domesticated taxa, where these regions of redyg
nucleatide variaton have been observed in the tbf {Clark et al. 200
and ¥7 genes of maize (Palaisa et al. 2004) and the Wi pene of ¢
(Olsen et al. 2006), Using genome-wide data with approximately
million single nucleotide polymorphisms in African-American, Caucag
and Chinese groups. 101 selective sweeps have also been observed
humans {Vaight et al. 2006). ;

Since selective sweeps are a clear signature of positive selection, |
can be used to idenlily genes associated with adaptive evolution,
novel mapping approach, which scans the genome for a selection g
ture of low variation across a localized penomic region (Nielsen )
15 known as adaptive trait locus (Luikart et al. 2003}, hitchhiking (Harr, ypic variants in populations and adaptive trajectories [ Wolf,
Kauer. and Schittterer 2002), or selective sweep mapping (Pollingg
ef al, 2005). These methods have been successfully used in identifyis
the warfarin resistance locus in rats {Kohn, Pelz, and Wayne 2000), 4
several selected loci in Drosophila (Harr, Kauver and Schiitterer 2003
and humans (Saben et al. 2008). A recent study in dogs used selectn
sweep mapping to identify the FGFRI gene, mutations of which lead
foreshortened limbs in dachsunds, and TRYPI, which is associated wit
coat color in Large Munsterlander breeds (Pollinger et al. 2005).
initial successes suggest that this approach may permit rapid fine-ma
of evolutionarily selected genes and is a potentially powerful addition
the penomics tool kil

Selection was the hallmark of the Darwinian conception of evolu
ary change (Darwin [839). The Modern Synthesis affirmed the patt
of selection, by providing the mathematical and genetic framewmk-:
its analysis, and subsequent workers have, within the framework of
Synthesis, showed the contributions of neutral drift in the dynamic
the evolutionary process. Genome-wide data have now demons
that selection leaves its imprinl on genome variation, privileging
evolutionary force once again in moleeular evolutionary studies, pa
the way for a new stage in the study of the genetic basis of evolutionary
adaplation.

0 l:h& rule. of epibtaz-.rs, or gene interactions in the spemhmtmn

v, Fisher and Sewall Wright, two of the architects of the
mthesis, and this debate continues today as investigators seek

B&Iﬂn on epistasis since th evolutionary svnthesis proceeded
ce of any understanding of the molecular basis [or gene
d in many cases epistasis was simply attributed o amor-
ed genetic background effects. The advent of molecular
provided concrete manifestations of the nature of epistatic
ns, in the form of genetic pathwavs and netwaorks that explicitly
imteractions of the genes within the context of the develop-
nismal phenotypes (Cork and Purugganan 2004 ), In the last
mic science and systems biology have taken the analysis
vorks to a whole new level, by allowing investigators Lo
ome-wide networks and identily the regulatory interactions
ion of penes within genomes (Lee et al, 2002), specifying
action maps of gene products within an organism (o el al.
yand Ideker 2005}, and even experimental rewiring of genetic
fﬂnnnett and Hasty 2008). This growing conception of gene
“mbedded in a web of network interactions now provides the
Of epistasis, in the same manner that the first molecular
1 of genes at the DNA level in the 1980s provided a molecu-

The evolutionary synthesis developed in the middle of the twen ieth _ o Tih: study of the genetic basis of phenotypic evolution,
century in the absence of knowledge of the molecular basis of gé _jtn epistasis is poised to expand beyond its generic concep-
tical departure from nonadditivity of genes to a molecular

state of knowledge that changed a few decades later as molecular £8 ;
research began to identify and isolate genes within genomes that ufl 1 of evolutionarily relevant gene interactions investigated

Genome Metworks and Epistasis
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d that recombination between networks leads 1o selec-
¢ robustness, but that this selection also results in negative
en mutations (Azevedo et al, 2(006).

ther studies suggest that one of the key debates in the

at the molecular level. A recent study in Howering time variation in
madel plant A, thatiana illustrates this new direction (Caicedo g
2004). Flowering in Arabidopsis is repressed by the FLC gene. wh
encodes 1 MADS-box transcriptional regulator that appears 1o d
regulate the FT flowering time gene (Michaels and Amasing 1
Molecular population genetic analysis reveals multiple haplm}'ﬂﬁﬁ‘
FLC in a species-wide survey, including several putatively hypomap:
transposable clement insertion alleles found at low (<5%) frequ
There also apprears to be a large number of single nucleatide poly genetic networks have shown how they evolve at the
phisms (SNPs), primarily located at the first intron, which differentiages O opary level, and the time is now right (o examine their
two major FLC haplotype groups (Caicedo et al, 2004), F Sevolutionary dynamics, again expanding the scope of our under-

Association studies of these two major FLC haplotype groups indi the evolutionary dynamics that the Modern Synthesis
that they are responsible for some of the natural variation in Aow '
time observed in A, thaliona (Caicedo et al: 2004). However, this
notypic effect is dependent on the allele state of an upstream regula
of FLC: the FRI locus (Johanson el al. 2000). FRI s present naty
as cither active alleles or, at high frequency, may have large delet
that can mactivate FRI (Gazzani et al. 2003). The observed effect
FLC is seen only in the presence of an active FRI allele; in genao
that have an inactive FRI deletion allele, there is no effect of the
FLC penotypes. A recent independent mapping study (Scarcelli
2007y has confirmed this FLC/FRI interaction in wild accessio
AL thaliana. 1

“This is a classic example of an epistatic interaction that affects a cruc
lifee history trail, and there is also evidence that it may be maintaing
parl by selection. The interaction appears to contribute to an ﬂbﬂﬂ
latitudinal chine in Nowering time among field-grown plants. Mareoy
there is a significant level of linkage disequilibrium between these
genes within A, thaliona. Together, the role of this interaction in
variation as well as the significant level of disequilibrium is ccms_i.__
with the possibility of epistatic selection on these loci (Caicedo ¢
200,

The ability to carry out large-scale, genome-wide experimentation
also begun to shed light on the evelutionary importance of EpiS:ﬂ
Synergistic epistasis has been shown to play a role in the fun
bhehavior of gene duplicates in the yeast genome (Jasnos and Kﬂ
20007). Epistatic buffering appears to be important in ma:nlamm&ﬁ
in yeast deletion sirains, mitigating to some degree the phenﬂ
expression of mutants {Jasnos and Korona 2007). These exyﬂl‘lm
results are confirmed, in part, by artificial gene network modeling. ¥

sound genomic basis [or our understanding of the role
the evolutionary process. Indeed, other studies of the

‘Potential of the Epigenome

- of the Modern Synthesis is that heritable phenotypic variza-
_Pﬁpulations provides the basis for adaptive evolution. and
wvariation underlving phenotypic traits determines the adap-
1o natural selection. It is now widely accepted that varia-
dividuals in the degree of methylation of genes has also
o produce heritable, altered states ol pene expression
20021 see also chapter in this volume) and novel phenotypes,
n additional laver of epigenetic variation in populations
ugganan 2004; Bossdorf, Richards, and Pigliucer 2005).
elic variants can alfect ecologically important Iraits, in-
4l symmetry (Cubas, Vincent, and Coen 1999), plant and
ientation levels (Chandler, Eggleston, and Darweiler 2000),
Stance (Stokes, Kunkel, and Richards 2002), and several
ymental and phenological traits (Kakutani 2002).

t“ Variants can have differing molecular underpinnings, but
I the degree of nucleotide (particularly cytosine) methylation
mponent of epigenetic modification (Bird 2002). Studies
at epialleles are stable across penerations and can thus be
that methylation differences can translate into changes in
ession levels that lead 1o phenotypic variants (Bird 20027,
: EIE:S have been observed in different species, particularly in
the A. thaliana SUPERMAN (Jacobsen and Meyerowitz
A (Soppe et al. 2000) genes. Examples of epigenetic silenc-
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ing via methylation are also associated with gene duplications g,
repeated sequences in the genome, including the PAT tryptophan
synthetic gene family ( Bender and Fink 1995), which in many Arabigy
ceotypes includes three unlinked genes (PAI-FAILT). Natural ingg
variants of PAL2 are hypermethylated throughout the locus (Bend
Fink 1945}, and are associated with a stable duplication pmlymgrp
in the genome. Only Arabidopsis ecotvpes that have an inverted dupli
tion of the gene at PAI (rederred to as the PAM-PAN locus) disp
the hypermethylation and transeriptional repression of PAIZ {Bq
and Fink 1995}, A :}puiﬂtluns that are r:mmmmrplm al Liu_ nucleatide IL‘r'Ll..

Other naturally occurring epialleles have been described, one of f : I I:ﬁ:én’u phenn[}rpu, variaton 1t cpuliclu. varianis are rm,—
mast remarkable being in Lineria vidlgaris, where radially symm
floral mutants of the wild-type bilaterally symmetric Aowers
deseribed by Linnacus, and are still known 1o exist in natural populations
{Cubas, Vincent, and Coen 1999). Molecular genetic studies rew
that the radial forms are caused by naturally occurring epialleles
CYCLOIDEA pene, which encades a transcriptional aclivator i
in the developmental process generating flower asvmmetry (€
Vincent, and Coen 199493,

V"lri"niun in ihL‘ du;;ruu of mct!wlﬂtiuﬂ is also ochwed hetm:err-i

o which methylation-associated variation could differ from
i pnl}.ﬂmnrphisms (Kalisz and Purugganan 2004 ). First, if
sation of new epialleles differs from the rate of stable
mutations and/or the average effect of an epiallele differs
" fﬁtﬂblﬂ mum[mns. then nllu\ ol L\-‘tljull{lngll‘\- "-h'mE:"- could

it t]:.u:n thcy LDLle play a transitory role in :lciuptdlmn if 1he
1 _ﬁﬂn-ﬂf new methyiutcd epialleles is greater than the nucleo-

ges remain compmihlu with the Maodern S}'nLhL“jih‘, h}'
nting an alternative herituble mechanism, dissecting the
‘potentially lead to new insights into the dynamics of the
pmcew-s that are not currently considered.

has provided vs with an unprecedented glimpse into
L pf-lh:é genetic componenis of organisms and how these are
N complex interacting networks. The challenge is 1o use the
A penetic mapping alud} of A. Hmfm:m demonstrated natural variaf of data generated by genomic sciences both 1o 1es1 aspoects
in methylation levels at rDNA Jog found in nucleolar organizing region af th utionary synthesis and to take into account novel phenomena

among-accession methylation-sensitive polymorphism, with ~ 34 ter, I have discussed several features in which genomic
ferences in methylation-sensitive variation of amplified fragment-ler (
pni}'mﬂrphjsm EA.FLF:I ﬂ'l‘iTkET'i {Cuvud et al. ’J‘LHJZ} A recenl.ﬂ r new insights into long-standing but still il-understood
88 selection and epistasis.
methylation signals ona Eﬂﬂﬂmlf hLdlL hbl‘-'-'ﬂﬂﬂ A, thaliana accessiols : new phenomena need to be accommodated within the frame-
( Vaughn et al. 2007), h

If epialleles can directly contribute to variation within populations
be stably inherited across generations, then they should behave m
similar to sequence-based allelic variation with respect to phenolyp
and fitness effects (Kalisz and Purugganan 2004). To determine th
sible significance of epialleles in adaptive evolution, their frequen
stability in natural populations must be determined. Although it i5
that these changes can be inherited over several generations in the I
ratory, it is unclear whether they are stable over large numbers of
erations over evolutionary time {Kalisz and Purugganan 2004). 1

selection that has left imprints on genome sequences lies
; ﬂlm our conceplion of the Modern Synthesis. and indeed is
Lol the predictive power of modern evolutionary genetics. The
listasis, while a controversial feature of the ear ly formulations

1 Synthesis, is nevertheless increasingly gaining promi-
P avides new avenues of research into the genetic architee-
onary change. The dynamics of transposable elements and
‘F‘E:_Iatmn within genomes still remains poorly studied, and
0 this area is clearly needed.
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HERITANCE AND REPLICATION



-senerational Epigenetic Inheritance

lonka and Marion 1. Lamb

P

iew that the foundations of the Modern Synthesis—the
digm that was constructed during lhu 19305 Elnd 194[!5;

. is. under way. Challenges to the Mﬂdern ‘wniht..z.a*.
coming from many directions, most notably from devel-

e result of differences in DNA base sequence. There are
' _!’qrfﬂn.v that cannot be expressed in terms of inherited

Variation is the consequence of (1) the many random
lons of preexisting alleles that are generated by the sexual
(2] new varialions (mutations) resulting from accidental
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stonomy fTom DNA vanations. These non-DINA variations
i itional substrate for evolutionary change, and also guide
stion (Jablonka and Lamb 1995, 2003; Jabhlonka and Raz

changes in DNA. Hereditary variation is not affected by the dfupgup
tal ftistory of the mdividual, There is no Vsoft inheritance.”

3. Herntable variations usually have small effects, and evolution jg
cally pradual. Through the selection of individuals with ]}!luﬂulypﬂ..ﬂ
make them slightly more adapted to their environment than are o
individuals in the population, some alleles increase in frequency. My
pressure iy not ai tmporiant factor in evolution, With a few excepy

tance, the inheritance of developmentally induced and
ations, exists, and is likely to be important. It invelves both
iations and developmentally induced variations in DNA
blonka-and Lamb 2005, 2008).
11 which heritable variations appear is sometimes higher in
aditions, and the spectrum of variations may be different,
i jﬂﬁmﬂan transposition, and massive, heritable gene
| inactivation (see, for example, Levy and Feldman 2004
ch changes can lead to saltational evolution (Jablonka
i8: Lamm and Jablonka 2008}, Furthermore, variations
n and organization of a small set of genes that seems
xq_'.develﬂpment in all animal phyla can have dramatic
cts (Carroll 2005). Macroevolution may be a consequence
5 in these core genes. as well as of the operation of stress-
k;s_t'nisms that result in systemic mutations and genome

stererpevolution iy confintens with microevolution, anid does nog r
etrry enelelitiental procesyes

4, The ultimate unit of selection is the gene, Although genes ing
and the interactions are offen nonlinear, the additive fitness cl’fg:
single genes (which can be extracted from the fitness effects of the de
aopmental networks in which they participate) drive evolution by n;
selection, The genetic-developmental network and the phenotype it ge
aites are Not freritable aid canned be g unit of evelution,

3. Morphological innovations, like all innovations, are the resu
eene mutations that, when benelicial, accumulate over time and le
o qualitatively new form. Generic, physical-chemical properties of: F
fogical matter, which wnderliv plasiicity. have no rele in morpholo

aned pliysiodogical innovations ather than specifving the boundaries o
I twork of developmental interactions, rather than the gene,

of selection. A gene’s expression and the scope of its
ot only on its own intrinsic nature, but also—and often
i the regulatory structure of the developmental network
tegrated (Wilkins 2002; West-Eberhard 2003; and. in this
55 and 6). Developmental networks are commonly
d are usually stable during phenotypic evolution,

Sevrmy that are possibile.

6. The targets of selection are individuals, which are well-de
entities. Although conspecifics in groups interact and may co-g
with each other as well as with their symbionts and parasites, gn
selection and community selection are rare. Species sclection may e
but is of marginal significance. The community is only rarely a terg
of selection, and species selection cannor explain the main patters )

macroevoluiion. 1d evolved mechanisms that generate phenotypic plasticily

4 major role in evolution. initiating morphological and
ansformations (Forgics and Newman 2005 Kirschner and
5 Nﬂw:an and Miller 20006; and, in this volume, chapters

7. Evolution occurs through modifications from a common ancestor
is based on vertical descent. Horizontal transfer of genes or other
of information has only minor significance, and does not alter the.
branching siructire of phvlogenies. The main pattern of evolution
divergence (s, at oll times and for all waxa, treelike, not weblike. 1

Biologists are now questioning each of these assumptions, ars : | 'téf_ 4). Since many organisms (including humans) contain
that; 4 Pparasites that are transferred from one generation of the
varii It L e ext, it may be necessary to consider such comymunities as

1. Heredity involves more than DNA. There are heritable AR (
election (Zilber-Rosenberg and Rosenberg 2008), Many

that are independent of variations in DNA sequence, and they ha
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patterns of macreevolutionary change are the outcome of selept

1din gtun ‘s experiments with Drasephili showed the eflec-
the species level and above (Jablonski 2005; chapter 13 in this valup

ch selection. Alter being somewhat neglected during the
g, this type of epigenctic view of evolutionary change has
ived and expanded by Gilbert (2001), West-Eberhard
(2006), Pighucci (Pigliuec et al., 2006; chapter 14 in this
thers.

epigenetic approach to evelutionary change emphasizes
that give rise o phenotypic plasticity, These include
arise from the fundamental physico-chemical propertics
‘.maller, which, when interacting with new cnvironmental
o new patterns of development that can be the basis of
plogical innovations (Forgies and Newmun 2003 chap-
this volume), and to evolved plasticity mechanisms that
1exploration and selective stabilization processes (Kirschner
- 2005; chapter 10 in this volume). Both generic and evolved
plasticity help to provide explanations of evolutionary
pid evolutionary change, and convergent and parallel

7. The “Tree of Life” patlern of divergence, which was supposed
universal, fails (o explain all the sources of similaritics and diffeps;
between taxa. Sharing whole genomes (through hybridization, s .
sis. and parasitism) and partial exchange ol genomes (through
types of horizontal gene transfer) lead 1o weblike patterns of rela
(Arnold 2006; Goldenleld and Woese 2007 ). These weblike patte
particularly evident in some taxa (e.g.. plants, bacteria), and in §
circumstances (e.g,, during the initial stages that follow penome
or transfer). Co-evolution between viruses, and between viruses
their cellularized hosts, is an ongoing feature of evolution (‘v’l.l
2005).

In this chapter we are focusing mainly on the first two of these
lenges and some aspects of the third, bul epigenctic inheritance undo
edly also has significant implications lor all of the other challenges u"'
Modern Synthesis that we have listed.
pe of epigenetic research, which is the main subject of this
5 on cell memory and cell heredity, Several strands of
ontributed to its recognition as an imporiant faclor in
Epigenctic-oriented approaches o evolution all have the devel t and evolution. In the 1950s and 1960s, biologists such as
phenotype rather than the gene as their starting point, and foc _ . David Nanney. Ruth Sager. and Tracy Sonneborn
aspects of development that lead to flexibility and adjustment w | something more than Mendelian genes is necessary (o
environment or the genome changes, Although their roots are ol : patterns of inheritance in microorganisms (e.g., see
approaches became influential during the 1990s, and {oday are an 'Hﬂnncy 1958; Sager and Ryan 1961; Sonneborn 1964},
tant part of the alternative view of evolution that is taking shap ' (1958) described the many cellular mechanisms that
call this revival, extension, and ‘-’13'-"“”‘“0“ of epigenelic approac stent changes in cell characteristics as “gpigenetic control
evolution the “epigenetic turn,” recognized that differences between cells do not always

There are three main types of epigenelic research that are haﬂ b‘:"the primary genetic material” (DNAJ, and described how
impact on evalutionary thinking, The first was pioncered more. ems within and outside the nucleus can bring about heri-
6} vears ago by Waddington in Great Britain (e.z., Waddington 1 ences between cells. However, Nanney's ideas remained
and Schmalhausen in the Soviet Union (e.g.. Schmalhausen 1949) dnd the framework he nuliined did not become integrited
of whom took a view of evolution that was centered on the complet studies of cell heredity and differentiation until the 1990s,
tary aspects of developmental canalization and phenotypic F’h_""i e ue for the work of botanists, many of wham were aware
They studied the processes that decouple genetic and plmnut}-’piﬂ_':. tions of their research for under standing development and
tions, and suggested that the capacity to react should be the focus & teke and Mittelsten Scheid 2007). The investigations hy
evolutionary studics. They reasoned that through selection for the de ers of paramutation (reviewed in Brink 1073 Kermicle
opmental capacity o respond 1o a new environmental st{muIUS_-_ ¥Pe of induced heritable epigenetic varialion, were not widely
adaptive way, a genetic constitution that facilitates adaptation Nad little impact on the Mendelian view of herediiy.ﬁimi]zirl:;‘.

The Epigenetic Tum
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McClintock’s suggestion (reviewed in MeClintock 1984) that the
posability of some genetic elements 15 developmentally regulat
may be herituble was not incorporated into the theoretica|
work ol genetieists and evolutionary biologists, most of whnﬁ-j
ronlogists,

Zoologists were certainly interested in epigenetic phenomena,
ularly cell and tissue determination and differentiation, bup
approach was different, Ever since the early days of genetics, i
senerally been assumed that the different cell types within an indivig
are penetically identical, so how their phenotypes are dcte,rmmn
maintained was an important problem with implications for me
particularly for cancer biology. Various technigques were used tmi
it. For example, Hadorn (1968) studied Drosophila imaginal dise
by serially transferring them through the abdomens of adult female
found that they retained their determined states for many gene
although occasionally they switched 1o a different cell type. The si
and potential reversibility of determined states in amphibians wns-stli
by nuclear transplantation (reviewed in Gurdon 2006). It was found thag  allele that is expressed when inherited from the father
when transplanted into enucleated epgs, the ability of the nuele inherited from the mother. Following the development
embryonic and larval cells to support normal development b hie | ’Ef_'mu]_&:ﬁulﬂr technologies that allowed foreign genes 1o be
limited: as the cells of the donor embryos became differentiated, ] nto plants and animals, many cases were found in which the
more and more dilficult to reverse their developmental ]agai:.le ; : mtroduced transgene depended on the sex of the parent

“reprogram” their nuclei. Another example of the stability of deve i it was inherited. This difference in activity was often associ-
mental decisions came from Mary Lyon's work on X-inactivatio wylation differences. Some studies of transgenes revealed
postulated. and it was subsequently confirmed, that early in the devel lwent beyond classical genomic imprinting: the trans-
ment of female mammals, one of the two X chromosomes in each nactvated through methylation. and this inaclive state
inactivated; which X is inactivated is a random process, but once'l ed to descendants irrespective of parental sex (reviewed in
decision is made, the functional states of the X chromosomes are 1 Lamb 1993). In other words, sometimes the epigenetic
ited by subsequent cell generations {Lyon 1961). : stable, Work in plants, mainly on transgenes and transpos-

Studies such as those just outlined led to speculation about the a ents (Matzke and Matzke 1991; Fedoroff 1989: Jorgensen
ol the systems thit control differentiation and the inheritance of hormonal regulation (Meins 19894, 1989%), pointed to the
entiated slates (e.p., see Cook 1974). and in 1975 two theoretical id wide scope of epigenctic control mechanisms, It also
were published that had an enormous impact on future research likely existence of what Jablonka and Lamb { 1989 called
ficld. Holliday and Pugh (1975) and Riggs (1975) independentl ce of acquired epigenctic variation™—to transgencrational,
forward the idea that DNA modification—adding small chemical gro : ntally induced, epigenctic inheritance,
to DNA bases, or removing them—underlies cellular differentiation = e early 19905, the study of cell heredity and cell memory has
heredity. In particular. they sugpested that methylation or demeth ylate ' Epigenetic inheritance—the inheritance of phenotypic varia-
of cytosines affects the activity of genes, and through the action 0 nd organisms that do not depend on variations in DNA
is now known as maintenance methylase, patterns of methylation, 5 ﬁHJdu}' 1994, 2006; Jablonka et al. 1992: Jablonka and Lamb
hence pene activity, can be maintained in cell lines. Methylation, e -has-bﬁtnmr: a mujor aspect of developmental-molecular

function as 4 cellular inheritance system. The two papers
ous aspects of development such as mechanisms of deter-
tivation, cancer. and developmental clocks. A third
_and Kitchin, published in the same vear, suggested that
ians mark chromosomes as targets for restriction by
hat eliminate or inactivate parts of the genome. In none
apers was the word “epigenetics” used, but the processes

‘what we now eall epigenetic control mechanisms and
'.tani:e, The specific mechanism they suggested, DNA
‘became central to studies of cellular epigenctic inheritance

e 1980, there was & revival of interest in the phenomenon

amic imprinting. Genomic imprinting had been deseribed
lier by biologists working with insects (Crouse 1960), and

,s_.d::pands o !he sex of the p.m.nt from which 1l came,
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research. In fact, epigenctics i often wdentificd as epigenetic inhery are not the result of DNA differences or persistent induc-
Wu and Meorris (2001), Jablonka and Lamb (2002). Haig (2004 ' cells” environment. Cellular epigenetic inheritance can
others have ull discussed the origins and changes in the conge nisms, in mitotically dividing cell lineages in multicel-
epigenatics, bul since the usage of “epigenctics™ and “Epigé tes, and between orpanisms during cell lili'k’!'ﬁimi in pru;.k_
inheritance” is confusing. we need to define them as they are 4 protists and during the meiotic divisions in the germ line
this chapter: '_513'131'[11 or eges. Because cpigenclic_ variations are r?ﬂﬁn
Epigenetios is concerned with the regulatory mechanisms (epig »induced, when epigenctic variations are transmitted
control systems) that can lead o inducible, persistent, develop m line, soft inheritance is possible. In this chapter, when
changes. I ncludes the establishment of variant cellular states thar evolutionary aspects of cellular epigenetic inheritance,
tramsmitted through cell division, and those thal are dynam reen-organism, rather (o within-organism, transmission
maintained for a long time in nondividing cells (e, are [‘E_‘.Sp{]ng_[_: i iations, although the mechanisms employed o the two
cell memaory). At higher levels of organization, epigenetic mechan Jargely overlapping. It is also worth remembering that for
generate the self-sustaining interactions between groups of cells that | anisms, which during most of evolutionary history were
to physiological and morphological plasticity and persistence, Us of life; epigenetic inheritance and the opportunities for
changes in DNA sequence are not involved, bul in some ¢ associated with it always occur between generations.
lor example, in the mammalisn immune system and in ciliate dew
ment. epigenetic control mechanisms penerate regulated altera

el i

etic Inheritance: How Developmentally Induced, Cellular

m DNA, arfations Are Transmitted

Epigenetic imheritance is a component of epigenetics, It includes b ; 3
to-body (soma-to-soma) information transfer that can take place - id Lamb (1989, 1995; Jahlonka ct al., 1992) suggested that
developmental interactions between mother and offspring, throu, that lead to the transmission of cellular epigenetic vari-
social learning, through symbolic communication, and through the : | be understood and studied within a shared evolutionary

actions between the individual and s environment that are invo
niche construction (figure 7,10 1t also includes celfilar epigenetic inf
tarce, which 15 the transmission from mother cell 1o daughter cell ol

‘the processes that underlic cellular epigenetic inheri-
Epigenetic inheritance systems™ (abbreviated 1o ElSs by
nith 199(), and called for the recognition of the Lamarckian
heredity and evolution that they bring about.

‘of cellular EISs have now been described (Jablonka and
systems based on self-sustaining regulatory loaps; (2)
mvolve structural templating: (3) chromatin marking sys-
A-mediated inheritance. All can contribute to between-

(bl soma ———F—- e e S e

T genetic inheritance, and they mteract. Their dual nature—
| LI " i '
(A) germ —— ——-O o ——-O—— _ﬂﬂ.\’.!:lﬂprnenml mechanisms and inheritance systems—
garmat gamete 1ey have to be studied from both perspectives.

Fo Fy

Figure 7.1

Epigenetic variations can be transmitted {7) through the germ line, (b) throogh the
struction of purrentul phenotvpes during somatic development without the 5“‘-"-?‘_' ]
the germ line,and (¢ through niche construction, in which the products of Ih'i"‘-'flw
thes are used to reconstruct the same wpe of organism-environment relationship

metabolic circuits in which they participate. For example,
e feedback, the product of an inducible gene may act as
tits own transcription. If the components of the circuil are
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transmitted to danghter cells, the same patterns of pene activity
reconstructed after cell division (figure 7.2). Such positive feedh
lead to two genetically identical cells. existing in the same "-'ﬂv"ﬂ-
having alternative, heritable cell phenotypes. i’
The first feedback system of this type to be identified was the b
lac operon of Escherichia coli {Novick and Weiner 1957). Subseq
many other systems based on a similar cybernetic logic have
described in microorganisms. In the fungal pathogen Candida ml_'j;; fol spontancous, but is dependent on the presence of
lfor example. an epigenetic switch underlies the transition between ybrane-templates.
and opague. two cell states that are heritable for many generations 2 first examples of this type of inhentince came from
have different interactions with their human host. A certain level of the siich as Parameciwn. where some varialions n the
regulator protein Worl is necessary to establish the opaque state; i cortex (e.g., an altered organization of the cilia), even
it is reached, Worl positively regulates its own transcription by bir experimentally, can be inherited through many asexLl
to the regulatory region of its own DNA, thus activating ils own erations (reviewed in Grimes and Aufderheide [991). The
sis. In this way, @ stable sell-sustaining feedback loop is formed, of this is not understood. Rather more is known about
opaque stale s mamntained in the cell lineage (Zordan et al. 2006), that are able to adopt alternative conformations that are
(figure 7.3). Prions were originally associated with dis-
p the mammalian nervous system, such as scrapie and Kuru,
work with Saccharomvess cerevisiae and other fungi has
m——— | ¥ ternative protein conformations that are inherited can

o T e tionary advantages under different nutritional stress condi-
\ ohana . ar and Lindguist 2005).

Fﬂﬂs
oreexisting three-dimensional cellular structures acl as

: Ehﬂ Fmdummﬂ of similar structures, which then become
f daughlﬂr cells. This calepory covers i wide variety ol

ncluding the inheritance of cortical structures in ciliates,
heritance, and the reconstruction of what Cavalier-Smith

setic membranes': membranes whose assembly during

“‘_,.Jr

that are noncovalently hound. They are involved in
ene activity. Some chromalin marks sceregale semi-

ALY % - g urcunsr:rvatwq_lv dunng A r:,;'rlu_.!lmn nur:]unmg
"‘-..‘ .

em is DNA nmlhvillllun In Lukdnutu LhL hmc-: l]ﬂ!
el are usually the evtosines (O} in CG doublets or CNG
be any base); because of the symmetry of sites on the

-
T

ive manner, hitchhiking on DNA replication (figure
at involye modifications in the histones around which
ped and the types of proteins that are attached 1o the
i ﬂIhﬂ inherited in cell lhneages, although the mechanisms
about their reconstruction after DNA replication are far (rom
Uso unclear how marks, including methylation marks, arc

Figure 7.2
Epigenetic mhesitance through seli-sustaining loops AL the top, a gene having i 608
repion [Shaded) and o coding sequence (open) is inactive and transmits ils ||1$|r|.',t|\|'¢
T’H.,IU-'-'- the same geoe is wansiently activated by an external stimulus and p
preduct which then sssociates with its control region and keeps it bctive: becal
procluet {s iransmitted o diughier cells, the lineige retains the active state, even
ahsenee of the external shimulus
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Prion fomms ﬁ

Figure 7.3
Epigenetic inberitance through structural templating. At the top, the cell pro
narmal prateing it i inheried by daughter cells which continue (o produce (
thie resall s phenotepe A Below, b mokecule of the protein adopis o prion con
which interacts with normal protein molecules and converts them ta §1s own
When transmitled o daughter cells, the prion converts all newly formed prot
own conformetion, with the result that phenotype B s inherited,

reconstructed after the chromatin upheavals that go on during o
and gamete formation, Nevertheless, there is good evidence th
differences in marks are transmitted through many generations (3
example. Manning et al, 2006; Rangwala et al. 2006).

One of the most striking examples of this type of epigenetic.
tance was found in the toadflax, Linaria vulgaris. Over 250
ago, Carl Linnaeus described a morphological variant, Peloria, cha
ized by fowers that are radially rather than bilaterally symm
Later generations of botanists assumed that Peloria was a it
form. However, when Cubas and his colleagues (1999) studied
the Linaria version of the cyeloidea gene that in related species is Ki
1o control dorsoventral asymmetry, they found that the DNA s€
of the normal and peloric forms are identical. What is differi:-ﬂ.
the DNA, but the pattern of methylation: in the peloric variafi

e
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Phenatyps
A

Phenatype
B

nee through methylation marks. The locws i the upper cell is unsnethyl-
eproduced in daughter eells, giving phenotype AL I the cell below,
g C0 sites in the same locus being methylated (=), Following DA
d remains methylated, bot the new strand Is initially unmethylated,
lIase recopnizes OO sites that are asymmetrically methylated, znd
e new strand; the daughter cells thus inherit the pattern of methyla-

henotype B

avily methylated and transcriptionally silent. In other
ia phenotype is the result of an epimutation, nol a
strains are not totally stable, and occasionally branches

¥ or even fully wild-type flowers develop on peloric plants,

shown that the epigenetic marks on Leve are trans-
ny for at least two generations (Parker, personal

DNA methylation and other chromatin components
other cases of heritable epigenetic variations in plants,
Piutations have been found in animals (reviewed by
iz 2009). A hint of how induced heritable epigenetic
5%* Cl F_wclui.'mn by increasing selectable variation comes
L8N isogenic strain of Drosophila melanogaster carrving
of the Kriippel gene, which affects eye morphology.
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Ruden and his colleagues added geldanamyein, a drug that inhibits the
activity of the heal shock protemn Hspt0. to the food of larvae ol this
strain for a single generation. It enhanced the development of the abnor-
mil cve phenotype in the adult. After selective breeding for the eye
anomaly for six penerations, the proportion of Nies showing it had
increased from just over 1% 1o more than 60% (Sollars et al. 2003). Since
the strains used were isogenic, and therefore lacked genetic vaniability,
the most reasonable interpretation of the results is that the variations
that were selected were new, heritable, epiallelic differences induced by
the drug treatment.

Expenments with mammals have also provided evidence for induced
epigenetic variations that are inherited and affect fitness, One important
study, which has worrying implications for medicine, is that by Anway
and his colleagues, who injected pregnant female rats 85-15 days post
coitus with vinclozolin, a fungicide that is also an androgen receptor
antagonist {Anway et al, 2005, 20064, 2006b). They found thal the con-
sequent abnormalities in the testis, mmune system, and other tissues of
male offspring were inherited for al least four generations. Fifteen dif-
ferent DNA sequences with altered methylation patterns in the F, males
were transmitted from the F, to the F. generation.

DNA methylation has also been implicated in the patterns of inheri-
tance seen with Fused, a dominant trait in the mouse, Carriers of the
Fused gene (now known as Axin™) have a very varfable, kinked-tail
phenotype. Many vears ago, Belyaev and his group suggested that the
rather strange patterns of inheritunce Tound with Fused are manifesta-
tions of epigenetic, rather than purely penctic, phenomena (Belyaey
et al, 1981a, 1983). Subsequently Rakyan und colleagues (2003) con-
firmed that the degree of expression of Fused is correlated with the
extent to which a transposon-derived sequence in the Axvin gene 1s meth-
viated. Heavy methylation leads to the development of a normal tail.
whereas a demethylated transposon element leads to abnormal RNA
transeripts and & kinked tail.

RNA-fMediated Inheritance

With this EIS, silent transcriptional states are initiated and actively main-
tained through repressive interactions between small RNA molecules
and the mRNAs or DNA to which they are complementary (Bernstein
and Allis 2005). Transcriptional silence can be transmitted by cells and
organisms through an RNA-replication system, and/or beeause the small
RNAs interact with chromatin in ways that cause heritable modifications

- caenerational Epigenetic Inherttance L
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Figure 7.5

_._ vigenetic inheritance throuph pene silencing. By associating with various protein com-
- plexes (P), small RNAs cut from double-stranded RNA ean silence genes (a) by caosing
degradation of the targer mRNA with which they have sequence homology; this silencing
- €n be inherited when the small RNAS are replicated by RNA polymerasi and transmitted
%ﬂqught:r fne sometinees nondaughtes ) cells: (h) by pairing with and methylating homel:
‘Ogous DNA sequences, 5o the chromatin marks are then inherited: (e) by pairing with
CDNA and causing sequences 1o be excised; the chanped DNA sequences: are then

inherited.

also lead 1o targeted pene deletions and amplifications. which are
en inherited (figure 7.5).
. Transgenerational RNA-mediated inheritance has been studied in
aenorhabditis elegans; where injecting double-stranded RNA that
Hargets specilic C. efegansy genes resulted in those genes becoming silent.
“The consequent induced morphological and physiological variations
- Were transmilted for at least 10 generations, probably because the small
Asinteracted with chromatin and changed protein marks ( Vastenhouw
ELal. 2006). An RNA-mediated EIS also seems to be responsible for the
Slranpe patterns of inheritance associated with the paramutable K
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alleles in mice. which result in white tail tips and paws ( Rassoulzg
et al. 2006). In this case there is evidence that suggests that sma]| g
may be transmitted to the next gencration in sperm.

.mediated EISs; there was no evidence for between-
inheritance based on sell-sustaining loops and strue-

wdence for transgenerational epigenctic inheritance is
it ularly il one bears in mind the nature of the data that
t examples come from the model organisms L. cofi,
maize, tice, Caenorhabditis, Drosophila, and the

Prevalence, Stability, and Induction of Cellular Epigenetic Variants

The existence of cellular epigenetic inheritance is beyond question, |
how frequently epigenetic variants are transmitted between pene
s unknown. In the absence of a molecular unalysis, there is no w
distinguishing a stable epigenetic change from a genetic changp,
lew molecular analyses of this type have been made so far. Never
in i recent survey Jablonka and Ragz (2009) found over a hundred
documented cases of epigenetic inheritance in 42 species. They incl ch
only four representative hybrids (out of the very many msllng
cases), and excluded all cases of imprinting (where marks are de
an the sex of the transmitting parent, and are therelore often tra
for only one generation ) and also many studies thatl were similar to
that had alreadv been counted. The breakdown of their data shows:

5

! E.gﬂl'ji.'ll‘l belw cen germ lne and soma occurs early in
d eplgmf_-nc inheritance is expected to be more limited
the nnnreprw_nted animal hmu where -xr_k,ru:.ﬂmn

also few d"l!d. L]Hl relate to L:PILLI'I:’HL inheritance in
ation on cpigenctic inheritance in chloroplasts and

(2009) have provided suggests that epigenetic inheri-
tous, This should not be surprising, because all organisms
gmes and chromatin, and theoretically heritable variations
marks could oceur at any locus and be inherited. Similarly,

« Twelve cases of epigenetic inheritance in bacteria. Mosl wete
sustaining loops, but examples of chromatin marking and struct
imhertance were alse found.
- Nine cases in protists. Most were in ciliates. where structural i
tance (the transmission of cortical morphologies) is common, and.
mayv be modified through the RNA-mediated ElISs. The other two
of EISs were also found in protists, -

entary strands mean that theoretically it is possible
- with RNA-mediated control systems, every DNA
d form small double-stranded RNA molecules that lead 1o
silencing and its transmission. Furthermore, most proteins
1) to form [ sheets with spatial templating propertics
50 the transfer of prion-like conformations in lineages
=d organisms may also occur quite frequently. The potential
‘ I:'mel epigenetic inheritance is thérefore present in all
ever, unlike DNA replication, which is largely insensi-

- Nineteen cases in fungi, involving many phenotypes and loci. Exam
of all Tour types of E1Ss were found.

+ Thirty-cight cases in plants, involving many loci and many
Among the 38 cases, four were in plant hybrids, and in all of these, mat
loct were heritably modified, Genomic stresses such as hybridiza
polyploidization, especially allopolyploidization, seem to induce g hether or not, and for how long, an epigenetic variation
wide epigenetic changes, sume of which are transmitted between g€ _ ds.on other elements in the lg-,enumn and on develop-
tions through the chromatin-marking and the RNA-mediated El ! di ﬂBS.TI'ns doss not mean that the mndumnq thiit dlliow
evidence was found for between-generation inheritance based 0 ' -

sustaining loops and structural templating, ent they are. Fnr examplei many cases 1::1 Lpigcnem

ilteady been found in fungi, but Benkemoun and Saupe
that there may be even more, because epigenetic inheri-
' be behing the many “bizarre looking sectors or segregales

» Twenty-seven cases in animals, some of which mvolved man
As with plants, stress seems to induce multiple epigenetic chas
Epigenctic variations were transmitted through the chromatin-m
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Females, whether from the ancestrally treated lineage

&d males whose ancestors had not been exposed to the

et al. 2007). Obviously, il environmental lactors can

transmitted epigenetic effects on sexual selection, 1t has

Jutionary implications.

al factors can induce heritable epigenetic varations
the germ line. or indirectly, through somatic mediation,

that defv Mendelism™ that people working with filamentous fy
encounter but tend to discard,

Answering questions about the [requency with which epigenetic
itance oceurs is made more difficult by the wide range of stabilig
plaved by epigenetic variations. Some seem to be relatively {rg
lasting only two to four generations, bul others are very sl:ah]p_;
tens of generations, Stability is very much dependent on the natura
the environmental conditions and the epigenetic control mech
which induce and maintain new epigenetic variants. New, heritah
penclic variants can arise either as a result of developmental no
i result of changed conditions (Jablonka and Lamb 2008;
Jablonka 2008}, Genomic and environmental stresses often seem (o
invilved. For example, the genomic stresses of hybridization and

5

ploidization are known to induce genetic and heritable epigenet == d Be > B
Gon at many loei in plants (Pikaard 2003; Levy and Feldm
Salmon et al. 2005), and a change from sexual o agametic reprodu 3 5

leads to a heritable activation of some genes in sugar beet (Levite
Levites and Maletskii 1999), In both plants and mammals, DNA di

through irradiation induces heritable epigenetic variation (1 —_— E; —s B —
2003; Molinier et al, 2006),
Evidence that environmental stresses can induce heritable epigeneh 2 :
1 1

variations has been available for a long time but, perhaps becaﬁﬁ_{?

appatent “Lamarckian” implications. it did not receive much f@tt'

In the 1930s it was found that nuiritional stresses imposed d — Ey SO— E, L
development of flax can lead to heritable changes {reviewed in €
2(H)5). There were also strong hints that stress-induced hormonal cha

B4 55

in mamoals result in heritable nonpenetic changes. For cxam_plé.}
1970s and 1980s, Belyaey's group in the Soviet Union sugges
hormonal effects (in the serotonin system thal controls agar
brought about by selection for tameness, were involved in the heri
aetivation of the Star gene in silver foxes, which leads to white S|
( Belyaey et al. 1981 b: Trut et al. 2004), They also found in the T_I'lﬂ:_rr :
the penetrance of the Fused phenotype in the progeny of parents (Fees
with hvdrocortisone was heritably altered (Belyaey et al, 1933};"_,
present time, the best-understood case of hormonally tnedia{ed_ﬂ_:.
transgenerationally transmitted epigenctic marks is the study ment
earlier in which pregnant lemale rats were injected with the eng
disruptor vinelozolin, Not only did the adult male offspring show
of heritable testis abnormalitics and other diseases that were 4558
with altered levels of methylation, but mating preferences in the i

induction of epigenctic variations, (a) Direet induction: the stimulus
o ehinge from £, to E, in the peem line of the parental () generation,
OEthe parent is unaffected, but all subsequent generntions have the 5
“‘-'_1 E_El-iiiﬂti{m: the stimulus causes the same epigenctic change, from
S Bimatic and perm-line cells, and 85 a result hoth parent and offspring
En0type. (c) Somatic induction: the stimulus causes 4 change to 5, in the
U_T'ml'- parent, which induces un epigenctic change from B, 1o B, in the
his is subsequently inherited, offspring huve phenatype S,. (d) Parallel
parallel effects: the stimulus ciuses o change in the somatic phenolype
EnEhe change to E, in ihe perm ling, which is inherited ond produces the
[Epring.

S
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(2009) survey shows that all possibilities—direct germ-line ingy netic learning occurs when an inducing agent elicits a
somatically mediated induction with variable effects, and pﬂm'ué‘ i} s o persistent epigenclic trace which later, upon subse-
tion of hoth germ ling and soma—have been found, i S etion, is the basis of a more effective response. So, for example.,
23 usmight cause a gene (o become epigenctically marked
facts the phenotype; in the absence of the inducer the mark
second stimulus of the same type is applied, because a
q  already present, gither a smaller stimulus is required to
onse or the response is fasler (ligure 7.7h). Variations on this
ng the |:H.‘:nssibi]il3.r of reactions involving more than a single
akind of “associative” epigenetic learning, have been

Epigenetic Learning: Expanding the Scope of Studies of Cellular Epigenet|

In studies of cellular epipenetic inheritance. it is usually &ISSUmEd-;
a mark—say a pattern of six methylated cytosine sites—is indug
particular locus, it is reconstructed (with a certain error rate)
descendants, where it has similar phenotypic effects (figure 7,74
dynamics of acquiring epigenetic marks (how many generations
for an inducer to produce a change that has a phenotypic eﬂeﬁ{; |
guickly it is lost (how many generations are required for a mark t ¢ examples of simple learning in nonneural organ-
and how the extent of marking relates to the phenotypic response’; he ciliates Paramecium and Stenior {Wood 1992 Armus
all issues that have not been addressed and studied systematica 12 | _"Iheg.-plant Mimasa pudica (Applewhite 1973), which can

Ginsburg and Jablonka (2008} have suggested that the pruh]{ - car 'in epigenetic terms. The molecular basis of this is at
best be approached by thinking about it in terms of ceffular ep i, but the ability to learn at this level may be adaptively

rning is not yet a part of the research program of epi-

WEShAITER L. 2004 Rando and Verstrepen 2007), but having epi-
Q Q rather than persistent memory, may often be selectively
sl N h learning, the cost of a memorized response that is no
e for present conditions (which is incurred when memory
gene i i Ll : -_::ed, and the cost of development-from-scratch (which
iy ] —= | —[E T 7T O ]—s—+—r F=m n “forgetting,” or “resetting.” is complete) is also reduced.
' mechanisms that underlie epigenetic learning are the
phenatype that are the basis of cell memory and the EISs, it is not
how, through selection, small modulations in the condi-
. ese mechanisms operate could lead to complex adaptive
il es, The mechanistic simplicity of such learning and the
_ ' s likely to confer suggest that a research project that

(b1 [ | —[ — = | —»—— [

Fo Fy Fa
Figure 7.7

Cell learning through epigenetic inheritance. In (a).a stimnlos alters 8 chroma
adding six methyl groups (+), which [eads wo a phenotypic change; the mark
cated by + symbals moving into the locus) and produces the same phenalype [tlﬂ_ 7
aenerations In-{h), o stmulus allees o chromatin mark in the same way as pre
1 hiss o phenaiypic effeet, but the mark partially fades (only 3 4 persist); m th
eration the induced phenotype is not produced, but because traces remai
stimulus eligits the response in 6 loler generation (F),

enetic inheritance in cell lingages is currently receiving
the soma-to-soma routes of transmission, which by-pass
& are no less important for understanding the hereditary
Hon. Soma-to-soma transmission is an umbrella term for
JEesses through which phenotypes are imherited because
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aspects of the niche in which development 1akes place #re reconsg

in successive generations, 11 mcludes transmilting substances thap
development through feces ingestion, through the placenta and p
mammals, and through the soma-dependent deposition of specific
icals in the ceps of oviparous animals and plants (Avital and Jabig
2000}, In addition. maternal merphological fealures can constrain

spring development and lead to heritable and sell-perpetuating de _-ﬁ‘h":

LR

e S et - L e

of > __.,O B 1, =

mental effects (Jablonka and Lamb 20074, 2007¢), as do socially
behaviors that do nol require the transfer of matetials {Awvi
Jablonka 2000). Ecological miche construction (Turner 2000; Odlij

Smee et al. 2003), which includes developmental inleraclions i
organisms that form coherent and persistent symbiotic communit
(Zilber-Rosenberg and Rosenberg 2008), cun also contribute o s
lo-soma inhertance.

MNew somatic phenotypes that are inherited by the following ger

lons ean be initiated in more than one way. They may be inducef_['-iﬁ;
soma {figure 7.8a), but it is also possible for soma-ta-soma fransmi
Lo be initited by g germ-line mutation or epimutation that has so
effects that are self-perpetuating after the mutation or epimutation.

A

-y - I m e

sepregated away (ligure 7.8b), or via niche construction {figure 7.8¢).71
frequency and diversity of soma-to-soma transmission can be seen fr
the following summary of some of the methods through which pk
types are reconstructed in successive generations,

: :;9-1 A e = T B P B

ot

Maternal Morphological Constraints
Sell-perpetuating phenotypes can arise through the effects that mater
morphology (for example, size) have on the development of offspr
This is especially true [or viviparous animals, but affects other orga
too. In some insects and oviparous fish, for example, large moth
large ezgs that develop into large females that will again lay larg _

£33 i el sonties b g she o do RN I e e b e o
too drastically (Mousseau and Fox 1998), For humans and rats, [he WAy that leads to a different organism-environment (niche) relationship and
a positive correlation between environmentally influenced maternél & which are then reconstructed in subsequent gencralions,

and offspring size: small mothers have small wombs, with reduced uter!
perfusion, and this leads to small offspring. The small daughters ol s
{emales will tend Lo perpetuate the trend (Morton 2006; Gluckman:
2007). ‘This means that in the same environment there could hif?'
penetically identical lineages that dilfer in size because of transient
ronmental conditions that affected the nutritional state, and he
size, of their maternal ancestors.

Fi Fa

Jinduces a spmatic change from 5 105, in the Fy generation, and the changed
evelopmentally reconstructed in descendants: (1) & mutation {or cplmoti-
Fy hos somatic effects changing 5, to §;, and this phenotype is devel.
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Hormonal and Pheromonal Effects
In 1988 Campbell and Perking reviewed the evidence for multigep
tional effects of hormone treatments and exposure 1o drugs syg
morphine, alcohol, and other chemicals. The work they describgg
gests soma-lo-soma transmission, although germ-line-mediated.
mission cannot be ruled out, and possibly both roules were |
One clear case ol soma-to-soma transfer of hormaonal effects |a
similarity between parents and offspring is the transgenerational g
of the uterine concentration of lestosterone on the sex ratio and be
ior of Mongolian gerbils (Clark et al. 1993). In these small rog
female embryvos that develop in a uterus where most of their
male are exposed to high testosterone levels. This has long-term:
their development is delayed relative to that of females from a
with fewer males, they mate later, and their behavior is more terri
Crucially, when they themselves become pregnant, they produce
with more males than females. so their daughters are exposed o
terone in utero, and the evele is perpetuated,

Locust phase polyphenisin, a dramatic example of epigenetic tra

(2004) shows that transmitted maternal antibodies, which are
of a mother’s experiences of microbes and allergens, guide
ion of the immune system of neonates in ways that enhance
.ness in later life: some of the effects can be carried over Lo
= Lemke and his colleagues describe this as “Lamarckian
ecause the acquired mmunelogical phenotvpes of the
ﬂ' smitted to her offspring, and they pomt oul thal 1l has
tive advantages.
n transmission through the placenta, milk. and feces is not
‘ﬁaL.Priun diseases and some other amyloidoses can be
y these routes, Amyloidoses are diseases caused by confor-
nges in proteins: proteins that are normally soluble form
gts which induce further polymerization of [} sheets from
ins. Korenaga and his colleagues (2006) found that the
‘mice with a particular type of amyloidosis transmitted
nduced the same disease in their biological or fostered off-
voeommon such prion-like behavior 1s with amyloidoses is

sion belween generations, may involve pheromonal switches. The st others 1o offspring through milk, and there is a strong sug-
tary (nonswarming) and gregarious (swarming) phases differ mar it can also be transmitted laterally though saliva, feces, or
in morphological, physiological, and behavioral features. The old et al. 2008).

from one phase to the other can occur during the lifetime of an ind

ual. or cumulatively over several generations, Simpson and Miller (2UK Behaviorally Mediated Transmission
have argued that gregarious mothers trsnsmit their phenotypic
social learning, ancestral patterns of feeding, mating, par-
plug that protects the ege pods, although Tanaka and Maeno (2 g rsal, predator avoidance, and other behaviors are actively
| ' sted by descendants, leading to similarily between genera-
i the ovary. In spite of this uncertainty about how transmission ples of this are numerous and well known: they range from
this is a clear case of soma-to-soma inheritance, and one with | lacal song dialects by songbirds and whales to the cul-
adaptive significance. enices [ound in traits such as nut-opening and ant-dipping in
' 05 of chimpanzees ( Avital and Jablonka 2000).
dling insight into the kind of cellular epigenetic control mecha-
behayiorally mediated transmission is provided by Meaney
Bues' studies of maternal care in rats (Meaney 2001; Weaver
They found that some naturally occurring variations in a
i IE:"Zﬂf caring not only influence the offsprings’ responses to
€also transmitted to them, The variations are in the amount
grooming” (LG) and “arch-back nursing” (ABN) that
e their pups during the first week after birth. Pups that receive
Mg and grooming are stress-resistant and nonneophobic,

Transmission through the Placenta, Milk, and Feces
In mammals, useful knowledee about what a mother has been eii_t"f
be passed to her offspring through substances present in her pla
milk, and feces {Avital and Jablonka 2000). European rabbits pr
good example: the food preferences of the voung are biased by lhe:' :
information their mother transmits to them in the uterus, then U i 1!
her milk, and linally through feces (Bilkd et al. 1994), Immunold
information relevant o the current environment is also tran
across the placenta and through milk. Evidence reviewed by Lem




162 Eva Jablonka and Mariof | nal Eplgenetic inheritance 163

e are not aware of any evidence showing that this is the
arious cultural traditions (Whiten el al. 2005). In contrast,
s iw dominated by symbolic systems, which lead 1o comples,
cultural evolution, and to far-reaching, rapid changes in the
pe The invention of the airplane, for example. which depended
: systems, enabled humans to fly. which has had far-reaching
e5 for their social and individual lives.

and the daughters that receive this type of care themselves becomg ¢
LG and ABN mothers. Conversely, the pups of mothers who give
offspring less LG and ABN are more fearful and readily stressed,
when adult, the females treat their offspring in the same way they
treated. Because the behavior is passed on, genctically identical ray fin,
eages in the same environment can display dilferent behaviors, dep
ing on the history of their female ancestors.

Meaney and his team found that changes in gene expression in the
hypothalamic-pituitary-adrenal system, which is known to underlie reap. litionary Implications
tions to stress; accompany the behavioral variations. When eomp '
with ammals reared by less-caring mothers, offspring of high LG-,
lemales have increased expression of the glucocorticoid receptor f
gene in the hippocampus. This is coreelated with changes in DNA meth _
vlation and histone acetvlation in the gene’s promoter (Weaver et al ' weare to understand heredity and evolution. we need 1o
2004), Onee established, the state of the GR gene persists throughe e these different types of information transfer between gen-
life, and iy reconstructed in the next peneration through maternal b ot focus exclusively on genetic transmission, Cellular
ior, The eausal connection between the chromatin marks and the eritance occurs in all organisms, although the relative
mitted behavior was established by pharmacologically alterin of the various ElSs dilfers among groups, Soma-to-soma
epigenetic state of the gene in adulls, using the methyl donor meth {in the sense that we aré using it here) is specific to multi-
and inhibitors of histone deacetylation. These treatments reversed ms, and some types of Lransmission are limited to certain
effects of previous malernal care { Weaver et al. 2005). \ s }T there is no neurally based behavioral inheritance in

Maternal care studies in another mammal, the mouse, show he d symbol-mediated inheritance s found almost exclusively in
soma-lo-soma transmission of a new variant can be initiated by a'ge e'!!mfﬂleless. soft i of variations
line mutation {fgure 7.8b), Curley and colleagues (2008) found J T 1g development—not only exists, it is found in every type
mouse mothers having a certain mutant gene gave a low quality of ca d seems to be commaon. [1 therefore has to be incorpo-
lo their offspring, causing them 1o be fearful and show decreased expls volulionary thinking.
atory behavior, When these offspring reached adulthood, even thot seussed many of the evolutionary implications of epigenetic
they did not carry the mutant gene, they, too, gave their offspring A previous publications (Jablonka and Lamb 2005, 2007a,
quality of care, with the result that the grandchildren of the or Emﬁ;.lﬂhiuﬂka and Rax 20059}, s0 here we will indicate only
mutant females were also fearful and showed decreased explora corporating epigenetic inheritance affects various aspects
behavior.

presented in the previous sections shows that the (rians-
smission of epigenetic varialions through cellular inher-
ugh routes that bypass the germ line is not a rarity.

Transmission through Symbolic Systems
There is no doubt about the power of language and other symb
systems to transmit information over many generations, and it is get
ally recognized that these systems have helped to shape human evolut
{ Richerson and Bovd 2005), They also provide the best examples of t
tyvpe of soma-to-soma transmission shown in figure 7.8c. Although &

ipes seem Lo have the rudiments of a symbaolic systen, a capacity thaf
revealed when they are exposed to human language (Savage-R Rumba

can oceur through the selection of heritable epigenetic varia-
lie change is not necessary. This may be of particular impor-
f-populations are small and have little genetic variability, such
S Periods of intense inbreeding following population fragmenta-
discovery of extensive epigenetic variation in natural popula-
€ns the view that it can play an important role in evolution
A lital 2008), and it is not difficult to imapgine how some of the
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epigenctic variations studied in the lab could be benelicial. Faor ey,
the nherited differences in the color and morphology of flowers ¢
known 1o be caused by different chromatin marks or RNA-mag
gene silencing might be beneficial if new pollinators or pests were
duced into their habitats. Adam and his colleagues (2008) have mag,
strong case, based on their experimental data, for epigenetic inherg
of stochastic variations in gene expression, rather than gene mutations
driving the evelution af antibiotic resistance in bacteria, although sp.
they hiave nol pinpointed the mechanisms involved. Soma-to-soma
mission through social interactions and social learning 1s also undoy
edly behind some group-specific adaptive behaviors (“traditions™y
animals { Avital and Jablonka 20003,

One of the reasons why recognizing epigenetic inheritance is 8o im
tant for evolutionary thinking is that the dynamics of evolutionary ch;
through inherited epigenetic vanants are likely to be very differe . 1 ntiv once ina million years. [1 might be particularly impaortant
those assumed in conventional population genetic models, Wh . sexual lineages, where the accumulation of mutations would he
population genetic models assume that mutalions are rare events,
only one or very few individuals are likely 1o have a newly gene
mutation, when epigenctic variations are induced, many individu
population may independently acquire a similar heritable phenot
the same Lime. Moreover, epigenctic varations may he induced a TS
simultancously at several different loc and coordinately affeet s
Lraits, How incorporating epigenctic inheritance can change an appri
Lo evolutionary problems can be seen from Zuckerkand] and Ca v
{2007 hypothesis [or the ongin of complex adaptations. They Sug
that heritable epigenctic changes in “junk DNA.” which spread
the genome, affecting the repulation of muny pencs, may be the'a
1o a prablem that is difficult for Modern Synthesis theorists, namely,
in lurge animals, whose populations are relatively small, all the mut _ ;
necessary for a complex adaptation come together, ' s of cultural linguistic evolution, and so on.

Another feature of epigenetic inheritance that makes it necessary f&
think again about the Modern Synthesis view of adaptation is that 56
tion and mutation (epimutation) may not be independent. Epimu_
may be induced by the selecting environment, and they sometimes
if the environmental conditions change again,

it happen is evident from ‘True and Lindguist’s (2006
f yeast strains thal differed only in whether or not they
_ the prion form of a protein necessary lor lerminating
nelation. When present. the prion causes new and different
] pmducﬁd hecause translation oS hu}’mld the normal end
stop-codons in the middle of nonfunctional genes are
In some conditions, this was found to be beneficial: the prion
. {aster, The presence of prions might therefore enable a
apt and 1o maintain the adaptation until such time as genetic
pver. In this way, a heritable epigenetic variation—the
ation—produces phenotypic changes that pave the way
nges. According lo the theoretical madel developed by
ergman (2003), the beneficial effects of such an epigeneti-

ma epigenetic inheritance can also facilitate genetic assimi-
‘and Jablonka (2000) have argued that behaviarally trans-
ormation that is later partially or fully penetically assimilated
y & major driver of animal evolution. and Dor and Jablonka
iggested that the evolution of the language faculty involved
il and genetic processes that were mutually reinforcing,
At as lanpuape evolved culturally, and as it became an
portant element in the social lives of its speakers. the
ame to be selected on the basis of their linguistic performance.
invention and elaboration of language thus launched a
tic accommaodation involving the selection of any genetic

the failure of some hybrid offspring to develop normally
terility may be caused by incompatibilities in the chromatin

Genetic Assimilation .
Heritable non-DNA variations, even those that last for few gene
may enhance the effectiveness of genetic assimilation and ‘acco
lion processes, thereby accelerating adaptive evolution. One:

the parent populations were isolated.
; traditions, whether arising by chance or through selection,
ate Pre-zypotic isolation (Axital and Jablonka 2000). They
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could reduce the likehihood of mating between members of twa
tions if they affecled the preferred time or place at which cou
accurs, or the song dialect used. for example. Transmissible d;
in Tood preferences or preferred habitats might also lead to Pﬂl;ﬁ i

e in shaping eve dutionary change throughout almost the
history of life. Whenever there was complete or partial
ng. not only through hybridization but also as a result of
or horizontal gene transfer, then by silencing some of the
nes and heritably altering patlerns of gene expression,
ntrol mechanisms allowed the new organism to survive, We
The Evolution of Development t that in response 1o genome disturbance through gene
Epigenetic inheritance has constrained the evolution of develop _ d damage caused by ccological stresses, the activities of
There are several developmental phenomena—such as the diffieulis _ irol mechanisms produce large-scale epigenetic variations
reversing determined and differentiated cell states, the early seg; ation ed and lead to macroevolutionary changes. These epigen-
and quicsuunl state of the germ hne lound many animal £rou chanisms could underlie the systemic changes (genome
the massive changes in chromalin structure that occur during o that Goldschmidt (1940) believed drives macroevolution
and gamete production—that can be interpreted as indirect outcome blonka 2008}, Certainly, what is already known suggests
epigenetic inheritance. All could be the results of selection against try derstanding of macroevolution might come from looking
mitling chance cpimutations and the parents” epigenetic “memor changes and epigenetic systems rather than from study-

the ypole, which needs to start ils development from a totipotent in coding genes.

penetic stiale, In some cases. as in the evolulion of genomic imp
selection may have favored the enhancement of germ-line-transm
epigenelic memories {Jablonka and Lamb 1995, 2003),

zypotic reproductive isolation,

previously (Jablonka and Lamb 2006} that epigenetic
epigenetic control mechanisms have played a key role
najor evolutionary transitions identified by Maynard Smith
ry (1995). For example, as we indicated earlier in this
clural templating mechanisms were probably important

Macroevolutionary Change
Epigenetic control mechanisms may play a key role in many m
evolutionary changes, especially those that follow genetic exech
between species, Speciation through polyploidization and hybridiz
which are of central importance in plant evolution, probably dep
them (Jorgensen 2004: Rapp and Wendel 2005 Arnold 2006). Fal
auto- and allopolyploidization, there is a burst of selectable epigend
variation, which provides ample opportunities for adaptive chang
seems that, just as McClintock (1984) argued, genomic stress on for organizing and packaging these long molecules
the genome. protected them, allowed them to be replicated, and made
Because resulated genome rearrangements are found du ' ey e for transeription following replication, The later transition
development of so many different eukaryotes, it has been suggest B2 rity is also impossible to understand without taking epi-
the epigenetic control mechanisms that bring them about are very: Ice into account, because for anything other than the
(Zufall et al. 2005). The role of chromatin marking and RNA o § of organization, cell lineages have to remember their
epigenetic mechanisms in silencing foreign viral genes and e experi State. As we argued previously, the efficiency of cell memory,
tally introduced genes in eukaryotes, which is now well establishe mﬁ the differentiated state, and varipus features of develop-
also suggesied that these are ancient mechanisms, and it has been I'ted i the section “The Evolution of Development™ were
that their evolution was driven by their role in genome defense (B part by the effects of epigenetic inheritance, and the epi-
and Viury 2006). Whether ar not this is so, it increasingly looks as flance systems were, in turn, shaped by the evolution of
epigenetic control mechanisms that silence genes have played & (Jablonka and Lamb 1995, 2005),

| the ancestors of the modern eukaryotic cell, The evolution
otic chromosomes also necessitated the recruitment and
elaboration of the chromatin-marking epigenetic systems:
ences were linked together or were added by duplication,
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Soma-to-soma epigenetic inheritance in the form of social learning
was probably involved in the establishment and evolution of animal
social groups, another of Maynard Smith and Szathmdry's (1995) major
transitions, Their final transition—to linguistic communitics, the hall-
matk of human colture—invalved the co-evolution of symbolic sysiems
and hominid genes, with the former leading the latter. The last two
trumsitions depended on a highly evobved nervous system. and we have
sugeested that the importance of neural activities in animal evolution
means thut the origin of neural communication, @ new information-
transmitting system, should be added to Maynard Smith and Szathmary's
list of major transitions (Jablonka and Lamb 2006},

An Extended Evolutionary Synthesis?

At the beginning of this chapterwe pointed out that the Modern Synthesis
denied the possibility of soft inheritance, and insisted that evolution is
usually gradual. However. the mechanisms of epipenctic inheritance that
we have discussed are simultaneously involved in the regulation of gene
expression and production of phenotypes, as well as in the transmission
of mformauon between cells and organisms: they therefore enable
solt inheritance. Moreover, probably because some cellular epigenetic
control mechanisms have evaolved in the context of delenses against
penomic parasites, which they silence or eliminate (Bestor 199(); Cerutti
and Casas-Mollano 2006). they are recruited and produce genome-wide
epigenomic repatterning following the introduction of foreign genes
bv horizontal gene transfer. symbiogenesis, and hybridization, These
are processes leading to reticulate evolution. The same or somewhat

medified epigenctic mechanisms may also be recruited under conditions

of continuous physiological stress. such as the nutritional stress in flax
that causes changes in DNA methylation and in the number of ribosomal
genes (Cullis 2005), Hence, both the mechanisms that allow soft inheri-
tance during microevolution, and the epigenetic mechanisms that

lead to macrovanations and instances of rapid evolutionary change,

need to be incorporated in the emerging extended evolutionary
synthesis.

Although the primacy we give to the developmental aspects of varia-
tion places our view firmly within the emerging Evo-Devo framework of
cyolution, our perspective differs from most others because it s focused

on inheritance. Evo-Devo biologists often reject the gene-centered view

that has dominated evolutionary theory since the 1940s, and argue
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convincingly that variations in génes should be regarded as inputs into
evelopmental networks or units. However, the genome should be seen
ol just as a repository of genes that are inputs into development. hut

as a developmental system with its own specific. inducible, varia-
onal mechanisms, A broader notion of heredity, based on the mecha-
isms of epipenctic inheritance at all levels of hiological organization,
d help to unite the different developmental approaches and trans-
our understanding ol evolution,
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¥ ago a developmental geneticist, €. H. Waddington (1959,
neept of an “exploitive system™ in which animals choose
environments, and by doing so, change some of the
0N pressures they and their descendants confront. Later, a
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population geneticist, R. C. Lewontin (1953). proposed 4 simils
“Organisms do not adapt to their environments: they construet thy
of the bits and pieces of the external world™ (p. Z80). Lewontin’s pre
has since gathered momentum and s now called niche cong
(Odling-Smee 1988; Odling-Smee et al. 2003; Laland and Sterelny

Figure 8.1 compares the modern synthetic theory of evolution ¢
forth the MS) to niche construction theory (henceforth NCT), In
{figure 8. 1a) natural selection pressures in aulonomous environmen
act on populations of diverse phenotypes to influence which inl:l
survive and reproduce and pass on their genes Lo the next gen
through a single inheritance system, genetic inheritance. The adap,
of organisms are therefore consequences of autonomous selectios
sures molding organisms to (it preestablished environmental templ
The templates are dynamic because processes that are independer
organisms change the environments to which organisms have tc
yel the changes that organisms bring aboul in their own environi
are seldom thought to have evolutionary significance.

Howewver, all organisms, through their metabolisms, moves
behavior, and choices, partly create and partly destroy their ¢
menis. In doing so, they transform some of the selection pressi

]
Matural selection
i evesnarsasnenies sy [RGEREPGA] Papulations
| of Phunotypoes

Genetic inhentanco

I
Matural selection | Populations

Ll o | SRk pool | of Phanolypas

Matural selection ! o,
sramemraasaceeeaaceop | GENE pool | FIDEE “"{:”5 i
Miche construction | af Phenoiypes

environmenis that subsequently select them (Lewontin 198370 fesasnsananananninnis
Smee et al. 2003). Therefore the adaptations of organisms cann »
exclusively consequences of organisms responding to autonomo B
tion pressures in environments, Sometimes they must involve JE%
responding 1o selection pressures previously transformed by the =
or by their ancestors’. niche-constructing activities. 'E,
When niche construction is added to the MS., it extends the S -
The evolution of organisms now depends on natural selection @ _ v
construction (figure 8.1b). The transmission ol penes h’},_l'. H _f_*-l_a_l}l_rfa!_s‘n_lt_u_:fr::_rt G - I % il
organisms 1o their descendants is influenced by natural selectnon, Niche construction Gene poal I of FFJ'henowpes

figure 8.1a. However, selected habitats, modified habitats, and mo
sources of natural selection in those habitats are also transmith
those same organisms 1o their descendants through a SGEEI'I]'{]-
inheritance system, ecological inheritance. Ecological inheritanee
prises the inheritance of selection pressures previously modified byn
constructing arganisms in an external ¢nvironment (Odling-Smee
2003), In NCT, the selective environments of organisms are ﬂl
partly determined by independent sources of natural selecti
instance, by climate, or physical and chemical evenls, as usual. T
also partly determined hy what organisms do, or previously di
own and each others” environments, by niche construction.

nthesis. (b) Niche construction theory.
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o that evolutionary change in organisms, OV, depends
vgtates, O, and environmental states, £ (La). It also
yironmental change. d£/dr. depends exclusively on envi-
Tes flib}. Therefore, organisms evalve in response to inde-
in their environments. Hence, environmental change

There are innumerable examples of niche construcltion, Anim
ufacture nests, burrows, webs, und pupal cases; plants modify ﬂrel
levels of atmospheric gases, and nutrient cyeles; lungi dLLGmpum 0
matter: and bacteria fix nutrients (Turner 2000; Odling-Smee gt
Sewhilk 2003; Hansell 2005: Meyvsman et al. 2006). There are aj_m
ples of social niche construction in insects (Frederickson et al, 2() "hﬂ mplicit reference device relative to which the evolution of
primates (Flack et al. 2006), and of cultural niche construction in i 1 derstood (Odling-Smee 1988).

{(Feldman and Cavalli-Sforza 1989; Laland et al, 2000: Smith 2007). B i and 8.2b summarize NCT:
decades ecologists have realized thal orgamisms do alter their envipg

ments in ecologically significant ways, now called ecosysient engi (8.2a}
(Jones et al. 1994, 1997; Wright and Jones 2006; Erwin 2008).
Miche construction has also been modeled. Components of mq]:. (8.2

struction are imphicit in many standard population genetic model
frequency- and density-dependent seleetion (Futuyma 1998); I
selection (Hanski and Singer 2001 ) maternal inheritance (Kirl
and Lande 1989); extended phenotypes { Dawkins 1982); indirect
effects and epistasis (Wolf 20000 amd co-evolution {Thompson
20063, Other, less standard models have explicitly investigated ho
construction and ecological inheritance affect the dvnamics of
{Laland et al. 1996, 1999, 2001; Odling-Smee et al. 2003
Feldman 2004; Hui el al, 2004; Boni and Feldman 2005; Bo
gl al. 2006; Silver and Di Paolo 2006; Lehmann 2008). All the
models find that niche construction is consequential because it ch
what happens in evolution,

e in grganisms, d0/di, depends on organisms” states and envi-
, but environmental change, db£/d, now depends on
nental states and the environment-modifying activities of
by, In part, the environmenl is now co-evolving with its
ce, “the environment” cannot be used as an mdependent
ce for understanding the evolution of organisms. It is not

opher Peter Godfrey-Smith (1996) highlighted the same
ibing the MS as an “externalist”™ theory. ILis externalist
eks to explain the internal properties of organisms, their
clusively in terms of properties of their external cnviron-
Selection pressurcs.

es the point that to stay alive, organisms must be active
ve. Organisms must gain resources from their external
v genetically informed, or possibly brain-informed, fuel-

The Limitations of Standard Evolutionary Theory

In spite of these findings, the full significance of niche construe
until recently, been neglected. Niche construction 15 an obvious
so why had it been marginalized for so long? The answer prab
with a seldom reconsidered assumption of the M3 Lancernlngt
of environments in evolution. | called it the “refercnce device™ F’ 0
(Odling-Smee 19588). Lewontin (1983) described it with two pair
CyjUalions,

Equations 8.1a and B.1b summarize the MS:

ents when they do so (Odling-Smee et al. 2003), Organisms
tompelled to change some of the selection pressures in
Aments, This point is captured by Lewontin's equation 8.2b,
2b introduces a second “causal arrow” in evolution in addi-
first “causal arrow” of natural selection. Odling-5mee

oy = [{O.E). this second causal arrow niche construction,

& i see why the MS neglects niche construction. One of the
dE . iﬁ-ﬁfqumiuns 8.2a and 8.2b, natural sefection, is compatible
—=p{L) Hemalist assumption of the MS because it is pointing in the

r
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rright” direction, from environments to orgamsms. It is conee - ds, and dams or, on larger scale, changed atmospheric
straightforward to describe how external natural selection Press ; (es, substrate states, or sed states—Dietrich et al, 206
envitonments cause adaptations in organisms. But the secon 2006; Erwin 2008) persist or accumulate in environments
arrow, miche construction, is pointing in the “wrong” direction ’4”'“] selection pressures, relative 1o successive generations
organisms lo envirenments, Hence, niche construction is ineomype 1
with the MS’s externalist assumption, making it difficult or imp
for evolutionary biologists to deseribe changes in natural seleg
sures caused by prior niche construction as evolutionarily causal
the MS is forced to explain away all observed instances of niche co T1_-|;:~p1-q:||r;!m:Lin::nn. Second, ecological inheritance seldom
tion as nothing but phenotypic, or possibly exiended phenotyil i transmission of discrete replicators. Typically it depends
(Dawkins 1982, 2004), consequences of prior natural selection, Th - ;@equeaﬂﬂng altered selective environments o their ofl-
can recognize niche construction as a consequence of evialutio g, or physically perturbing, biological or non-biological
cannol recognize it as causal. their enviranments. Third, in sexual populations, genes

MNOT overcomes this obstacle by describing the evolution of orgg hy two parents only, on 4 single oceasion only, o each
relative to their niches instead of relative to their environments (i trast, an ecological inheritance 1s continuously transmil-
Smee et al. 2003}, i . organisms, to multiple other organisms, within and
ons, throughout the lifetimes of organisms. Fourth,
ance 15 not always transmitted by genetic relatives. It
pitted by other organisms in shared ecosystems that must
lated, but need not be genetically related 1o the orpan-
he inheritance.

nheritance is very different from genetic inheritance

. First, ecological inheritance is transmitted by
58 e y
pugh the medium of an external envirenment. [1 s not
e 2

Nit)=h{0E}

In equation (8.3), N{¢) represents the niche of a population o
isms € at time £ The dynamics of N{r) are driven by both po
modifying natural selection pressures in E, and by the envirn
maodifying niche-constructing activities of populations, . Becaus etic models show that the inclusion of ecological inheri-
always include two-way interactions between organisms and their “affects the dynamics of the evolutionary process. For
ronments {Chase and Leibold 2003), this step is sufficient to allowsin 1€ construction can gencrate ccological inheritances to the
“interactionist” (Godfrey-Smith 1996) theory of evolution, NCT odified natural selection overrides independent sources of
B.1b), to be substituted for the MS (figure 8.1a). Niches are neu ves populations down allernative evolutionary trajec-
(2} niche relationship does not impose a bias in favor of natural struction can initiate novel evolutionary episodes: it can
tion and against niche construction, nor vice versa. Instead, it allows b amount of genetic variation carried by populations; and it
the causal arrows in (8.2). natural selection and niche constructi nusual dynamics such as time lags and momentum effects
be modeled as reciprocal causal processes in evolution (Griffitl 996, 1999, 2001; Schwilk and Ackerly 2001; lhara and
Gray 2004; Laland and Sterelny 2006). iorenstein et al, 2006; Hui et al. 2004; Silver and Di Paolo

Ecological Inheritance

Multiple consequences flow rom this revision. T will focus on th
affect the relationship between evolution and development. P _ ’iﬂ'-"EI_“Pmﬂ"l as well as to evolution by substituting niche
When niche construction is added us a co-causal process in eVOIES enetic inheritance. If in each generation cach individual
1 i 15 not only penes relative to its selective environment,
HEcological inheritance, in the form of a modified local selec-
SNt relative to its genes, then each offspring must actually

it not enly contributes to the adaplatons of organisms, it also ge
ccological imheritances whenever the environmental consegue
the prior niche-constructing aclivities of organisms (e.g., the pre
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inherit an initial organism-environment relationship, Dr“mc!m‘m ¥
ancestors, From equation (8.3), niche inheritance is given by 3
|, £], where N(r,) represents the state of an individual organism’y
ited niche at the moment of origin. time t. of a new orgg
proviso heing that “niche” now refers to the “personal” inherited
opmental niche of an individual orgamsm, and not to the evolyg
miche of its population (Odling-Smee [988),
Minimally. each inherited niche for each offspring organisg
include the inheritance of an initial environmental “address™ i
and time as well as its inherited genes. Often that address will
enced by parental choices, for example, simply by the timing of pa
reproduction (Donahue 2003). In addition, in many species
ensure that a resource package is also present at their cnfhpnn k il
address. For instance, phylophagous msects not only supply thej
spring with eggs, they also choose specific host plants on whi
their eggs, the chosen plants subsequently serving as energy and
resources for their offspring. An organism’s start-up niche m
include other environmental resources due to the niche-constrt

= can be derived from further unpacking the [OF]
o (Odling-Smee 20071, One concerns the relationship
i'i;r_n’a! and external environments of organisms. 1t demar-
transmission channels through which the two principal
niche inheritance. genetic and ecological, are inherited
wpond dimension stems from the relationship between the
qds of resources that organisms inherit, semantic infor-
. 'ﬁnd energy and material resources (table 8.1). Both
(o life. Both can serve as nalural selection pressures. Both
ed by niche construction.

insmission channel (channel |} comprises the direct con-
the internal environments of parent organisms and the
anments of their offspring through reproduction. Channel
the mechanisms of cell division and cell Tusion. 11 was
i:hwann and Virchow in the 19th century, and i1 pave risc
y kind of inheritance that travels between organisms,
or from @ to O, directly during reproduction will be
nel 1 type of inheritance.

activities of other, less closely related organisms, For example geecond transmission channel (channel 2) connects possibly mul-
termites build a mound, they modify the temperature and hun i ?‘mghﬁmnsuucting organisms to descendan! organisms

experienced by developing larvae by their collective niche conste
{Hansell 2005),

MNCT's niche inheritance is therefore richer than the MS's
inheritance, and its richness has two immediate implications, Th
concerns how prior evolutionary processes (evo-) affect subse
developmental (devo-) processes. Niche inheritance means
must contribute more to the development of individual organisms i
just genes, because il also bequeaths modified selective environs
The second concerns how the prior development (devo-) of ind
organisms may influence the subsequent evolution (evo-) of pD{J'
Niche inheritance introduces some new ways in which prior deyo=
affect subsequent evo-,

gh the modification of selection pressures in external
v kind of inheritance that does not travel between
n cell to cell directly, will be treated as a channel 2 type
wnnel 2 works in the way that ecological inheritance
E, and back to O again.

ons imply that it is easy to demarcate the internal and
vironments ol organisms, but that is not always true, For
d seem straightforward to define any individual organ-
et boundary exists between the organism and its envi-
L single-celled organism the boundary is its cell wall or
]'a e’xtﬂrml enwrnnmem Eis L]1ereh::r; cvcrwhmﬂ outside

ons. For example, in a multicelled Urganism the exter-
of most cells includes all the other cells in the metazo-
Al as the metazoan organism’s own external environment,
cating between an internal and external environment
]@*‘ﬂﬂ organism, or part of an organism, is defined, Assuming
an be defined sufficiently clearly. then relative to that
environment, E, can also be defined.
0 he difficult 1o distinguish between the twi kinds of herita-
semantic information versus enerpy and matter. The

Classifying Miche Inheritance

Before exploring these implications, we need to expand the con
niche inheritance to demonstrate how the variowns candidate inhi‘.‘-_ ;

systems currently being discussed by biologists (West-Eberhard =48
Pigliucei and Preston 2004: Jablonka and Lamb 2005; Miller
Wagner et al. 2007; Pigliucei 2008) correspond to different comp
of niche inheritance. For that, we need some descriptive dimensidl
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relationship between information and energy and matter is ng | 4 "_gﬂ:,r, our initial models of NCT restricted coologics|
tricky (Bergstrom and  Lachmann 2004}, so several Point : _. piotically modified energy and matter rES(}H:I'_ctH only
clarifving. -‘I 3 ot al, 1996, 1999). That inadwr?tnl!y encouraged the ]dL‘.:EI _L]ml

The distinction between information versus energy and ma ' mits anly modified physical resources. Both restrictions
biology takes us back to the origin of life. Physically, organis
highly improbable systems, To survive and reproduce, they mugf_j
encrgy and materials from, and must return detritus o, '|.|1E:lr

5 mmpuncnts of “start-up niches™ can also be transmitied
4| 1, including physical resources. For instance, in insects
egps supplied by mothers o their offspring carry some
er resources in the form of cytoplasm and protein in egg
s genetically encoded semaniic information (Sapp 1987,
005), Similarly, modified semantic mntormation, as well as
resources, can be transmitted through channel 2
mation is transmitted when an ecological inhentance

B
ments. But organisms can do neither of these things unless th
adapted Lo their environments, Nor can they adapt without baip
ciently “informed™a priori by adaptive semantic information; Ora
need “"meaningful” information to build and control adaptive p
types that can tap into energy and matter flows in their ecosyste
dump detritus (Odling-Smee et al. 2003). Orgamsms cannot b _
ciently informed a priort, however, unless they, or their ancesto; I s organisms in an environment that are likewise the inheri-
possess sufficient energy and material resources a priori to pay tiers of, semantic information, and when the semantic
physical acquisition, storage, use, and transmission of adaptive se arry has previously been modified by niche construc-
information. 5o what came lirst, physical resources or semantic i }ex issue requiring further explanation.
tion, metabolism or replication? This is the classic origin of life p f[ ain it is to return to the logic, but not the mathemat-
and it is still not resolved (Fry 2000). F e all our initial models of niche construction | Laland
Equally, it 15 notoriously difficull to define semantic informatis ; J g 2001). These models were based on two-locus popula-
offer only o working defimtion: Semantic information is anything 20TV,

reduces wncertainty about selective enviromments, relative to- the f = ations, and assumed that (1) the population’s capacity tor
imterests of arganiymy. This delinition is strongly relativistico emal : on is influenced by the (requency of alleles at the first,
information is “meaningful™ only relative to particular selection ; : 2) the amount of some resource, R, in the population’s
sures in the particelar environments of particular {:rganism&_Cﬂ_ﬁ o nds wholly or in part on the niche-constructing activi-

environmental resources are only resources, and can only serve asi il L present generations of organisms; and (3) the amount ol
ubsequently influences the pattern and strength of
o alleles at the second, or A, locus, in the same

selection pressures, relialive to the specific needs and traits of s
orgianisms. This is true regardless of whether selection pressure
from positive resources such as food or water, or negative reso
as threatening ecological conditions. This definition also refl
specifying any physical basis for the memory systems that actuall
semantic information within and between orgamisms. The physie
riers of semantic information could be DNA, RNA, or other m
or neurons, or even svmbols entrenched in human artifacts
20032). All that matters is that the semantic information carri
physical carrier can potentially influence the fitness of organisis

Now we can ask which transmission channel carries what kind @
table resource. By strongly identifying genes with information
reserving channel | for genetic inheritance only, the MS. ened
the idea that channel 1 transmits only penetically encoded 8

environmental condition or resource, provided it is pos-
Sms to modify it by niche construction. R might therefore
environmental component, for instance, a sediment or a
eould be an artifact built by an animal, for example, a
HOr 4 beaver dam, Or R could be a biotic component in the
o miltl}' other organisms in the environments of niche-
msms. In the latter case these other organisms could
same population as the niche-constructing organisms, or
a11g Lo different populations,

'E enerality, we initially kept R as simple as possible, by
tred exclusively to energy and matter resources, That
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assumption suffices for abiota, but not lor biota, because : esources, because both can be modified by niche
P . unl r

other organisms contain two kinds of resources, physical resouresefe ance, both channel 1 and channel 2 transmit both physi-
hereon notated R,,) and semantic information (from hereon pg i ational R, resources between arganisma, and between
Alse, both the R, and R, carried by other organisms can be alt
exploited, or defended against by niche-constructing organisms
modified R, states, as well as modified R, states. can Pﬁlentlaﬂy~
part of an ecological inheritance for descendant organisms,

If R is another organism, it might act only as a physical res,
say a [ood item, for 4 niche-constructing organism, Alltaﬁ;a
iche-constructing organism may “manipulate” another organis
the brood parasitism of cuckoos: Davies et al. 1998) or “gap
social learning in animals; Fragaszy and Perry 2003) the semant
mation, R, , carried in either the penome or the brain of anoth ' netic, (3) behavioral, and (4) symbolic.
ism by communicating with it. For example, a parasite, say a : 3 gifies all four of these inheritance systems by using the
insert DNA into its host's DNA, and by doing so, manipulate: ! mission channels, channel | versus channel 2, and the two
ology or the behavior of its host (Combes 2000). When that hapg : eritable resources, semantic mformation (R versus
the parasite does not immediately gain any physical resou (R;) to generate a 2 = 2 table. Each tabular Cell {dif-
what, from hereon. I'll call conmunicanive niche construction, biological cells by uppercase (s) is then assigned the
gains is a degree of control over its host's phenotype by corru ce proposed to belong 1o it. Hlustrative examples are
semantic information in its host’s genome or brain. Morcoyer,
pay a fitness cost for doing that, in the form of some expenditur
However, the parasite may subsequently use its capacity to t:ﬂ I
host to gain Ry, and hence gain a subsequent fitness benefit,
its host to supply it with a physical resource. For example, galls pi
by parasitized plants benefit the parasites at a cost to their host (
2001; West- Eberhard 2003). In general, it should pay any org
invest in communicative niche construction when the wentuﬂ]u
measured in R, exceeds its initial cost, also measured in R, (Bel
and Lachmann 2004; Odling-Smewe 2007). _

Bemgn forms of communication are also commeon, and Ubﬂ_‘?““
rules. For example. it should “pay” a parent animal to transmi
the semantic imformation in its brain to its offspring via Sﬂﬂﬁlj_.l
if that increases the parent’s fitness. Or an offspring organism
the initial fitness cost of soliciting and copying some of the 86
information held by its parents, or peers, or possibly other of
its social group, if the extra information it gains subscquentl__
its filness, '

Therefore, in spite of restricting ecological inheritance in o)
models to the transmission of modified R,, that restriction 183
necessary nor desirable, Ecological inheritance can refer 1o both

‘Miche Inheritance

ify the principal subcomponents of niche inheritance.
5 va-prupo:‘.ecl a variety of inheritance systems in evolu-

to-_;genetiu inheritance { West-Eberhard 2003; Jablonka
3ird 2007). Jablonka and Lamb offer the most general
(| gse theirs. It includes four different inheritances: (1)

e assignments are straightforward. For instance. naturally
nde semantic information, or B (Maynard Smith
Iaif-'ﬂs they are internally inherited, genetic inheritance
to Cell 1a. Given that Jablonka and Lamb (2005: 147)
¢ inheritance as the “transfer of information from cell 1o
it may be possible to define epigenetic inheritance more
- their definition epigenetic inheritance also belongs to
examples discussed by Jablonka and Lamb under the
enetic inheritance are shown in Cell Ta. They include
: gs. methylation patterns, RNAT (interference), and
[Tects, for example; the inheritance of maternal mENA

udes cytoplasmic inheritance and other heritahle physical
'-Rn- typically transmitted by mothers to their offspring,
: eggs. These resources include proteins and compo-
" ranes (Davidson 2006).

0 the conventional kinds of ecological inheritance we
i dﬂlﬁd namely, the inheritance of directly modilied selection
external environments of or EATISITS, 45 8 consequence
turbation of energy and matier (R,) resources by niche-




188

Tahle 8.1

Wiche inheritanee: The “evo-teva™ and the “devo-eve” relutionships

Processes affected by the inheritance system
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prganisms. or al the relocation of the niche-canstructing
emselves in their external environments (Odling-Smee etal,
jumans it includes one component of human cultural processes,
af material culture (culnral By).

efers to the second kind of ecological inheritance, the inberi-
adified selection pressures in the external environments of
a consequence of prior communicative niche construction.
fication of selection pressures is indirect because iinvolves
he first step is. typically, the modification of semantic infor-
. by some kind of communicative niche consiruction, The
pis the subsequent modification of physical resources, or R,
environmenl, as a consequence of the first step, Jablonka
. third inheritance system, invalving hehavioral tradilions
earning in animals, belongs here. So does their fourth inheri-
n, the inheritance of cultural knowledge or R transmitted,
‘in humans (Cavalli-Sforza and Feldman 1981; Bovd and
35: Laland et al. 2000},

demonstrates that it is nol always casy 1o allocate non-
ritance systems to single Cells. For example, it is not easy to
al effects to any single Cell in table 8.1, Mousseau [2006)
’f“:‘th#.t maternal elfects are currently delined in diverse ways,
u himself defines them very broadly as = . . all sources of
enotypic variance due to mothers above and beyond the
she hersell contributes™ (p. 19), Thus, depending on how they
it is possible to assign maternal effects, and probably pater-
0, to every Cell in table 8.1, If the scheme in table 8.1 is
ernal inheritance refers to more than cne kind of inheri-
d probably needs clarifyine.

ation 1: How Evo- Affects Devo-

ows us to reconsider the two guestions at the heart of the
debate: (1) How does the prior evolution of populations affect
ent development of individual organisms? (2) How might the
pment of individual organisms affect the subsequent evolu-
Opulations? Let’s start with (1).
1 to the MS, each new organism inherits a start-up set of genes
cestors, but little else. The new organism is then supposed to
the context of an independent external environment.
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The ... ontopenetic process is seen as an wnfolding of a form, altegdy O Even O Ewa Oy By Oy Lo

in the genes, requiring only an original trigeering at fertilization and ap A A | & | A
ment I1l'.I1LtL|1I.l='IlE L elﬂllr.uw "normal” development 1o continue, (Lewonti 2| B ¢l C el { el | e
276 talics in the original) ! d

i n| [N il [N n (D 5]

According to NCT, development is different. In NCT each of wl |l hi|H hf | bl H
organism inherits a start-up niche from its parent(s) combinin AN E ki |k E| | K | K
genetic inheritance and an ecological inheritanee; and therefore al | o gl o g |0 q) | @
or maybe all, of the subcomponents of niche inheritance in tahlc‘;&l Ii 7 2| |2 EIRE: z| |2
organism then develops by responding 1o inputs from its local eny: . : == 1, . .
ment, and by emitting niche-constructing culputs to its environment 1) (143} (114 f1+4)
i . Iz 11 +

change some of the components in its own developmental envip : >
Development therefore ceases to be the unfolding of gene pro TIBAE
the contexti of independent environments, and becomes a Plastic Positive Megative Plastic
active niche regufarion by phenotypically plastic. niche-construg response mighe niche e b

i canstruction construction

arganisms, Miche regulation starts at the moment of origin o
organism, and continues for the rest of the organism’s life (Oyam:
200 West-Eberhard 2003: Pielivcei and Preston 2004; Sultan
Hence:

i mh.l_mr\r sequence of niche-regul ltll'lj_‘_ events i the life of 5 develop-
ructing organism. The organism’s phenatypic trais are symbolized
111. O, Selection pressures, or stimuli, in its environment are symbolized
s in B (Based on Odling-Smee el al. 2003: 49, fip, 21}
- Ahe arganism [is] itsell @ cose of i1s own development, {Lewaontin
italics in the original ) :
d Pigliucei 1998), but does not go beyond it. The next step
An arbitrary sequence of niche-regulating events in the life of
. t 4 2, @ further improves its adaptation by positive niche
converts factor B in its environment to factor C by active
tion without changing ilsell Trait ¢ in ¢ remains c. For
imal might dig o burrow or move somewhere else, thus
ition, or a plant might kill a competitor by emitling an
ampound. The central point is that @ achieves a new adap-
ot by changing itself in response 1o its environment, but by
vironment to suit itsell, In effect, O causes its environ-
Iadapt™ to it. This action is deseribed as positive niche con-
it enhances (s fitness (Odlling-Smee et al. 2003).
4+ 3 €) damages its environment in some way by negative
ion, for example, by polluting it or overexploiting it.
L O impairs its own fitness by changing fuctor N in its envi-
3 "fﬂmﬂr D, which penerates a new mismatch between n and
ntly, at time ¢ + 4, @ responds to this mismateh with a con-
ponse to the environmental change it has itsell caused, by
Own phenotypic expression again from n to d, thereby
adaptive match.

The arganism’s [OE] niche relationship is assumed to be adaptiv
ever there is a “match” between lowercase and uppercase lettes
miladaptive when there is a “mismatch.”

Al time r, € is tolerably well adapted 1o its environment Eﬁ'
of the letters match. However, there are two mismatches, between
C at the top. and between j and Z at the bottom. At time £ + 1
these mismatches disappears. Factor Z in the environment I
caused a “plastic” O to express the adaptive (rait z instead
maladaptive trait j. 3o € is now better adapted to its environmen
it was before, thanks to its within-lifetime plastic capacity 10 Tesg
Z by changing its expression. For example, an animal might ch
lichavior in response o an environmental stimulus. Or a F'1311
change its morphology in response to light. Developmental
stretehes the MS by demanding a comprehensive reaction normapg
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sferential transmission ol genes by fit organisms between
undson (2005) showed how this historical disconnection
gpmental and evolutionary biology is based on a series of
rs between devo- and evo-, the besi-known being
(table 8.1). Weismann’s barrier was originally derived from
' ggation of germ-line cells from soma in animals (but not
it appeared to grant evolutionary hiologists a license to
anmental biology (Maynard Smith 1952).
- .is. currently being challenged by new molecular data
2003: Carroll 2005; Jablonka and Lamb 2005; Wagner
Pigliucei 2008). For instance, although controversial for
dea that epigenetic variation can be transmitted across
b ough epigenetic inheritance (Cell 1a, table H.1) 15 now
ed (Bird 2002, 2007; Reik 2007). The peloric flower form of
Linaria is-a widely known example. It is caused by an epi-

Ashby (1956) formulated some “rules” thal apply to adaptiy
regulation in his fairoduction to Cybernetics. Possibly becayse
wis primarily (but not exclusively) concerned with the contrg] o
artifacts, lor instance, autopilots, his work has largely been forga
biologists, bul it is still relevant. Ashby's principal “rule” is the
requisite variety,” which formally relates the minimal amount of
any device, ar organism, (), must deploy, relative to whatever y
encounters in its heterogencous environment, £, 1o “protect™ an
tial variable.” In organisms the key essential variable that © must
15 an adaptive [OFE] niche relationship, represented in figure
matching characters, Developing organisms must keep their n
tionships continuously adaptive by constantly matching envircﬁn:
variance with adaptive variance of their own.

The MS proposes that developing organisms achieve adaptive
relationships in one way only. by responding to events in their indeg
dent environments. NCT proposes \hat developing arganisms:
adaptive niche relationships in two ways. © can either express a
variant phenotypic traits in response lo variant environmental sta
E. or O can actively change some ol the variant states in £ by
construction, thereby causing some variant £ states to maltch
variunl states, Both kinds of niche regulation are consistent with £
(1956) law of requisite variety. Modifying vour own environment
voursell 15 just anether way in which organisms can abey the law -u,%_‘_-. 1
wisite variety. r

j;.-:ea:s (Jablonka and Lamb 2003; Bird 2007). There is also
= that maternal inheritance (Cells 1a and 1b. table 5.1) can
ary consequences. A mother's experience of her environ-
‘1o variations in her growth, condition, and physiological
. in part, transmit to her offspring through cytopiasmic
au and Fox 1998; Mousseau 2006,

better qualified than I to evaluate the devo-evo implica-
nnel 1 inheritance svstems in table 8.1 so Twill not discuss
stead, T will turn to the ecological inheritance systems in

Miche Regulation 2: How Devo- May Affect Evo-
The final column on the right of table 8.1 raises the second question Ecological Inheritance
the prior development of individual organisms affect the subseq
evolution of populations? We have just noted that NCT grants dey
ing organisms their imitial ((2F) niche inheritances and an en
ability to regulate their niches adaptively. Do any of the inhe ‘but it need not have consequences that go beyond the
systems in table 8.1 also have consequences for the “devo: development of an individual organism. For example, if the
relationship? ¢ TeBUAtg activities of an individual organism are merely idiosyn-
L the environmental consequences of its activities dissipate
©Ieven though its niche-construction may affect its own
HIESE circumstances it is unlikely 1o have wider ecological or

truction originates from the niche-regulating activities of indi-
Oping organisms. Miche consiruction s itself a developmen-

Because the MS emphasizes genetie inheritance, and becaused
possible for organisms to inherit acquired characteristics directlys
their ancestors by genetic inheritance (“hard” Lamarckism is 1
from the MS's point of view, within-lifetime developmental p
cannot have a direct causal influence on the subsequent evolut
populations, Development contributes to evolution only mdif

if the consequences of the developmental niche-
activities of multiple organisms, over many generations,
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1:5 that chain of events? One cause that makes it likely
the other major component ol niche inheritance, genehic
fﬂ 1l 1a. table &.1). If most organisms ina population inherit

genes, gencmnnn after generation; and if their inherited
noe most Urgﬂm‘ima in the [!upul‘]Tmn to niche construct in
. then genelic inheritance alone is likely to cause successive
of organisms to act as” qunidirectional biological pumps" that
iotic and abiotic ecological variables into new states by
.' che construction, For example, given time. niche-constructing
drive large-scale abiotic ecosystem components such as
gas, or soil chemistry, into thermodynamically out-of-
tes that could never cxist on a “dead” planet (Odling-
2()003; Meysmann et al. 2006).
lementary factors then determine how potent particular
cting activities are. Most of these factors correspond to the

combine and accumulate in the environments of populations, .o
the relevant niche consiruction refers to the direct modification of,
and matter resources (R;) in environments by niche-cops
organisms, If the consequences of this first type of niche consty
accumulate in an environment, beeause they are collectively ey
by multiple organisms. they may have significant ecosvstem ep
effects for populations (Jones et al. 1994, 1997, Wright and
2006).

One often-cited example of ecosystem engineering is the buildi
dams in rivers by beavers. These niche-regulating activities of
modify beaver environments by changing and partly controllin
of resource flows (used by other species as well as beavers)
nutrient flows, the buildup of sediments, and the availability of t
water itsell (Naiman [Y88). However, the ecosystem engineering ¢
quences of beaver niche construction may still be exclusively o
unless they persist in the environments of populations for enoug [
crations to allow any modified natural pressures they produce t : ' stermining the potency of ecosystem engineering, When
the subsequent evolution of a population. e construction, Jones et al’s list s as follows: (1) lifetime

If that happens—if the ecosysiem engineering consequences ity of individual niche-constructing organisms: (2) densily
construction do persist in the environments of populations for . nstructing population; (3) length of time a population
sencrations—there can be evolutionary consequences. For ins i he same place; (4) durability of the “construct”™ in the envi-
beaver dams ereate wetlands that can persist for centuries (Naiman: i3 (5) number and types of energy and matter flows that arc
Naiman and Rogers 1997; More 2006), long enough, relative to th ' oy niche construction: and (6) how muny other species utilize,
generations| turnover times of many specics in riparian ecosys by, those flows,
them to evolve in response to beaver-modified selection p e vilue of each of these variables, the more ecologically
Another example is the niche-constructing activities ol ecar! che construction is likely to be, Hence, the more likely il is
Earthworms cause major changes in seils (Darwin 1881), and haye sterm engineering consequences af niche construction will
apparently modified their environments by niche construction U ilo evolutionarily significant ecological mheritances for popula-
themselves, instead of evolving new physiological adaptations. 28 and 2b, table 8.1). Also. it is not necessary for all these vari-
‘high simultanecusly. Different species become potent niche
S0 different ways. Some organisms, such as beavers, are
= constructors because variables (1), (5), and (6) are high

..cearthworms are essentially aguatic oligochaetes, poarly equipped p
cally for life on land. Yet there they are. (Turner 2000; 105) ]

So persisten! ecosystem engineering effects caused by repeated _
constriuction, by many organisms, for many generations, can. rs s iy al impacts on their environments (variable 1) are liny, can also
into evolutionarily significant ecological inheritances (Cells: 2a Ry i
liahle 8.1} in the form of ancestrally modified selection pressures,
1 descendant organisms, in either a niche-construcling nguia :
another population, When that happens, the developmen
constructing activities of individual ancestral organisms becot |
tively capable of causing evolutionary consequences in pﬂpulﬂ‘.lﬂ 4

Hiciently large arcas, for sufficient time (variable 3}, They may
48t numbers of other species (vanable 6), The Earth’s acrobic
monument to the potency of bacterial niche construction,
nsequences of niche construction do ranslate into ccologi-
5. there are various paths through which modified selection
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pressures can feed back to influence the evolution of populations. Via
cach feedback loop it is possible for the ¢eosystem engineering conse-
guences of the niche construction originating from the niche-regulating
activities of individual developing organisms to translate into ecological
inheritances capable of influcncing the evelurion of populations. All these
feedbacks are consistent with the logic of the two- locus population
genetic madels (above). in which changes in an environmental resource
R. due to miche construetion, influenced by the E locus. feed back in the
form of a modilied selection pressurefs) ta the A locus. The following
feedback paths are varations of this theme (Odling-Smee. et al. 2003}

The simplest (1) corresponds 10 Dawkins's (19582) “extended pheno-
type.” The E locus expresses an extended phenotype, R, by "niche con-
struction.” R then generates a modified selection pressure that feeds
hack exclusively to the E locus itself, so only one genelic locus, E, is
relevant (A = E). (2) corresponds to most of our original models. Both
the E locus and the A locus are relevant. Suppose the E locus influences
earthworm niche construction, which modifies the soil, R, which feeds
back in the form of a modified selection pressure to the A locus in the
sume population of earthworms, to influence the subsequent evolution
ol earthworms,

The third case (3} differs in that the A locus is no longer in the same
population as the E locus. Here, the niche-constructing activities of one
population feed forward to affect natural selection in a second popula-
tion, Organisms in the first niche-constructing population interact directly
with organisms in 4 second population, The second population is there-
fore R, and the carrer of the A locus, Alternatively, two populations
may interact indirectly through the modification by the first population
of a separate ccosystem component. R, which feeds forward as a modi-
fied selection pressure for a second population, For example, a popula-
tion of earthworms might change a biotic component of the soil and
affect a population of plants. It the second population reciprocates in 2
similar manner, then (4) its reciprocal niche construction might cause
the two populations to co-evalve as in standard models of co-evolution.
A variant of (4) occurs if (3) the interactions of two co-evolving popula-
tions are mediated by an abiotic ecosystem component R. The modifica-
tion of an abiotic R, say soil pH, by the niche-constructing activities of
one population, say a population of litter-supplying plants, may make it
possible for two populations, say earthworms and plants, to co-evolve
indirectly through the mediation of a shared abiotic ecosystem compo-
nent, B, in the soil.
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Finally, (6) the co-evolutionary scenarios in (4) and (3) potentially
extend to multiple populations that either co-evolved in the past or are
still co-evalving today. Their collective co-cvolution generates extra
webs in ecosvstems; in addition toe energy and matter webs. Jones et al.
'.[199?} called them “engineering™ or “control™ webs, Previously we sug-
pested control webs could be modeled by “environmentally mediated
_genotypic associations,” or EMGAs: in ecosystems. that can caplure
gonnections between distinet genotypes in networks of diverse popula-
tions, mediated by both biotic and abiotic ecosystem components
(Odling-Smee et al. 2003).

Cell 2b: Informational Ecological Inheritance

The second kind of ecological inheritance generated by niche construe-
tion 15 in Cell 2k {table 8.1 ) It works in the same way, except that it also
Cincludes the modification of semantic information, B, by communicative
“miche construction, as well as the subsequent modification of energy and
~matler resources: R, by conventional miche construction. Ul focus on
this extra step.

Why do organisms communicate? Organisms need B, w grant them
“sufficient control over R, to satisly their energy and matter needs. and
o protect themselves agamst threats (Odling-Smee et al. 2003), but there
s a subtle difference between how organisms acquire R, and R,
Organisms can take raw R, dircctly (rom their habitats, and dump raw
‘detritus in their habitats by interacting with their environments. In con-
frast, organisms cannol take raw semantic information (B [rom their
habitats because environments do not contain “knowledge™ except in
‘the genomes or brains of other organisms. To acquire B, orpanisms must
‘access one or more R-gaining processes, including those that depend on
‘between-organism communication.

Common to all R-paining processes is their ultimate dependence on
the ability of organisms Lo register, or “remember.” the outcomes of
Previous niche interactions in ways that subsequently permil organisms
'_::SPITIE chance of preparing for their futures adaptively. by using regis-
:_I:l'ﬂd information in “fit” memaories to constrain their phenotypes (see
Szilard 1929 [1964]).

The primary Ri-gaining process is the evolutionary process itself. The
‘Benes inherited by individual organisms in each generation include some
that are naturally selected as a consequence of the outcomes of the prior
miche interactions of diverse ancestral phenolypes in populations, These
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selected genes necessarily reflect whatever selective biases were imposed
on ancestral organisms by natural selection, The reexpression by contem-
porary organisms of whatever semantic information is registered in their
inherited genes. amounts to an inductive gamble that both the selective
environments and the fitness requirements of contemporary organisms are
sufficiently similar (o those of their ancestors 1o make whatever was adap-
tive before, adaptive again (Slobodkin and Rapoport 1974). The inheri-
tance of penes by successive generations of organisms is the most
fundamental kind of between-organism communication. All organisms
depend on it (Waddington 1969 Campbell 1974; Odling-Smee et al. 2003),

Many organisms also have some capacity to “sell-inform™ throtgh
supplementary developmental Bi-gaining processes. Examples are the
vertebrate immune systen, and learning in animals. Instead of acquiring
all their R, from their ancestors a priori, via genetic inhertance, they
“make” some R, for themselves a posteriori by registering the outcomes
of their own individual prior |OE| niche interactions (Odling-Smee 1983;
Plotkin 1994: Dennet 1993},

The existence of both evo- and devo- R-gaining processes raises (wo
questions. Il developing organisms can sell-infarm, why do all organisms
depend so heavily on ancestral R? Conversely, if evolution is the primary
R, supplving process, how come it pays some organisms to invest in-costly
self-informing processes as well?

Two abstacles prevent organisms from gaining sulficient R, through
developmental R-paining processes alone. First. to a large extent, organ-
isms must be informed a priori to have any chance of surviving
(Waddington 1969; Odling-Smee et al, 2003), No organism can inform
itself a priori on the basis of “memories” of its own past before its st
has oceurred: that is why the origin of life problem is so difficult (Fry
2000). Only after life is present is it possible for organisms to be informed
a priori by their ancestors, Parent(s) can then transmil an apparently
free “gift” of “start-up” R, to their offspring via genetic inheritance. The
“gift™ is deceptive because it includes a demand for the next penerition
to pass on R, as a “gift” to their offspring in their turn, The “oift™ is &
“mortgage.” The debt is repaid by reproduction in each peneration.

Second, individual organisms cannot gain sufficient “data™ during
their lives o prepare themselves adaptively for their remaining futures
simply by registering the outcomes of their own prior individual niche
interactions. The maximum database provided by the “private” niche-
sampling “experiences” of any individual organism is oo meager 1@
allow any organism to demarcate between “true” and “lalse” instances
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of causality, relative to the “causal texture” ol its own niche, sufficiently

reliably. However, unless the R, carried by organisms does demarcate

petween true and false instances of causality, organisms cannot prepare
for their own futures adaptively, except by chance (Odling-Smee et al.

2003). For this reason, all organisms have to depend primarily on the

much richer “databases” collectively assembled by ancestors,

But the same argument also runs in reverse. Largely because the R,
supplied to individual organisms a prior by evolution has been collected
by vast numhers of ancestors, relative to vast regions of past environ-
mental space and time, it may not always be adaptive relative to the local

~piches of contemporary organisms. [t may be out of date. or too "noisy,”

“or misinformation relative to an individual’s particular niche. Evolution

resolves this dilemma between sufficiency and relevanee in several ways.

A fundamental way is through speciation. Speciation limits the R; in
_-nncestrai databases. potentially making them more relevant to the par-

Ajcular niches of descendant organisms,

Other solutions depend on the plasticity of niche-repulating organ-
dsms. Tl discuss two of them more fully, First, plastic organisms can
sometimes put some of the R they inherit to a novel use, and by doing
80, change or enhance its meaning. For example, even though the seman-
tie information carried by an inherited gene may have been selected lor

by a particular selection pressure in the environments of an organism’s

ancestors, there 1s no reason why a plastic, niche-constructing descen-
ﬂant organism should restrict its subsequent use to expressing an adapta-
“tion refative to that particular selection pressure only. An opportunistic
organism may sometimes use old inherited B in a new way.

‘Addifference between the MS and NCT is that the MS expects organ-
| isms to respond only to sutonomous selection pressures in their environ-
:t_il.i%rtl_s. Organisms are nol expected to intiate novel changes, except by
chance, NCT, however, does expect organisms to initiate new changes
nonrandomly by inceprive niche construction {Odling-Smee et al. 2003).
If the consequences of inceptive niche construction subsequently seale
Up from individual developing organisms to populations. for similar
- Teasons as in Cell 2a, then inceptive niche construction by developing
- Organisms may become the source of evolutionary novelties,

; ._'_]'hET. becomes maore likely if the inceptive niche construction gets
: I.PIT-_'kEd in, at a population level, by the subsequent modification of other
Datural selection pressures. Evolutionary trends, and the evolution of
Lomplex relationships such as host-parasite relationships {Combes 2001),
O mutualisms (e.g., Martin et al. 2008), are hard to understand in terms
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af a sequence of supposcdly disconnected natural selection pressures in
autonomeus environments. They could be easier to understand by real-
izing that successive selection pressures are rarely disconnected from
each other, and can be connected by intermediate episodes of niche
construction. Inceptive niche construction can initiate bouts of niche
construction and natural selection, each modifving the other recipro-
cally, thereby causing a population to evolve in a novel direction.

A second solution is for plastic organisms to add to ther inherited a
priori “knowledge” by investing in supplementary R-gaining processes
during their lives. | will discuss-only amimal learning. Presumably, learn-
ing by individual animals affects their differential survival and reproduc-
tior, but it can seldom have more far-reaching evolutionary consequences,
becanse everything an individual learns is erased when it dies.

The ability of amimals to learn, however, introduces the prospect of
animals learning from each other by social learning, Il individuals com-
municate some of what they learn to and from each other’s memories
within and between generations, and if, in the process, they generate an
additional R, eeological inheritance system (Cell 2b, table 8.1} by doing
sa, their collective memories may become evolutionarily signilicant in
populations.

But why should animals communicate with each other’s memories,
given that comimunication incurs an mitial fitness cost, not a benefit? In
practice, the initial cost of exchanging R, through social learning need
nol be high, Even though gaining “new” semantic information “de novo™
is typically expensive {Odum 1988; Coolen et al. 2005), the transmission
of old semantic information by making copies of it is often cheap, espe-
cially when the information is already in symbolic form. The subsequent
benefit from gaining additional B, through communication may then be
considerable. Given that the fundamental function of R; is to allow
organisms a degree of control over physical resources (R). and given
that only a little R, can potentially control a lot of B, the extra control
over R, granted to animals that invest in extra R, by communicating can
far outweigh the initial cost of communicating,

That still fails to explain where the physical benefits, measured in
R, ultimately come fraom, For that we also need social niche construc-
tion (Flack et al. 2005). Boehm and Flack (2009) describe the social
niches of individual animals that live in groups by vectars of behavioral
connections, primarily communication networks, belween animals in
overlupping social networks, An individual animal's behavioral connec-
tions may then provide it with social resources, food-sharing facilities,
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exchanges of poods, and access (o social and ecological information.
Cooperation among group members may also generate “public poods™
that are potentially advantageous to all members of a group. In one
example. Flack et al. (2006) demonstrated the advantages of social niche
_g_unstructiun in pig-tailed macaques. The macagques benefited from
stable social networks by building larger social networks, characterized
by greater partner diversity and increased cooperation in their groups.
These group benefits occurred, however. only in the presence of domi-
pant animals that imposed social order by “policing™ their groups,
Without “policing,” social disorder increased, the social networks splin-
tered, and the benefits disappeared.

Costs Lo individuals also arise from social niche construction becavse
cooperalion in groups is often subverted by animals that “cheat™ (Trivers
1971). Cheating ensures that “winners” and “losers™ are typically found in

cevery social group. Boehm and Flack (2008) discuss the emergence of
- power structurcs, built by social niche construction, in social groups, based
~on “perceived” and “legitimized” authority. Power structures enhance the
benefits to some individuals, al a cost to others, in social groups.

Social learning can enter this scenario in several ways (Borenstein

cetal. 2008), and it can increase or depress benelits to different individuals
in groups. However, that is nol whal primarily matlers here. What
~matiers is that social learning can transmit previously learned semantic
“information, R, from one generation to the next, through the ceological
“inheritances shown in Cell 2b (1able 8.1). 11 therefore provides the mech-
-anisms that underpin Jablonka and Lamb’s (2003) third and fourth
Cinheritance systems: the inheritance of social organization, communica-
tion networks, and behavioral traditions in animals, and the inheritance
-of cultural knowledge in humans,

- The evolutionary potency of R; ecological inheritance is particularly
“'ﬁ,’!}ihle in humans {Smith 20073, A well-known example is the evolulion
“of lactose tolerance among people who transmitted pastoralist agricul-
‘tural traditions between generations in human social groups, and by
:"I;._‘Iti.':'ring s apparently did affect human genetic evolution (Holden and
‘Mace 1997; Enattah et al. 2002; Burger et al. 2007},

‘Conclusion
-_Id‘?ldding niche construction to evolutionary theory changes the predicted

dynamics of the evolutionary process. It also facilitates the integration
Of evolutionary biology with other disciplines.
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NCT connects evolution to ecosystem-level ecology in two main ways,
First, because niche construction modifies abiotic as well as biotic envi-
ronmental resourees, it admits abiota into population genetic models in
the puise of modified natural selection pressures, It thus overcomes one
of the barriers separating evolutionary biology from ecosystem ecology:
the difficulty of handling abiota in evolutionary models because abiota
do not carry genes (O'Neill et al. 1986: Jones and Lawton 1995). Second,
NCT proposes a new way of investigating the ecosystem engineers’ claim
that ecosystems incorporate “engineenng” or “control™ webs, in addi-
tion o encrgy and matter webs, by offering the EMGAs concept. NCT
proposes that control webs in ecosystems should depend on the evolved
adaptations of organisms, derived from selected genes and regulatory
cene networks in developing organisms, and on weakly regulating
EMGA-based gene networks among co-evolving populations in ecosys-
tems (Odling-Smee et al. 2003).

In the human sciences the main innovation is the introduction by
NCT of a human ecological inheritance system that incorpotates both
heritable material culture and hertable cultural knowledge (Odling-
Smee 2007). The peneral significance of ecological inheritance is that it
assizns to all phenotypes a second role in evolution, Phenotypes not only
survive and reproduce differentially, they also modify their environ-
ments by niche construction, In the human case. that carries new philo-
sophical as well as biological implications. Culturally, niche-constructing
humans cannot be just “vehicles” for their penes (Dawkins 1989),
nor the passive “playthings” of chance and necessity, Instead, we are
bound 1o influence, but not control, aur own future evolution, and the
future evolution of other organisms in our shared ecosystems as well.
That realization might eventually change not only how biologists, but
also everyone else, perceives evolution and reevaluates their own
existence.

Last, niche construction contributes 1o the “evo-devo™ relationship
by enhancing the contributions of prior evolution to the subsequent
development of individual organisms, and by allowing plastic, niche-
constructing developing organisms Lo affect the subsequent evolution ol
populations. For cxample, there are no barriers in channel 2 comparable
to the Weismann barrier in channel 1 (table 8.1), to stop the conse-
quences of prior niche canstruction by developing organisms from scaling
up Lo affect the subsequent evolution of populations. That opens up A
new “devo-evo™ highway, which, apart from the pioneering work of
Baldwin. Schmalhausen, and Waddington in the twentieth century, has

' Niche Inheritance N

seldom been explored. 1L probably cannot be explored further without
extending the Synihesis,
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9 Chemical, Neuronal, and Linguistic Replicators

Chrisantha Fernando and Edrs Szathmary

The Modern Synthesis can e extended laterally and vertically, Lateral
extensions transfer the thought patterns and the methodology of evolu-
tionary theory to dilferent, previously nonevolutionary  disciplines,
Examples include replicator and systems chemistry, linguistics, cultural
ﬁﬁ‘lﬂcﬁ:}n (Bovd and Richerson 2005), memetic replicators { Aunger 2002;
j'lgawkins 1976), somatic selection (Edelman 1994), and microeconomics.
Vertical extensions deepen our knowledge in traditional areas of evolu-
ﬁﬁi‘.t research such as EvoDevo, niche construction, epigenetic inheri-
ﬁﬁﬁbﬁ"{lahlonka and Lamb 2005), and multiple levels of selection { Okasha
2006). In this chapler we first review the relevance of evolutionary think-
ijt_g in certain areas of chemistry. Then we present, as the major novel
contribution, a lateral extension to neuroscience, in that we outline a
truly evolutionary approach to brain function in the higher vertebrates,
F_h:ia!ly, some relevant aspects of language will be considered.
Evolution by natural selection is perhaps the most important process
g in populations of living systems. This i§ ane of the reasons why it
tempting o equate units of evolution (i.c.. an abstract generaliza-
tion that makes no reference whatsoever to any particular level of bio-
logical organization) to units of life. Another reason s that units of
%Vﬁlutinn can be much more readily defined. There are a few known
allernative formulations of the concept of units of evolution: here we
to the version outlined by Mayvnard Smith (1986); such units must
multiply, show heredity across generations (like begets like), and hered-
¥ should not be exact. If some of the hereditary traits affect the chance
Olreproduction and/or survival of the units, evolution hy natural selec-
on can take place in a population of such units. The combination of
val and reproduction (translating into the expected number of
endants) is called fitness. The above characterization of Darwinian
j‘nmm.:s is deliberately general: note that it is not restricted to cover
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living systems only. (As o matter of fact, some living systems do not—
sometimes cannpt—multiply; mules and neurons normally do not repro-
duce.) Hence it is potentially applicable to molecules and cultural traits
as far as the criterin really apply.

A genetal point about definitions is that they cannot be falsified. They
have 1o be internally consistent, ol course, but there can be an arbitrary
number of such definitions for life; lor example. Tt is the use of the alter-
native definitions that makes the dilference: some definitions are found
helpful because they categorize natural phenomena in o way that is
conducive 1o further insights, There is alwayvs an ingredient of arbitrari-
niess in definitions: we have to live with this facl.

Chemical Origin of Evolvability and Systems Chemistry in Statu Nascendi

Biology has its roots in chemistry (Von Kiedrowski 2001). Ganu (e.g.,
2003) emphasized that contemporary living systems always have (1)
some metabolic subsystem, (2) some systems for heritable control, and
{3y some boundary system to keep the component together, We consider
it unlikely that a chemical system satistying all the constraints from this
abstraction could have appeared just out of chemical chaos, This obser-
vation led to the formulation of the concept of infrabiological syslems
(Szathmry 2005 Fernando et al. 2005). Infrabiological systems always
lack one of the key components just listed. For example, in the origimal
tormulation of Ganti (1971}, a model of minimal life did not include a
houndary system. The combination of # metabolic evele and a membrane
wis also conceived by Ganti (1978), and called a self-reproducing
microsphere, In contrast, Szostak et al, (2001) conceived a protocell-
like entity with a boundary and template replication but no metaholic
subsystem. Such systems show a crucial subset of interesting biological
phenomena, The three subsystems can be combined to vield three
different douhlet systems (ligure 9.1,

The emerging field of systems chemistry deals with the analysis and
svathesis of coupled autocatalytic systems (e.g., Kindermann et al. 2005
Ludlow and Otto 2008). Chromosomes made of DNA come in different
lengths. They can harbor & small or a large number ol genes. During
replication of the hacterial chromosome, it makes perfect sense W say
that replication is hall complete when one half is already present in two
copies. This sharply contrasts with the following example. Imagine a
molecule A, which reacts with a number of compounds Lo yield two
molecules of A after one turn of the evele. Molecular systems of this
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. Figure 2.1

E];mcnurg, combinatorics of infrabiological systems (Fernando e ol 20053, The chemoton
A% o menimal biclogical sysiem comprising three qualitatively different subsysiems (meta-
halism, membrane, and template ) The analyvis and synthests of such systems s the aim ol
:1;]1,;- emerging field of svslems chemisiry {Kindermann et al, 2005; Lodliow gnd Oton 20608),
(From Fernando e al, 2003}

kind do exist; examples include the formose reaction (figure Y.2), the
reductive citric acid cyele (which is almost the exact reverse of the citnie
~acid cycle and is used for carbon fixation by some bacteria), and the
,{-',-‘:alvin cycle (fixing carbon dioxide in plants). One, or a few, autocata-
lysts are sufficient to seed the system., and parts (the chemical moieties)
“of the autocatalytic molecules are held together by covalent bonds (and
~are thus sterically constrained ). They are also stodchiometric in the sense
that the elementary steps are simple chemical reactions (transforma-
".l_ﬁnnﬁj,"l‘wo questions must be asked about such systems: (1) Are they
[easible as autonomous replicators (sell-repheators)? (2) s there heredi-
tary information stored in them? We discuss these guestions inturm.
It is important to emphasize that all sufficiently well deseribed meta-
bolic networks contain at least one (sometimes several) autoeatalviic
-metabolic seeds without which the cell cannot start running, despite
‘the presence of all genes and enzymes (Kun et al. 2008), However, the
I'Edur:u'uﬂ citric acid cvele and the Calvin evele (which is in fact a complex
mﬂt\i-fﬂrk} are nol aulonomouws, in the sense that they reguire the
‘Operation of enzymes that are not produced by them, This is in contrast
‘to the formose reaction, which does not require enzymes.

Heredity requires alternative types of cycles, Currently, there are only
hj’puthctlcal suggestions, put lorward by Wichtershiuser (1988, 1992}
thev are various cxtensions of the (equallv hypothetical) “archaic” reduc-
tive eitric acid cyele. Even if alternative forms of such systems can exist.
Most changes will be mere fluctuations and will nat lead to hereditary
Alterations (“mutations” in the general sense), 1t is expected that the
System will flip from the basin of one attractor into that of another attrac-
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formaldehyde glycolaldehyde s | modular type ol sell-replicator (Ggure 9.3) was synthesized

anal, and Linguistic Replicators -

Froximity of the functional groups

A,

-modular self-replication (from Bog and Von Kiedrowski 199a) A and
; 'I', template; C; catalvtic complex; 12, duplex. Note the reversible and

Figure 3.2
The autocatulytic core or seed of the formaose reaction (Fernando e al. 2003). Eich
represents a chemical proup including ose carbon wom. Black and white circles

entary base pairing. There is now a large number of such exper-
different mternal chemical structures, 1

oduced replicators (for a review, see Von Kiedrowski 1999),
_I:;;ri{iariu_n for the replication process is that the two strands
#nd copy) must spontaneously separate, Since they are held
! ‘hydrogen bonds (also necessary for replication). the strands
160 long; otherwise they will stick together for too long a time.
‘nucleic acids can be replicated in the cell because enzymes
ase complex also ensure the unwinding of the strand—this
umed in nonenzymatic systems. These artificial replicators
generally be rather short, Although replication is modular,
Still limited because of size limitation. These replicators have
lic relevance 1o evolution since they are not feasible in pre-
anments. Chemical evolutionists nevertheless do believe in
teasible counterparts.

culty of long-strand replication has been analvzed in depth by
€t al. (2007). A novel stochastic model of nucleic acid chem-
developed to allow rapid prototyping of chemical experiments

tor very rarely; hence there will be infrequent “macromutations
(Wiichtershiuser 1988). Nevertheless, such macromutations may
been of paramount importance in chemical evolution. Models
that chemical evolution can occur by natural selection if a gene
chemical system capable of producing satellite autocatalytic ¢y
enclosed in a compartment, Variation is by “chemical avalanches ._
romutations), as supgested by Wichtershiiuser, and selection i
compartment level (Fernando and Rowe 2007, 2008). This idea is:
to experimental test. Such systems are holistic replicators ‘:Mﬂ
Smith and Szathmary 1994). If one looks at the core of the formose Fe
tion (figure. 9.2), one sees that there is no real sense in which ong
say that replication is “halfway through,” in sharp contrast to & pies
RNA or DNA. This is because replication here is nol template IER
tion (copying) that rests on a modular polymerization of monomet
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~of ideas, & process we equate with a kind of structured heu-
_ Furthermore, we propose that the human brain contains
:fpr generating fitness functions based not only on the pres-
insic reward objects but also on internal value functions,
the first derivative of predictability. causal coherence. and
-based criteria.

' ess landscape terminology can be used (o describe an evo-
u;i;:h, so it can also be used 1o describe a cognitive search
 problem space. We show how the efficacy of natural selection
by neuronal mechanisms that are capable of transforming a
h ioto a structured scarch, thus highhghting that there
wtinuum between blind variation and thought, the underlying
at structures thought being the evolution of evolvability in
licatars (Toussaint 2003).

ts of cognition appear to involve structured heuristic search

designed to discover sufficient conditions Tor template replicat
Experiments using the model brought to attention a robust pry
of nucleic seid 1emplate populations, the tendency for elongatin
outcompete replication. Externally imposed denaturation-renaturgy
cycles did not reverse this tendency. For example, 1t has been propo
that fast tdal eyeling could establish & TCR {tidal chain reaction) ap
gous 1o o POR (polymerase chain reaction) acting on nucleic acid PO
mers, allowing their sell-replication (Lathe 2003), However, elongat;
side reactions that would have been prevented by the polymerase in
PCR still occurred in the simulation of the TCR. The same finding
found with temperature and monomer eveles. 11 is only the short ny
acids (like the ones similar to the structure in figure 9.3) that repl
readily, until they are mopped up by ever-clongating long polymers ¢
show no sign of replication under the investigated conditions, Th
chemical origin ol evolvability is still obscure, A possible way out
be the self-construction of active replicase enzymes from smaller pa ndom search or pure hill-climbing; for example, insight and
(Hayden ct al. 2008). Alternatively, an early replicase ribozyme m ation problems (Chronicle et al. 2004) are in many respects
have been a restriction ribozyme capable of cutting itself out of elon pre complex versions of problems such as the Stroop Task (Dehaene
ing strands. i the Wisconsin Card Sorting Task (Dehaene and Changeus
Tower of London Task (Dehaene and Changeux 1997},
sks involve choosing from a set of behaviors on the basis
- and negative reward feedback. The search space of these
pically small. More complex cognitive problems, in contrast
such as the nine-dot problem), have a larger search space
B ellectiveness of exhaustive and random search, Also, they
wide explicit feedback. making it necessary for the subject to
N internally generated success criteria, We propose that the
Lsolving such problems involves natural selection of neuronal
the brain. We suggest plausible mechanisms for neuronal
neurophysiological evidence for these mechanisms, and
ndidate behavioral tasks may be explained by natural selection.
Acterization given here is a “law of qualitative structure” in that
framework in which more detailed knowledge may poten-
Obtained (Newell and Simon 1976).
onal replicator hypothesis states that several types of replica-
_'ﬁlﬂ human brain: synaptic replicators. topological neuronal

Unlimited heredity has arisen from himited heredity on multiple e
stong: in the origin of life, in the adaptive immune system, and
language: The next section proposes that unlimited heredity also arc
in the torm of symbolic neuronal replicators inhabiting the bra
hurmans, and that this was a prerequisite for language.

Meuronal Replicators in Cognition

We propose that the scope of natural selection should be further wi
to cognitive phenomena, in order to address the following ope
tions, How can the remarkable creativity of human thought and pre
solving be explained, namelv, how does cognitive search work? Ho?
the brain solve the delayed reinforcement problem, that is, on whaj*‘-'
do we decide to behave, given that sometimes external rewards ag
removed in time or even absent, and environments are non-Mark
How does long-term memory formation and retrieval interact
working memory? How do we form causal models of the environm
How can perceptual and conceptual operations be applied t_ﬂ'_‘ﬁr L'ﬁ'gl'ﬁu]:lﬁ of synapses) (Fernando et al., 2008), and dynami-
data in a position-independent manner? How is language transm ¢ =i I replicatars. The hypothesis permits mulliple realizability

We hypothesize that natural selection oceurs in the brain dt © \ 82), that is, it does not commit itsell to a particular implementa-

e
timescales (e.g., overnight), and that this contributes to the uncomn: Suronal replicator, although several are suggested here.
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A crucial aspect of the extended evalutionary synthesis is a foeie. sotication would have preceded interbrain neuromeme frans-
the evolution of evolvability (G. B. Miller 2007; Pigliucei 2008). Iy ‘yiew 1o which we adhere.

ronal replicators, simple yet powerful mechanisms exist to stryet by Donald Hebb's notien of neuronal assemblies (Hebb

exploration distribution of a neuronal replicator, that is, the pheﬁur_' ’ rain selectionisl mechanisms were proposed by Edelman
distribution of variants produced upon replication (Toussaint 2003) B ux for neuronal groups (Changeux 1985; Changeux et al.
permits a neuronal replicator system 1o madify a search based: ' 1987). These mechanisms were mtended (o explain,
outcomes of previous searches, in a way that is nol easilv possibl | ang other things, executive function (Dehaene and Changeux 1997)

-.a pal categorization (Edelman 19941, Tn Changeux’s mecha-
inherent dynamics of neural networks produces transient
sentations, some of which get stabilized by resonance with
iIIpI.ItS Resonance 15 thoughl to arise in loops between corlex
mus. Dehaene and Changeux (1997) write that “in the absence
¢ inputs, prefrontal clusters wetivitle with a fringe of variabality,
ting a ‘generator of diversity) 7 However, this idea appears
rly meﬁdah!e due to one version of the curse ol dimensionality
057): If there is a large space Lo search, how can adaptive pri-
tions be produced sufficiently rapidly? Changeux addresses
ﬂing--hcuristlcs to act an the search through pre-representa-
ably, he allows recombination between neuronal assemblies,
 #*this recombining activity would represent a *generator of

genetic replicator level. In addition, Lamarckian evalution lﬂk;ea,li
in neuronal replicators because neuronal changes due, for example, |
reinforcement learning can be copied directly. Finally, neuronal t
ngy copying has other Tunctions that may be important in causal
ence algarithms (Gopnik and Schulz 2004) for forming internal mao
(Craik 1943) and emulators (Groush 20064,

Precursors of the Neuronal Replicator Hypothesis

There is a long history of application ol selectionist and Darwin
dvnamics to intrabrain processes, from carly thoughts on the ‘evolutis
of ideas (James 1890 [1930]), 1o memetics (Dawkins 1976, 1982),1 el
selectionism (Changeux el al, 1973; Edelman 1987, Marr 1969:
1979), synaptic replicators { Adams 1998), synfire chains (Abeles “wmechanism of diversification essential for the geneses of
and hexagonal replicators (Calvin 1996). These theories attemp tations,” However, it is not clear how these heuristics are
cxplain neural information processing, conscious thought, and hun | "_‘&ngcux never mentions multiplication of pre-representa-
problem solving, All have been influential for the neuronal repls : Lis, he does not consider pre-representations 1o be umits of
hwpothesis (see Fernando et al., 2008 for a full review). To this we ' -'a;@dnt models of neuronyl networks exhibil struclures and
add the philosophical tradition of evolutionary epistemology, with st that correspond to Changeux's pre-representations, that is.
of its roots in Mach (1897, 1910), and the full exposition by Cam il 5 groups (Izhikevich 2007); these are groups of neurons
(1974). Perkins (1995), Popper (1972), and Simonton (1995). An-outl

: the_,.l?ar:t. that they fire in temporal correspondence with each
of these influences is given below, except for the philosophie clear how polychronous groups ¢an be used to produce
which will be dealt with elsewhere (¢l Dennett 19581).

Psvchologists such as William James were already writing abou ut
selection of ideas (James 1890 [1950]). A century later, Monod discus
mutation and recombination as applied to ideas (Monad 1971).
revitalized the concept by introducing the “meme” (Dawkins
1982). The memetic paradigm has arguably remained in a poi
at least for two reasons: first, it could not demonstrate a phenom
that conclusively required memes; and second, it could not demons

a physical basis for memes (Aunger 2002). Typically, memes W
LﬂI‘IHldLT{:d to replicate within a single brain; however, Aunger s
a notable exception because he believes that historically intra-brain

P

L
i (1987) proposed a theory similar to Changuex’s in order to
Vian organism "decidu" how to hg,h.m., L,i‘-’f..]’! a sel of sensory

Jﬂt | environment, Tﬂ test hw thr.u::nr Ede]mnn has Jmple—
he calls a Darwinian syslem within the computer controller
Ot In Edelman’s theory, clements of a primary repertoire
al groups within the brain are thought to compete with each
stimulus and reward resources. This results in selection of a
Ere pertoire of behaviorally proficient groups (lzhikevich et al,
thf.'nrv has been the subject of a large number of models and
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tween synapses afferent on the same postsynaptic neuron,

Rabert Aunger asks, “are people the exclusive agents bghmd
the Oja version of Hebbian learning is (Oja 1982);

process,” or Cis an nformation-bearing replicator™ acting as an ag y
{Aunger 2002). The concept of an apenl s notoriously diffiey
formalize (Barandiaran and Ruiz-Mirazo 2008), and we do not ¢ W oW, (9.1)
it here, but one empirical finding is clear entities that are known |
possess agenthood are produced by the subset of units of eval

capable of nontrivial neutrality and whatever other [eﬂrumg

e synaptic weight veetor, v s the output rate, u s the inpul
and the rest are constants, This is isomorphie o Eigen's
quation (Eigen 1971):

ﬂ—EnI.}t ——ZEHJ,, X, (9.2}

T =1 k=l

necessary [or these units 1o be capable of open-ended evolution, |
referential umits of evolution are distinet from simple units of evolyt
in being “reproducers™ (Szathmary and Maynard Smith 1997), tha
specifving the means of their own production, Self-referential repli
is one mechanism that produces the phenomenon of nontrivial neu
ity. The memetic question can be reformulated: Are there .m!'ﬂreﬁr
witits of evolution that copy themselves beoween braing? The best gan
dates may be linguistic replicators (Mavnard Smith and Szathi
1999),

We sugsest that sell-referential replicators allow structured heurds
search, which 15 erucial in many aspeets of cognition, and that the
contains muny such agents that compete and cooperate {or exiri
intrinsic reward resources,

The idea of neuronal replicators has already arisen twice b
{Adams 1998; Calvin 1996). The most promising suggestion is by
Adams, who deseribes synapses as replicsting. This would make’
the minimal neuronal units of evolution. Synapses replicate by inc
the smount of quantal release from the presynaptic to the postsyn
neuron, dccording 1o @ Hebhian rule. Mutations are noisy qu
Hebbian learning events where o synapse is made to contact a

‘concentration of sequence i, my is the mutation rate from
A s the gross replication rate of sequence  and ¢, is its

= ;ﬂ, {Eigen 1971).
proposal for neuronal replicators appeared in The Cerebral
1996}, Calvin outlined an algorithm for the copying of

the cortex. Pyramidal cells in the superficial layers of the
ceircular field of excitatory efferents projecting to a stan-
£0.5mm from the central cell. Duoe to geometric constraints
ce, this means that if six such cells are arranged in a
id have the same receptive field, they form self-reexciting
cells behave as nonlinear relaxation oscillators (like fire-

'art with two cells firing in Wnchrunv whn:h reeruits a th:rd
ﬂﬂ equilateral triangle, and so on. Due to long-lerm poten-

postsynaplic neuron rather than to enhance the connection to the ; ] _:11111& underlying synaptic weights would change to reinforee
postsynaptic neuron { Adams 1998). Synapses compete with ea ' ony in the future. A fundamental limitation of Calvin's pro-
for correlation resources and other reward resources if, for examps al he does not explain how the circuitry between cells is to be
dopamine acts 1o modulate Hebbian learning. Adams demonstrates °F d between hexagons.

vectors of synaptic weights can be selected, and how error-cor ' ng of neural receptive fields is already known to occur in the
mechanisms in cortical layer V1 can adjust the synaptic ;nu[anun'l ' : fﬁrmatmn ﬂf lopﬂgralﬂhm rm!P:» ffmm an initial rﬂndum

As described in Fernando et al, (2008), there is a mathematical
phism between Hebbian learning and Figen's replicator equatio
standard model of natural selection dynamics in chemical and ecold
systems. Hebbian learning can be said to sefect between weights ¢
basis of correlations in activity, Synaptic weights can be said T."f}"
in proportion to the product of presyvnaptic and pustsynﬂPUf’ -
The synaptic equivalent of mutation is a shifting of synaplic.

ﬂh_‘._l‘al inhibition has hnun dumunstraLed iSDng and Abbntt
effectively copying of the receptive fields in one layer onto
arallel layer. J. M. Young et al. (2007} have extended this work
€ lormation of new receptive fields in de-afferented regions
ﬁsua! cortex, The extent of one-lo-one topographic copying
¢ fields can be tuned by altering a neuronal gain parameier
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in the lesioned arca. At high gain, instead of oblaining a one-t
copying of adjacent receptive fields (copying with no selective ampl
tion and low information loss), the neurens in the entire de-affergp
arca receive the receptive lield of just one of the adjacent pe
{copying with selective amplification and  high information .
Monselective copying can be obtained not just with STDP byg
Hebhian learning as well, with gain being adjusted aceording to actiy
dependent scaling, for example (Van Rossum et al, 2000}, {:
proposil does only hall the job of copying, just as hydrogen bond ﬂ:- .
ton in DNA replication does only hall the job of semi-conser _ g works by using a neuronal implementation of a causal infer-
rephication; phosphodiester bond formation is required to re-cre _ : rithm, in the sense that the offspring layer “observes™ the
omginal topology of the parent strand; similarly, in neuronal topaol ot { the parental layer in order to infer the connectivity of the
copying, an extra mechanism would be required, one that Calvin Bl
not described. 4 shows a minimal example of neuronal topalogy copying
Finally, concepts from synfire chains can be modified to include et al., 2008). It works by first establishing o topographic map
cation of neuronal dynamics. A synfire chain is a feed-forward ne the parental and the offspring lavers (Song and Abhaott 2001;
of neurons with several layers (or pools). Each neuron in one layer ceds haw ¢ on der Malsburg 1976). Spike-time-dependent plasticity
many excitalory conneclions to neurons in the next pool, and e al. 1997) in the offspring layer is then used to mfer the
neuron in the receiving layver is exeited by many neurons in the prev Iz ‘-'&P'ﬂlﬂﬂ? of the parental layer, on the hasis of activity received
one, When activily in such o cascade of layers is arranged like a p tal layer neurons as they are randomly sparsely activated.
of spikes propagating synchronously from layer to layer, it is ¢ e copying fidelity of neuronal topology, error-correction
synfire chain (Abeles 1982, 1991). There have been reports in the ypothesized that measure the difference in activity between
ture about observations of precisely repeating firing patterns ( e neurons in parent and offspring layvers (Adams and Cox
and Gat 2001). An excellent summary is provided by Abeles et al € basis of this discrepancy of activity, they modify the affer-
can see that almost trivially, replication of the spike packet is po ‘offspring neuron accordingly. Two types of error-correction
simply if the synfire chain branches into two er more, 1f we haye br hypothesized, false-positive and false-negative error corree-
like this, then one can use them for the spread of spike packets gate ity reverberation limitation is required to-allow the correct
reward. [f we imagine a lattice where every arrow between the ne I Markov-equivalent causal graphs, and thus the copying of
eroups can work both ways, but in a reward-gated fashion, the rks. This is implemented using inhibitory neurons that aflow
and fitter packets can fill up the lattice (Fernando and Szathmary, 2t ) _ only if its associated excitatory neuron was principally
I'he snag, for the time being, is the limited heredity potential du from outside its layer.
limited information a spike packel can propaga te, Recombination est way to demonstrate natural selection using the above
to imagine when two roughly equally fit packets are transmitted t 0 is by using the 1+1 Evolutionary Strategy (1+1 ES; Beyer
same newron group. The topology of the synfire network influen iﬂ_ figure 9.5. A 1+1 ES is a simple evolutionary algorithm
outcome of selection, Neuronal evolutionary dynamics could turn g Hows. If the offspring does not have fitness higher than
be the best application field of evolutionary graph theory (Ligherms then the offspring is erased and another attempt at copying
al, 2005), 1t has been shown that some topologies speed up, whel It can be made (not shown ). If the offspring has fitness higher
athers retard, adaptive evolution. The brain could well influe Nt then the parent is erased and the offspring becomes the
replacement topologies by gating, thereby realizing the most It d makes o new oflspring in what was previously the paren-
selection topologies (Fernando et al., 2008). Parts 3, 6,7, 8).

of Neuronal Replication

pology Replicators
fﬂ_i" copying ol newronal topelogy from one newronal topo-

A "._ﬂ- another is outlined. The mechanism utilizes topographic

yupled with spike-time-dependent plasticity (STDP: Markram
ieuronal resetting {Crick and Mitchison 1995), topological
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IHE = F2 B<#E-N

grase F2 )

clse

grage F1 . . - -5

Flgure 9.4
An outling of the neuronal tepology replication mechanism with errar correction
parental layer is on the hattom, The offspring layer is on the top. In this example,
fayer has three nearons Topographic collaterals (vertical arrows) connect paren
nffspring layer. Copying is the reproduction of the intralayer topalogy of the parent i
offspring, Error correction mechanisms are shown, STDP eperates in (he offsp
There are two error carrection mechanisms; ECH (right) is 8 fplse-positive ¢rmor
mechanism implemented using an “observer™ nearon (ECL) that negatively n
lates neuron A’ in the copy fayer on the basis of differences in firing beiween the
(A) smd copy (A" Taver neuron, We sssume C s undergoing stimulation (1) W
aets, EC2 (Ilefl) is a false-negative error correction mechanism implemented
“ohserver™ neuron that positively nouromodulate inputs that pass to a poorly i
() in the copy laver from the neuron that is undergoing interventional stim

F2=0.2

T o
fE1 =F2 His _J>—__< !
erase F2 <

else

this case we assume B is undergoing stimulation (2)) when EC2 acts ECL- and wraga FY ._<.>_._<- g
nedrons are required for each neuron pair—aA, &', B, B and C, C'—and their neu
latory pulpits must pass cidedy tooall synapses in the child layer, E1=0727

Note that neuromodulation is critical in the function of the
circuil in three ways, First, the direction of copy making depen
modulation to open and close vertical up and down gates at if
times. Second, neuromodulation is necessary to switch on and of
based plasticity in L0 and L1 alternately, Third, a mechanism TSL
sary to reser the laver (i.e. reduce weights in the layer) that is
overwritten. '.

Figure 9.6 shows an example of an evolutionary run in whicha 10
neural network is evolved using the above algorithm. The replicat :
1+1 ES are units of evolution as defined previously. This correspOftas

ﬂ meated 1+1 ES using the STDE-based copyving mechanism. {11 The
ppied exists in the lower Javer LD, The black connections in L) show the
A2} Horizontal UP connections are activated (g, by apening nearomoddu-
i Jre the equivalent of the h-bonds in DNA copying, (1) A copy of the
s mide in L, using STDP and error correction. (4 The Livees are fune-
by clesing neuromadulatory gating of the UP connectinns. The fitness
ested independently, (5) The layer with the lowest fitness s crased or
aplic connections are redoced), In the above disgram we sce thal L1
A0 LU experiences weighl unlearning, (6) DOWN vertical conneetion
(T} STDP in faver 0 copies the connections in L1 {81 Aller DOWN
Eted, fitness is nssessed and the cyele continues,




s
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- 400 Al Repnr_‘atﬂ!‘s
Fiinoss | - . . . T
unit of dynamical neuronal replication consists of a bidi-
a0 soupled and pated pair of bistable neurons (lzhikevich 2007a),
.07 We propose thiat dynamical replicators operate in working
deley and Hitch 1974), for which bistability (Wang 1999)
a0 e ::e'{-Zi{JSET et al, 1993) have previously been proposed as
104 1 these pairs together, one can make two layers coupled ini-
M ; 'ij" poraphic map. The parental layer has neurons initialized

S llopograp
2 100
1. Initial state
g £

Figure 5.6 i
An cxample evalutionary mun in which s particular desired tapology is solected fo
nedronal cogiying algorithin is capable of sustaining evolution by natural selegtiol
mibze the topalngy of & 10-node motid Desired topology s on the top lelt (rand
feed with [0% conmectivity), Filness (Euvclidean distance Detween  desired
topology) of parent {lined aned oftspring (dots) over A0 generations is show
right. Bottom graphs show 11 parent-offspring pairs taken at intervals of 50 ge

2. Randomly initialize LD

“penome size” of W) synapses {sell-synapses are not permitted
network is selected [or o particular topology of strong weighls.'ﬂ:ﬁ
being the Euclidean distance between the actual and the desired to]
The network was initialized with all weak weights (fully con
see bottom left), Explicit mutation operators were used a _ ©. 0 @& o e 08 D
copying event, A mutation invalved the modification of a weight 10 § '! Q ® )

2. Open up gates + mutate

2 Srid ] | 3 2. Close gates,
either very strong or very weak. In l.hm |n1plemcqtqllﬂﬂ. th .J_-— 'r' r i HHL1) > (LD} reset LO
operation was often so effective that without an explicit mutati ) Jis ' L slse taset L1, {Here reset LO)
tor, there was insufficient variability for rapid evolution of the ‘"_-CI‘EI .L_.)b .¢._.1 b .‘{-]r;.

topology, The above model is capable of copying a sparsely ca

neuronal topology of any size from one layer to another, if the tWo

are connected topographically, and STDP and anisotropic TeVELe

imitati crates | wffspri .r. However, the rate of 10 ! e &

]“mlfﬂ“m ] “‘*"_ 5 the offspring layer. H : de Bl cantral. A vector of such pairs is shown on the tghe Initially the vector

copymg would be limited by the rate of synapse formation an iking). Layer 0 (parental layer) is randomly initialized, here the neuron on
i

In the next sectuon. dynamical neuronal n;plicamrs are dE’S_i__?l'i_ k d Active. The Up gates are ope ned allowing that newron to Getivale its corre-
= in layer | (offspring layer). The gates are closed snd the fitness of cach
Tl The leqst fit layer is reset {becoming the new offspring loyer), and 15 over-
MEfitter layer (the new parental layer) in the next copying operation.

h"‘“’ dynamical neuronal replicators can implement a L+ evolutionary
o bistable neurons are shown as Jarge circles (light = not firing, dark =
pled bidireetionally by gated axons. Each newron can be reset and acti-

are capable of orders of magnitude faster evolution.
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' d}mﬂmical and topological neuronal rephicalors interact?
qation of memories into long-term stores is known 1o involve
ing of synaptic weights in the hippocampus and cnriex

o Robins 2003; Nadel et al. 2007; Nadel and Moscovitch
et al. 2000). The multiple-trace theory of memory consolida-
the conversion of solutions evolved in working memory,
ical replicators, into more permanent topological rephcators
for synaptic resources.

randomly as Tollows. 1T a bistable neuron s given some depal
current, it begins to fire repeatedly, whereas if a bistable neuron jg
some hyperpolarizing current (in the correct phase), it stops firing
stale of neurons in the offspring laver is reset (i.c. all neurons are
polarized to switch off spiking). Activity gates are opened for A
perind from the parental layer to the oflspring layer, allowing tthS'[fi'.
neurons in the parental layer 1o switch on the corresponding ne

the vector of activities in the parental layer is copied to the offs
laver. Asinfigure 9.5, a8 [+1 EScan be implemented if the two layer:
their fitness assessed. the higher fitness layer is defined as the parer
the offspring layer is reset. Figure %84 shows the result of selectin
particular desired vector of activity using the above protocol.

Using Hebbian Learning

sle capacity for structuring exploration distributions emerges
limiting between-layer connections Lo a topographic map,
th a strong one-to-one topographic map and allows all-to-ull

Parant  Child & B nections 1o develop once a local (or global) optimum. has

- - 1 03] ED E:ﬁ .

that the optimum activity vector has been obtained and is
th the parent layer and the child laver. Hebbian learning is

4 |

J ] i ' ‘é 10 = ted between these two vectors (for all synapses except the
'I i Hin | E —— o-one topographic connections), If the activity veclors are
: o Hl| 2 . — 4 new cvnhﬂ_:unar}r run is Stﬁ]'!l:.‘d. lhr:r_1 copying ‘-I'-'l“ be
: HIll & ebbian learning that teok place in previous evolutionary

eneuron in the parental laver will tend 1o activale not only
ding one-to-one topographic neuron, but also other neurons
layer that were previously active when the optimal solu-
found. Oja’s rule is used to control the Hebbian between-
ipses; Figure 9.8b shows that if Hebbian learning is permitted,
olutionary searches can converge faster, because they have
revious evolutionary searches, The Hebbian weight vector
ed 15 shown in figure 9,8c.

1san and colleagues in Southampton have described a sel
oblems that are particularly well suited 1o neuronal copying
‘Hr:hh;'an learning (Watson 2006), and have proposed that
1C evolution™ can cffectively solve these problems (Watson
9). Waston's principle of using Hebbian learning to learn local-
Mg a multiple restart hill climber is general; however, the
3 Iﬁ!_?lil:amr may be the most plausible implementation of
el al. 2009), In these problems. there is interdependency
Problem variables because the fitness contribution of one vari-
gent upon the state of other variables. An archetypical

4——————————— 10 Gensrations
= ==
i Ead
(=] &
=

'I' 20

e ! WEIQ hm

Figure 9.8

Anvexsmple of dynamical replicators evalved o produce a desired activity ‘r’EilTﬂ”
without Helibian learming (A0 shows thit withan 10 generations (epch gonarifis
Toseconds), the desired activity vector can be selected for (hatlom lefl seque
parental liver setivities are shows on the Jeft (e, the Taver from which a copy
and thie offspring laver activitics are shown on the right. 1f the offspring lEyer
than the pazent then it is averwritlen by another copy made from the purant
fitter than the parent, at which point it tikes on the parental role, (B) shows:
faster discovery of the desired setivity veetor when the copying operiation was
previously tound solotion using Hebbian leprning, Hebbian learning wis undé
the copying connections between the parent and 1he offspring layer neuno
previous run had foune the correet solution, This was able 1o bias future explord
the capy operation towards the previously found salution. () shows the we
comnecting parental layer to offspring layer that arises due to Hebbian learming
contains neurons indexed 0 to 19, and layer | contains neurnns indexed 20-3%
the dinponal welghts sre the inftislly strong topographic weights These are naol
by Hebbion learming.
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Figure 9.9
An example of the HIFF problem. The genotype is divided into pairs. A transfer
5 applied recursively 1o pairs as follows: [00] &0, [1.1)4 L, all other pairs produce
(). Fliness i given for every (ar | produced. Fitness at each level is scaled expa
and summed 1o give total iness of o genotype. To see that the Giness landseape by
local optima, imagine sdding Ls fram lefi (o right tooa genotype of all Os,

| _|||

F prablem. Parental activity vectons (spanning ong epoch consisting of
copying events along the y-axis, and 16 hits along the x-axis) arc shown on
Leolumn (hlack = on, white = off), and offspring nctivity veclors are shown
‘each column of results. The number next (o each column shows how many
nr!d rus:..limgkh:ps {Le, epochs) hive elapsed. Hebbinn learning is only
st 1 penerations of cach epoch (e when @i most likely that o local-

example is the Hierarchical IF-and-only-IF problem (HIEEF;
et al, 1998}, illustrated in figure Y.9.

The lowest level of fitness contributions comes from looking at a
cent pairs in the vector and applying the transfer function and the fi
function. The transfer function is {(L0} — 0, {1,1] — 1, and all ath
types produce a NULL (N). The fitness function for each level just
the U and 1 E[.'ltl"lES, ——— iH. FrUdm:Ed b}l apquing the J A h:?'i'[; ;i:g?.{lll:ntﬂ{tﬁhlgftl|'|ﬂ1:')|‘;:::]|lljlirilil.cltlii-:.li"t:rI:ll:ljl_nllz:}%lllx_n;:I::;'Ih:lh:p;:::ll::r
transfer function to the output of the (irst transfer function. The: : Eﬂem“m Phic il weight matrix s shown on the botiam Jeft; (Right)
contribution of this next laver is apain the number of s and 15 sy eefore, exeapt with no Hebbian leaming. There is no improvement each

ety e i ! R L etlvity vectar is reinitinlized at ench epoch, The hest salution that is found
layer, multiplied by 2. This goes on until there is only one hight 4% optimun
fitness contribution, The fitness landscape arising from the HIFF pre
is pathological for a hill climber because there is a fractal lundm
local optima, which means that the problem requires eapunentlﬂl r
solve. Figure 9.10 (left) shows the dynamical neuronal replicatc
Hebbian learning applied to the HIFF problem. The Hebbian | :
of local optima allows the problem to be solved by biasing vand
such that partial solutions are not forgotten. [n the next secﬁunw
that a wide range of problems in cognition involving generative Cres
are of this type, and that rapid natural selection of dynamic neurs
replicators biased by Hebbian learning offers a pussible me!
for their solution. Figure 9.10 (right) shows a control for the
experiment in which there is no Hebbian learning. The H]FF Pm
is not salved, and there is no improvement after each reinitializatit
the 1+1 ES,

earch may be very inefficient in complex problem domains
H77). The same applies 1o unstructuréd hill climbing in any
0 problem with multiple interdependencics (Watson 2006).
hﬂm'-fﬂﬁlnﬂ 15 an example, [t becomes very slow in reaching
e, given a perturbation to a large and highly conneeted
h}" 1960). Many tasks for testing prefrontal cortex function
L... € a Structured search, In fact, often they can be solved by
- Consider Rougier et al’s (2005) model of a classification
em receives reward if it classifies a set of feature vectors
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ot know what neural mechanisms underlie human creativ-
.ms such as the Ninc-Dot Problem: “Draw four COnmtimuons
< connecting all the dots without hfting your pencil from the

qﬁtggur et al, 2001,

according to a particular element of that vector, The network g
cue instructing which element it should base the classification ype
slightly more complex version involves feature matching, that ;
MO (the non-linear exclusive OR logic function winLh returns. 1
inputs [0.1] or [LO] but returns 040 given inputs 1,1]) on
evant element pair in two feature vectors. Reward has the effect g
a stochastic search. stabilizing the activities in prefrontal cortey 3
unexpected reward is obtained, and destabilizing them if the syste
not pet an expected reward, Similarly, in temporal difference legp
{Sutton and Barto 1998) the network undertakes a random seare
by instantaneous differences in predicted reward, & cue defines
environments in which a different behavior 18 rewarded, Rnugjﬂ
task is fundamentally the same as the Stroop Task, in which the syb
must either name the word “red™ or name the color in which the)
“red” is painted. or the Winsonsin Card Sorting Task (WCST), 1
the =ubject must sort the cards on the basis of # particular feature dir
sion. Although switching is rapid. it can be achieved by random (
turcd) search in the space of classification dimensions, The author
that the svstem does not deal with generativity: “Generativity also hig
lights the centrality of search processes to find and activate the ap '
ate combination of representations for a given task.” They desm
mechanism as “random sampling with delayed replacement”™

Similar approaches have been taken by Changeux’s group (D2
et al. 1998) for the Stroop Task, but the language used to descri
process is different. They talk of stabilization (selection) of intern
representations by external stimuli. Configurations in a glohal
are stabilized by internal reward and attention signals {DEhEEI'.I
19us). Chialvo and Bak's paper “Learning from Mistakes” IfChiﬂ}_
Bk 19903 snd variants (Bosman et al. 2004) also describe a sirm
chastic hill-cimbing type of algorithm. Seung has explicitly desenb
process of reward-biased scarch in spiking neurons as stoch
climbing {(Seung 20013).

Selective attention in complex tasks {Desimone and Duncan 199
solving insight problems (Chronicle et al. 2004) may require
nism for structuring search. This is because for many problems
take too long to exhaustively search all possible solutions. and hill
ing may be inefficient due to local optima. Rougier et al. write th
important feature of future research will be to identify neural @ ;
nisms that implement more sophisticated forms of search” {<
et al, 2005),

of finding the right solution depends upon the representa-
ons, the vanability operators, and the selection algornithm.
that for most representations of the Nine-Dot Problem the
seape is rugged (Perkins 1995). That 15, move operators will
il "g*_amck on local minima, Some problem representations
oor as not to contain the correct solution. Several authors
insight problems require “restructuring of the initial problem
n” (Chronicle et al. 2004} or sculpting the response space
ncompass the goal state (Ollinger et al. 2006) because of
its that “prevent one from considering and evaluating the
lutions” (Reverberi et al. 2005; Knoblich et al. 2005). For a
 be an insight problem, performance cannot be explained by
gm. or exhauvstive search: for example, it has not been con-
lemonstrated that New Caledonian crows use insight when
to lift peanuts in buckets out of bottles. Simpler search
vbe sufficient for this task (Weir et al, 2002},

ople’s phenomenal concomitants to selving this problem are
undertaking trial-and-error search with constraint relax-
5, increasing the space of possible solutions, as well as hill
nprove some intermediate poal function. However, one
I not to assume that the brain works in the same way as
] “The ghost has been chased further back into the
_ t has not been exorcised” (Fodor 1983: 127). The moment
tantaneous, and the correct solution does not seem to be
sciously (Sternberg and Davidson 1995; Metcalfe and
Whl_ﬂ neuronal process may underlie performance in these
1 and Simon 1990; Simon and Reed 1976)7

bsed that a role for neuronal natural selection is to structure
| distributions in order to bias cognitive search. An explora-
ﬂ“ﬂ 15 defined by both the representation of solution space
€ sel. The example of the HIFF problem shows how the
distribution of a dynamical neuronal replicator can be
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structured by Hebbian learning. Hebbian learning allers only the g ' 'I'I'" ”
set, not the underlying representation of solution Space, not the ga I 1 .l'i.-
method, and not the fitness function. The neuronal replicator hypo _"_ | :| '_ . @ 'l.ll
proposes that the brain configures all these processes to implem_' i | S g
effective natural selection algorithm for a given search proh ‘. | !! o ® e
frame problem (Pylyshyn 1987) then becomes the problem of i bf =3 @O0 D

Ganolypa Fhenatype
(move probabiling} {actual moves)

choose an initial population of solutions. An example is providegd
of an idealized method by which a neuronal satural seiuctiun.alg E
could solve an “insight™ problem. o

Consider how to apply the neuronal replicator approach to the | E i
problem: 10 coins are arranged in a triangle, and the aim is ton g-:
triangle face the opposite direction by moving only three coins. -

E 1

T

Figure 9.11 shows a possible representation of this problem
that when the problem is defined o the subject verbally, the su
brain is capable of representing the positions of the coins as acti
of a vector of neurons. The fipure shows a simple representation eg
ing of a square neuronal matrix with coin positions shown.
sentation is capable of emulating various propertics of the real
as their relative spatial location, and constraints about how they
arranged. Assume that there is a population of at least two solu
solution is a probabilistic neuronal description of three coin m
implemented, for example, as a matrix of neurons with different
rates. When a solution is applied to the coin emulation, the emul
transtormed into the final state. Another neuronal system is then:
of assigning a subjective utility to this final state, The assignment
jective utility is not trivial, and depends on previous experien
subjective utility functions are used here. In the first,a simplifying
tion is made that subjective utility corresponds to the Hamming
from the correct solution. In the second, subjective utility is the maxi
number of coins corresponding to an inverted triangle convolyed
the final state of coins after three moves. Performance using both

e

-

Final State

! iy H\

tions was very similar. A potential solution consists of six pro 20,000 40,000 0,000 BO.000

transformation matrices representing which coin is to be moy
where it is to be moved. Other potential solution representatic
arise that are more or less likely to be fit; however, we do not

=

he Initinl und the desired siates of the L0 coins. {Top right} An example of the
HE chosen move, and the emulated coin pasitions for 3 moves that result in o

- i suronal replice . ; T
the mechanism by which an initial population of neuronal replic (Middle and bottom) An evolutionary run consisting of reinitialization of
Bvery 3000 generitions. Hebbinn learming is nol used between generations

first formed. A mechanism applics a solution to the emulator’s FEPE v
i . C : - e e : ifi the global optimum being reached. Some runs get stuck with an error
' ¢ ; » by choosing a valid coin to move; and o |y P £ Ledes - i
EﬂT.!L'.‘I[.I of the coin Pﬂhltlmﬂﬁ 11:" L|‘|!'H‘.I‘.-II'I}._.'_ a valid LCI_II'I { st | Lonnin the wrong plivce ). The intermediate and fnal coin positions are shown
sure it moves to a valid place. Because the solutions are mitid Ve the fitness plol.
domly according to a uniform distribution, many different co

Genarations
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maximization of information flow in the sensorimotor loop (Klybig
2007}, and maximization of mutual information between the fu
the past (Bialek et al. 2001 ). and these have been tested in robotie s
(Der et al. 2008), Alternatively, co-evolutonary approachs supge
separate populations of neuronal replicators in the brain may ha
ent functions. some units operating as fitness lunctions for other
act as solutions or as predictors or as perceptual agents (De Jop
Pollack 2tH13). In an almost evelutionary system, the function be :
mized in Copyeat (a program for solving analogy-based hmiglui;
is the aclivation of a canceptual network (Hofstadter and Mitche
which is effectively a neuronal network with neuromodulation
and Alexander 2002} and pating (Steriade and Pare 2007),

We return now 1o Aunger’s cluim that neuronal replicatos S
romemes) escaped the confines of the single brain and became ca
of being copied between brains (Aunger 20027,

- Germa

Performances

Language and Meuronal Replicators

Prions are an example of molecular phenorypic replicators. Py
can have alternative conformations; molecules with bad confors
(phenatypes) transform peptides with the right conformation into
with bad conformation (Mestel 1996), There is a direct phi
to-phenotype transmission, without modular copying of constit
which is in sharp contrast 1o the case of RNA, for which the phes
are correlated because the parental sequence is replicated. Inte:
further evolution of this mitially purely selfish system has been
by yeast where it transmils a certain phenotypic trait to the read-ths
of all three nonsense codons (Patino et al. 1996). The sequences off
are coded for by genes, 1t is intuitively clear that such molecular:
Lors can exist in a few alternative states only; hence they belon

cluss of Tirdited hercdimr}j replie::‘nmrs. . e v . tan be generated with a limited alphabet. Although it is
e he. p]?EnDF}’pI{.‘ rejEabors - e .heredlt}! 3 habets were superimposed on languages long after their

ik pmpusec% i st (DawkinE1976); altl:mugh th » the number of basic phonemes we use in any langnage is a

they are typically phenotypic replicators was recognized -unl_}l' We construct words using this set. Even the number of words

(Maynard Smith and Szathmary 1999). Consider, for exampl

ronal correlates of an understanding of Newton’s Second

teachers teach it to their students, there is no copying involved

ever, Copying would require the transmission of the syn_apﬁﬂ'?ﬂ

tion of the neural network storing the piece of information in’

There are reasons to believe that such a copying would pr

rekinn inheritance, (i} The Weissmanist segregation ol soma and perm
ot of memes passes through the pecformanee level, which is mosily absent
lar warld (Szathmiry 2002),

L

ult. Instead, the emerging hypotheses in the students are
rding to performance (phenotype), until performance in
ind teacher is sufficiently similar (figure 9.12),

‘with indefinitely large semantic coverage (Maynard Smith
_ﬁg‘?"l?gij. It is also digital, since an indefinitely large number

nt to ask whether the neuronal structures underlying lan-
€ replicators or not. Given what we wrote above about
licators, we believe the answer is affirmative. Memes are
_Hl::‘s'lmm inside brains and phenotypic replicators between
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:on of the above experiment was devised to test how a
oo one 2-D space (M) 1o another 2-D space (S) could be
first speaker slarts by being given a random one-lo-one
oints in M to 100 points in 5. As belore, 100 new points
ed to the speaker, The speaker decides what 1o say by
-ﬂlreg closest points in M to the new point. which leads him
sponding three points i 5 The speaker then uses some
f the positions of 5,. 8, and 5, to produce a new point, s.
() new § points that are heard by the listener, who uses them
 her set of 100 points in M, and the process iterates.

es compositionality as the degree of correlation between
en points in M and the distances between the correspond-
LA compositional map is a topographic map with ¢ = [,
n M — S map has ¢ = 0. For cases with the system started
am map and with a fully compositional map, the above algo-
stain only weak compositionality, = 0.3, with agents often
t M — 8 maps between generations. Thus a mapping
ibly inherited using the above algorithm. This was shown
ithere was no error-correcting mechanism acting to counter
ing errors in the interpolation caleulation.

s problem, Brighton introduced the obverfer procedure,
devised to study the evolution of communication, The
“introspection,” that is, when trying to produoce a signal to

Aceeplimg that memes within briins are also digital rEP'fUﬂt{}rﬁ]_
replication fram brain Lo brain is phenotypic, could one think of 4 g
tic molecular analogy? Here is one (Szathmadry 2000), Thers -
individuals. A and B. Take protein X from individual A, Sup
want to enable individual B 1o develop a molecule with the sap
notypic cffect (enzymatic function, [or example}. If gene trangg
A to B s not allowed, one then must have (1) some generative m
nism for proteios in B, and (2) some method for the assessme
netype. This comes very close to an immune system in B, The.
difference is that the task now is to produce “antibody™ Y, in in
B. that shares crucial phenotypic properties with “antigen” X
individual A Although both molecules would have sequences, it i5
unlikely that they would be close to one another in protein sp
Maynard Smith T970). In all probahility the pleistropic effects of th
prateins would differ. This is why cultural heredity is bound to be ip
and why cultural evelution is faster than biological evolution. By a
the transmission of language may involve the phenotypic l'.ftl:"
of linguistic constructions, inferred by a process of natural se
within the brain of the receiver,

Indeed, there 15 evidence thal compositionality in language ma
adaplition for phenotypic transmissibility, Henry Brighton in.
thesis (2003) describes an evolutionary model that was intended
onstrale that languages were constrained by the fact that they h
copyable. The basic task involves a conceptual space of a “speé point in M, the speaker works out which signal, if received
muodleled vs o 2-T3 surface, onto which 100 randomly positioned maximize the probability of its inferring the correct point
are assigned. Each point is classified into one of five classes. T ' 1€ speaker is thus using himself as a model of the listener. An
tutes the initial "concept” space. Then, in series, a further 1€ i method could be to use other techniques to infer the M — 5
fied points are presented to the speaker, The speaker classifies (the listener. By doing this (and by using new points to
based on the class of the already existing point that is closest D classification of subsequent new points. “production
point, The “listener™ has access only to the 100 newly classifi L tighly compositional (¢ = 0.92) and highly stable mapping
which are painted onto the listener's 2-D space. The list 4
becomes the speaker, and the process iterates, The questiond
can the pattern of classes over the 2-D surface be transmitted?

Because the sampling of the class space is stochastic, because
distribution of learners is biased. and because new classes
reintroduced once lost, eventually, after many generations, Of
class of points exists, having taken over the whole surface. ;!
more than one class type 15 not possible with this ntguﬁthm-n-.
hus reached one of five global asymptotic stable points. H.{"‘:“
system be modified o allow many classes to be stably transmitles

he relevance of these dynamics to phenotypc copying? A
Hlistic” phenotypic transmission algorithm may be insufficient;
Y& mechanism may be necessary o ensure that stable and
=S maps are copied accurately between brains,

Fwe have ventured into the domain of bona fide neuronal
the hope of extending the synthesis even further in breadth.
|
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jel development i von Kiedrowski's (Von Kiedrowski eroal, Z003)

We are happy to point out that while doing so, we are stapdin ‘Jw-ul
“ﬁg" mechanism whereby selectable nuno-robnls cen be eonstrocted in

the shoulders of Maynard Smith, Changeux, and Edelman, Wigh,
influence of these scholars we would have been unlikely 1o ArTivy
al an initil research program on neurcnal evolution proper,
hope, at ledst in the long run, to be able to contnibute to [hg::d'
the theory with our research program. From a general point g
is likely that this program will shed new light on evolvability, explg
distributions in evolution, and the interplay of Lamarckian and D
mechanisms, but strictly within the constraints of genetically b
lution of the component briiin mechanisms, We do not know
this will deliver. Maybe the particular neuroevolutionary mech;
presented i this chapter will not survive, but the general
program as such will, and in the future some neurohiologists wi
evolutionary biologists at the same lime. '

The replication mechanisms are proposed o exist at the neuronal
and not at the level of thought. The existence of noise is a majo
straint to neuronal copying of all kinds. Just as in the study of th
of life. it is a nontrivial guestion o imderstand how unlimited
could have arisen in the brain whennoise is taken into account (Sza
and Maynard Smath 1997). However, before the question of
addressed, it remains 1o be seen whether empirical evidence ¢in :
found for topological or dynamical nevronal replicators, ' -

1
,ﬂ,ﬁﬁm learning t the copy opueraton in s manner analogous (o the previ-
HIFF prablem allews evelution fostructure the cxplerntion distrba-
d o the structure of solutions found in pruviu_uzi!}* explored oplma. A
ving matris 1 urdated to represent 1_hr.- within senetype c'm'rcl_mmns
e heen reached (o genotype is Bl units in length ) and is used te bas the
subsequent evalution. However, since the system can find a global
gt Hebbian learning. this system i [argely redundant (see fpume 4120,
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Facilitated Variation

_Muf_ W. Kirschner and John C. Gerhart

¢ rediscovery of Mendel's laws at the trn of the twentieth
re was confusion about the source of variation upon which
fion was thought to act, and about the means by which this
d be inherited. By the mid-twenticth century much of that
id dissipated and a consensus view ol evolution, sometimes
Aodern Synthesis, had incorporated population genetics,
nd chromosomal inheritance into a robust maodel of evolu-
‘still missing were the cellular and molecular mechanisms
the generalion of the phenotype. particularly the anatomy,
nd behavior of multicellular organisms. How relevant such
understandings were to the theory of evolution was then
i I;gﬁ it 18 not impossible that molecular discoveries could be
: y fascinaling and irrelevant to understanding evolution,
Jopposite conelusion, that incorporation of these recent
velopmental understandings is indispensable for a satis-
:-ﬂf'@-vu]ulinn. I our view, evolution as o theory would be
thout understanding the nature of phenotypic variation.
was foreshadowed by Sewall Wright, who wrote in 1931:

Qf'mmpiﬂx organisms rests on the attainment of gene combina-
mmine a varied repertoire of adaptive cell responses in relation
5l ﬂlt[ims. The older writers on evolulion were ollen stapgered by
ity af accounting for the evolution of Ane details, for example,
2l all the hones. From the view that structure is never inherited
¥ m"’l}’ types of adaptive cell behavior which lead 1o particular ypes

nder particular conditions, the difficulty 1o 4 considerable extent
ght 1931: 147)

"ﬂ__lfhjmture of “adaptive cell behavior™ could not have been
Sewall Wright, recent understandings have shown us a
out how cells and organisms produce variation both in




254 Marc W, Kirschner and John ¢, 23

adl satisfying picture of evolution, Since the selected pheno-
ies its specific genetic alteration, evolution can be viewed,
s of population genectics, as & change of allele fregquency in
ver Hme, From equations with few varables the rate of
he alleles ‘and the size of the selection coelficients can be
: edicted.
ypic variation, on the other hand, seems to defy such ahstrac-
standard mathematical approaches 1o evolution, phenotypic
ﬁégumed to be well behaved in coupling genotype and selec-
Bi rolein evolution appears not to be limiting if indeed. as is
e .; aesumed, it is small in ils extent of change. it is copious in its
' d it is isotropic in direction—that is, of many. perhaps all.
h no relation to the selective environment (Gould 2002),
on by _-fh!:_ﬁnvii'unrm:m. then, is the creative loree. Genetic change
 measure and the cause of phenotypic variation, which per se

response 1o the environment and in response o genctie chang
discoveries since the 1970s have revealed a view of the natyre nf_
typic variation dilferent from the one assumed hy mn::!utic:nar}r'bj'ul
in the 1950 and 1460s (Mayr 1963). As we shall argue, these new |
standings require a reappraisal of the contention that natural se
is the sole creative force in evolution, Navelty arises from an int
between the properties of the organism and mutation under ¢
The nature of the developmental and cellutar circuits contributes
deal to the kinds ol variation that selection can act upon, We ha.?.r;.*'
marized these ideas recently, in a theory of [acilitated variation {Ki
and Gerhart 2008, Gerhart and Kirschner, 20073, We shall explal
the ongins of the new understandings and the understandings L
selves, and their implications for evalutionary theory,

The Problem of Phenotyplc Varlation

Vanution is indispensable Lo evolution: individuals in a populat
organisms inevitably vary shightly in phenotype. Some of these variati
are heritable, In the environmental conditions met by the pop :
some variant individuals reproduce better than others, due to their
table phenotypic difference. They are selected, and their offspring.
the genetic, and hence the phenotypic, difference. In the broad vi
evolution, all living organisms are related by descent from a first an
tor, and over the eons have diverged to diverse forms and adap
tunctions by the gradual accumulation of selected phenotypic varia
This picture of evolution is widely accepted: most of these prope
gor back to Darwin himsctl The most important addition, contrib
the Modern Synthesis in the mid-twentieth century, was the insightd
heritable phenotypic change requires genetic change, and that gent
chunge is random with respect to largets and the envimnmcnt.-ﬂ? ac
wits established as central, and genetic change was established
underlying cause of heritable variation.

Today, genetic change is well understood in light of our knowle
DNA structure, replicalion, rearrangements, damage and rep
the comparison of genome sequences, Genetic variation is intel
because it 15 al the start of the causal chain to new phenotypﬂsf".h :
it is random, beeause it is easily tracked by mating experimen
sequencing, and because it is easily expressible in mathematic
Understanding that genetic change generates phenotypic change
that the latter is selected upon, favorably or unfavorably, give

e so-called genotype-phenotype map, has been the major
ion of developmental biologists, cell hiolagists, and biochem-
e last decades, Can we now say something general about the
f mutation for phenotypic variation?

confront why evolution esplained solely by a yuantitative
L omits the details of phenotypic variation s a hmited view:
del does not aceount for how genetic change leads 1o pheno-
ey it just assumes that it does. Yet. with this omission, nothing
Labout the kind and amount of phenotypic varation, just that
ore than enough variety of kinds of vanation. From this
meomesno glimpse of how a hand or an eyve, much less a horse
yWas actually formed in evolution, When evolution 15 viewed
b, id scope, the individual events of selection and variation
the ¢pic story of descent with modification stands out, with
& of anatomical and physiological diversification. Then other
may suggest themselves: What was maodified, and by how
mple, when animals first walked on land? In novel traits,
ots new and some old, or is everything changed a little?
Eenetic changes needed for a modification of the phenotype,
lew? These questions beg concrete answers that cannol come
ting mathematical analysis. 1t is ol course possible that
¥ will emerpe about phenolypic variations: every case may
it But it is also possible that powerful generalities about
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ons and furmishes the gametes with information enhancing the
g. However, environment-specific variation would, in theory,
1 ,ge]ectmn much less important, Wersmann later refluted the inheri-

phenolypic varation can now be deduced from our medern understangd,
ing of organisms, especially their development and physiology, whi
will mean it is no longer necessary 1o relegate phenolypic variation
the background of evolutionary theory, ' of acquired characteristics by showing that the germ line conducted
Recent molecular insights to be discussed here indicate that the arg, ce, whereas the soma developed the traits on which selection
ism itsell plays a large role in creating the conditions for, and fm:ﬂita ; dd act, leading to the genatype-phenotype distinetion. Until recently
strongly, the generation of nonlethal and selectable phenotypic varig ~was no known mechanism by which physiological change could
tion. The assumption of the Modern Synthesis shared by many evaly dy change the genome. However, the discovery that stable marks
tionary hiologists today is that variation is nonlimiting, small in exten romatin can be inherited for some period of time has opened the
of change around the mean, copious in amounl, and isolropic, ; odirect effects of expericnee on the genome of germ cells (Jablonka
assumption has not been borne out by modern biological observations, b 2005). This mechanism was denied by biologists for a century,
Instead, over time, evolution seems to have crafted the kind of vanatm n e possibility has recently reemerged. Whether this could ever occur
that has e¢merped rom developmental processes. We present a set amarckian way, directing the environmental perturbation to a
concepts surrounding the generation of variation that we have unified in adaptive circuit, is still far from clear,
our theory of facilitated variation, intended to explain the connection A0-year period of confusion after Darwin, various evolutionists
between genolypic and phenotypic variation (Kirschner and Gerh variation the major factor in evolutionury change, some even dis-
2005), The theory has three major parts, ing selection. Proponents of orthogenesis saw evolution as a slow
To hegin with, we build on the unexpected deep conservation of pro- g out of an intrinsic development of the organism, with variations
cesses at the cellular level. A group of “conserved core processes™ is used ting systematically from within (Whitman 1919, In the narrow form
over and over i the peneration and operation of the phenotype. Wﬁ 1'&1:{3]'3 hingenglic Iaw naw;)hunm}rpu were added to the prwiuuu
argue that these conserved core processes have features that highly de:
constrain the generation of phenotypic variation by regulatory changes, : 5 (Hacckel 1866), Finally, some If."dTl}-' genetlc:sts thought that
although changes in the processes themselves are severely selected romutations, those of large effect, underlay species change (De Vrics
against, d
We then discuss some general properties of biological systems that
deconstrain phenotypic change. “ 1's original hypothesis with the new insights of transmission genet-
And finally, we arpue that physiological variation, particularly ﬂl% ulation genetics; and paleontology, eliminating macromutation,
variation used in embryonic development. is an important substrate for ected mutation, and acquired characieristics, Selection was restored
» i1 central place. Developmental hiology was not needed, and in all
Tness, nol much was then known about it, Within the Modern Synthesis,
tie change was required for a heritable phenotypic change, and
slion over time would shape the chaolic profusion of small pheno-
pic variations i into 4 phenotype favored by (adapted to) the selective
nditions (Gould 2002).
Blnning parallel 1o the Modern Synthesis was a less well-known
@-Eﬂ of ideas about phenotypic variation, now very relevant to our
“lar understandings. Baldwin (1896, 1902) reconciled aspects of
Iﬂ-ﬂ:k s and Darwin’s ideas in what is now called the Baldwin effect.
nals, he noted, have a great capacity to make physiological and
vioral adjustments to shori-term changes of the environment, and

The Modern Synthesis dispelled many of these ideas by combining

evolutionary change.

d
There have been several attempts to understand phenotypic changés
both within and in opposition to Darwin's ideas. To his lasting discredity,
Lamarck is remembered as giving the organism an all-encompassing m]_ /
in the generation of variation, The individual organism underwent ang:
tomical and physiological changes in response to the environment, ant
these acquired characteristics were inherited, Darwin first cunsudm‘ﬂ ;
variation to be random and small with respeet to selective conditions,
hut later moved wward Lamarck in thinking the organism responds

Premalecular Thinking about Phenotypic Variation
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1 or developmental adaptation, I true, this is profoundly impor-
trET&ETij reduces expectalions about what genetic change has o
. To undi.r'-.lzmd this idea "Ll'ld its cnn%quuu_u lull} it is

these reversible adjustments provide for marginal survival under long
term harsh conditions, allowing time for the emergence of new heritah
traits. In this view, physiological adaptability can play 4 role in facili
ing evolutionary change. Schmalhausen, writing in the 1940, CATT :
these ideas further (Schmalhausen 1986). He drew attention (o the rang o éﬂ]]i?, the place Lo start is where lhingﬁ change least: the core
of phenotypes an organism can generate when exposed to a range that have been conserved in their essence throughout much of
cnvironmental conditions: In his account, almost all that was new ;i
seemingly new trait was already available in the organism and evocah
by the environment, even without eenetic change, and was merely ;
bilized and enhanced by genetic change. Waddington, independent
the 19405 and 19505, developed similar ideas, under the name of “genet:
assimilation,” for the stabilization of physiological adaptations by genet
change under selective conditions. He produced substantial phenoty
chunges in Drosophila by enviranmental treatments (ether, heat, ete),
and then through selection obtained organisms (hat exhibited (h raordinary, but functional homelogy can run much deeper.
phenotypes without lurther need of the stimulus {Waddington 1 rvation was unanticipated by evolutionary theory. Mayr, for
Rutherford and Lindquist (1998) have recently carried these demon oy . did not think that similarity in structure, such as bal and bird
tions further by using molecular tools to uncover latent phenotypic v as caused by true homology. He thought that “many of the
tion, Mary Jane West-Eberhard {2003} has developed a thorough anal ategories are unnatural groupings of unrelated animals that have
ol the means by which selected phenotvpic plasticity can cuntributénl_ psimilar owing Lo convergence” (Mayr [963: 609), He went
evolutionary change, ' at “in the early days of Mendelism there was much search
Before the recent breakthroughs in the study of development, Daw ologous genes that would account for such similarities. Much
{1996) and a lew others called attention to the possibility of devel E een learned about gene physiology makes it evident that the
mental mechanisms that might change easily and spawn the radiati :
of animals, Key innovations had this quality; Liem {1990) drew atten -?w
to the special pharyngeal jaws of cichlids that have undergone a W
range of modifications related to the feeding specializations of the dive
species. Gould (1977) and others looked at heterochrony as evidenc ong about the relationship between molecular homology and
that development is organized in modules that can be moved in U ‘variation. Moreover, this is a very significant issue. The
relative to one another, giving different phenotvpes. Though thﬂ.mﬂc_i' uar {...'E-n'aiun: of many molecular components raises the question
wotld not change, the regulatory agents controlling timing would, election can be in creating new forms in evolution and of
Rafl (1996) and others noted that constraints on developmental me WHLCh it is constrained by what alrendy exists,
misms meant that organisms could not produce all varieties of phenﬂ_t}__'__' ttems of conservation scem (o siy something profound about
variation (Brakefield 2006), 2e has occurred in evolution. Change has not been uniforn:
The major conclusion about phenotypic variation that emerges | but has occurred in great and poorly understood waves
these studies is that when novelty is achieved in the course of varis on followed by stasis until the present (Gerhart and Kirschner
and selection. the novel trait may contain rather little that is new. 1nm. 5 the carly prokaryotes, pechaps three billion or more years
cases the components are largely unchanged, and the novelty rests @ Wivented” the processes and components of DNA, RNA, and
regulitory changes. such as in moving the expression of a genetic pr yithesis, cnergy production, synthetic metabolism, and the lipid
in lime, or stabilizing and enhancing what was already present asap mbrane, Since their invention, these basic biochemical

enes and Core Processes for Evalution

ative genome  sequencing and  biochemistry have revealed
fnm};._-::unservutiun ol protein structure and function seross vist
ic distances. W share 30% of our 21K genes with the fruit
pur genome is only about 50% larger, Protein sequence changes

serious misconception speiks 10 the weakness of the con-
ty knowledge of developmental biology at the time of the
ynthesis, Now we would say that Mayr could not have been
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1
processes and their molecular components have changed little, A .
two hillion years ago the enkarvotes “invented” the compartmentalis : of the phenotype. the animal’s development and physiology,
cell with an extensive tunctioning cytoskeleton, chromosomes, g pho:
phorvlation- and protealysis-driven cell eycle, mitochondria, and
signaling systems. That suite of cell biological processes also reﬁ;
unchanged today. Furthermore, waves of innovation in cell-cell in

ﬁa] components responsible [or penerating the genotype-
ap. Studies ol development have added a refinement to the
of conservation. namely, different parts of an embryo use

perhaps a billion years ago. Recent analysis of the Nematostella (
anemone ) penome tndicates that by the time of the Precambrian e
zoan ancestor, probably 20% new genes had been added to the ¢
toire retained from cukarvotic single-celled ancestors (Pulnam et
2007). New genes assoviated with phosphotyrosine-based sign:
along with cadherins, may have arisen as early as the ancestor shar
choanoflagellates and metazoa (King et al. 2008). Then, from Cambriz
times forward, further waves of innovation accompanied the emerg
of phylum-wide body plans among hilateral animals, lollowed by the
vertebrate fins and limbs or arthropod appendages more tecent
depending on the lineage we choose to pursue. There are episodes
innovation, and then the long periods of conservation of these fundas
mental processes, their components, and the genes encoding them.
Conserved core processes represent the basic machinery of the multi
cellular organism, specified for its specific diversified functions by reg
tory control. Thus the eukarvotic transeriptional machinery is a conserve
core process with many substitutable components. The actin-
cytoskeleton is another, and along with actin is a suite of highly
served actin-binding, -capping, and -severing proteins. The MAP Kin
pathway. the splicing machinery, the vesicular trafficking machinery, s nge, But what is it about these processes that makes them so
integrin-based signaling are all conserved core processes of eukaryo! fegulation? While a great deal of attention has been given Lo
Conserved core processes can be grouped hierarchically in developme oAl is the nature of the processes themselves (hat sets the
o generate composite processes. which in certain lineages are also o & of what can be generated by regulatory change; And this view
served as developmental processes. Thus aspects of the segment there can be constraints on change in the core processes (hat
system of inseets, made up of conserved core transcriptional and si slrain regulatory change,
ing components, are maintained in the entire arthropod lineage, and.
similar assemblage of signaling and transcriptional circuits makes up t
conserved core processes of the vertebrate limb bud. Laid on top of
are many specialized gene products which are neither conserved _
core, in that thev are not used over and over for different l"unclif!l
Roughly estimated. two-thirds of the genes of an animal’s genome il
encode components of the core processes (Waterston et al. 2002)
perhaps a few hundred processes operate in the animal as mod

et traits of the adull. While a few gene products may be unigue
sit. such as the specific forms of keratin in hair and skin, or ion
in the heart, most aspects of a trail are produced by some

mponents were generally deleterious and were removed by puri-
ection. This might imply that evolutionary change should have
ed by the accumulation of these conserved core processes.
illy, they seem to have facilitated evolution in terms of mor-
and physiological change, at least that is our conlention,
Jwe would imagine that the accrual of a large number of genes
n would be lethal. would have slowed [urther evolutionary
vestigating this facilitation of morphological and physiologi-
we asked what is the nature of these processes that might
d them to remain unchanged. and vet have promoted all the
atomical and physiological variation that Nourished in all the
all the animals since the Cambrian. We argue that the core

d at different times by regulatory change involving limited

Theory of Facilitated Variation

ed core processes are called forth in various combinations
'EIIIIE:S and places to construct the phenotype, They increase
; Which we have defined as “the capacity to generate herita-
;.‘;' ble phenotypic variation” (Kirschner and Gerhart 2005), That
May seem circular, but evolvability takes on real significance

5
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it we divide 1t into two components, the selection component amd
the variation component. The selection component simply refers g ¢
concordance between an orgamism's characteristics and the natyre
the environment. As such, there is nothing the organism cnnlrj. I
over time to the sclection component. 1t may reflect, for uxam;:'
resistance to heal that fortuitously coincides with global warming,
variation component is of more interest o us. We have defined the
tion component of evolvahility as “capacity to generate phenots
varialion in response 1o genolypic variation,” with special reference (g

cells preexisted in the normal circulation sugpested a very
wodel for generating specific variation in the immune system:
'n-preexiﬁted and the appropriate response was generated by
multiplication of those antibody-producing cells that interacted
'ﬁgﬁﬂ,

srammed variation followed by selection is widespread in cel-
: : D}rnamic assembly and local stabilization of microtubules
y all cells of every multicellular organism, as well as in
-enkaryotes. In this case an inpul of energy makes each micro-
phenotypic variation for a given amount of genotypic variation; (2) ; tymer unstable in a very special way., Microtubules undergo
minimizes the lethality of phenotypic variation: {3) it produces phe f growth and shrinkage in a seemingly pointless exploration
typic variation that 15 most appropriate to environmental conditi ic space. Yet because of the fast turnover of structure, local
even conditions never before encountered in the lineage (this fea n at the end ol a microtubule can appear to re-direct the
will be explained). The theory of facilitated variation is an attemp so that it is polarized toward the stabilizing signal. The local-
ition agents select a particular microtubule sub-population
o region of the cell. The resulting polarized array of micro-
ot generated directly, but selected one microtubule at a time
dly chanping unpolarized array. As a result, cell morphology
ptive. Although the microtubule protein is conserved, and
ally constrained, microtubule formation generates a diver-
il cellular morphologies cach time it s employed. Like
unity, much of this diversity is wasted in cach specific
t can find new uses in evolution,

Aoy processes as a core principle of facilitated variation con-
Il three attributes of the variation component of evolvability.
enerate phenotypic variation with a small amount of genetic
‘Because the physiological variation is engmeerced directly into
ﬂf;-_generaling every phenotype. To vary the phenotype, one

hiology in order to extract some principles thal would underlie the var
tion component of evolvability (Kirschner and Gerhart 2005; Gerha
and Kirschoer 2007}, Three of these will be deseribed below
(1) exploratory processes, {2) weak linkage, and (3) compartmentation.

Exploratory Processes

The idea of variation and selection and its retention through here
was a great intellectual leap by Darwin, Though hiding in plain 5
many other areas of biology, variation and seleclion was unapprecis
until it appeared in Darwin's and Wallace's writings. 1t always seen
be an explanation of last resort. A classic story of variation and select
outside of evolution was the discovery of the mechanism of adaptive
immunity by the Australian virologist Frank Macfarlane Burnet (18355
1985). The competing explanation for the immune response was form I 4 to penerate the variation, which is already buill into the
lated by the great chemist Linus Pauling, who thought that all antibod o erely to achieve a new selection. It also reduces the lethal-
were initially the same, bul on éncountering an antigen, they: Phenotypic variation because there is tolerance of imprecision,
induced to fold in a complementary way to neutralize the antigen Same mechanism for assembling a mitotic spindie can serve
binding. But when MacFarlane Burnet made antibodies to st:lphylﬂ' =0t cell types of different morphologies and, of course, cell
eal enlerotokin in rabbits, he found that there was a slow respo . D
the first injection but a much more rapid response to the second injecs i . cipate new morphologies: it can adapt 1o new states without
tion. and that response incressed logarithmically for the next
days. This indicated to him that it could not be that antibodies
being converted one by one by antigens, which might be expect
occur al a nearly constant rate, but that something, ]'.lrf:sl.lt]jﬂbl}r

Hpﬁ on the developmental level that exploratory mechanisms
"= 8een to confer evolvability. Much of metazoan development
HH€ Beneration of anatomical novelty, and often novelty poses
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special problems by requiring several simultancous modifications
achieve any function. Darwin considered these issues under “orga
extreme perfection” (Darwin 1859) and gave the best arguments:
could that this did not underming his theory. Yel developmental m
nisms now provide d better understanding of how novelty is establishg
{see chapter 12 in this volume). Behind every change of anatom
structure is a modification of development, which we now undnrstam_lf
a great level of precision. Exploratory processes and selection on a g ﬁf:d while evolutionary innovilion has continued, we are
lular and molecular level play an important part in this understandin ﬂ conclusion that it is the employment of these conserved
I we consider the evolution of the vertebrate mb with all its imp SETiE "pmcess:s in a wide range of combinations, times, and places
sive madifications, fins, and autopods, and their modifications into | jergoes the most rapid and the most consequential change
pers, hands, wings. burrowing tools, and so on, cach one seems (o requ pochs between th ¢ invention of new core processes, The
several simultaneous innovations. For example, the limb is defined. sgulation fill texthooks of ccll and molecular biology, but
the placement of cartifape and bone, but 1o function, it also rn:quirem seoncerned less with regulation per se and more with what
correct plicement of muscles, nerves, and blood vessels: Yet, the va esses regulatable. Mere combimatone juxtaposition of ele-
lar system, the nervous system, and the muscle system are all L.:-:pll:-ral “.dmmt does not assure vaniubional evolvability, The theory of
systems, The muscle precursors migrate from the trunk and take variation looks to those features within the core processes
positions relutive to the bones, even if the limb bud is experimen tate new combinations, and not just any combination, but
placed in an cctopic location. Limb buds can be transplanted to the h ions that are nonlethal and have a good chance of being useful
and the resulting ectopic limbs will receive muscle cells, The note ew conditions,
neurons are generated in superfluous numbers, extend axons from o 8 kige has emcerged as o central property of core processes thal
spinal cord, und innervate the muscles. If they don’t find muscle, | formation. Weak linkage refers to specific biochemical fea-
die off. like unstabilized microtubules. Later synapse elimination lormation systems in biology, where signals of low information
consolidation establishes proper connections. And the vascular syste e complex, preprogrammed responses from the core process,
fills all space, hiasing its random growth by its attraction ta hyf : pf the signal have a weak relationship to the specifics of
environments, generally without need for a road map. Our dema The term “weak linkage™ also alludes to the typically low
based vascular system is highly adaptive and even supports tum W specificity of the interactions between signals and
whose mass amd location are not encoded in the germ line. Without e first experiments to investipate the nature of gene regu-
mutation the plasticity and adaptability of the core dE\’EumU“m] p ]4 by Jacob and Monod in the |960s, established the princi-
cesses responsible [or muscle migration. nerve cell pathfinding dsimple molecule such as lactose can mobilize the machinery
angiogenesis can accommodate 1o major skeletal innovations dl‘l'!’ﬂ mplex enzyme to degrade lactose. Further studies by
heritable changes of regulation, Later mutations may perfect or stabi colleagues led to the concept of allostery. which provided
these circuits, but exploratory systems allay concern for the 'ﬂﬂﬂd $about how regulation can vecur on the protein level. Their
simultancous modifications or an improbable sequence with zero: ‘the notion that biological systems are composed of pre-
- responses with built-in mechanisms of autoinhibition.
it at the knife edpe of on-ness and off-ness, and simple
Weak Linkage ; signals can elicit very complex responses, To employ «
The molecular biology revolution that began in the 19505 was CisTE8 =SPOnsc in 4 new situation, the response does not need to
euishable by an intercst in how biological systems transmitted 10 kL Pr”T- from many fragments of molecular machinery, but
formation. Initially this concerned how information was transfer X ilize an existing state. In this way weak linkage has some

fonally from the genome Lo the proteins or, roughly speaking,
5 otype to the phenotype. Yet there is much more to the
an making a protein encoded by the gene, and in recent
hiology and now systems bielogy have been concerned
' }.:rmalinn Aows within cells, between cells, between tissues,

en organisms. With the realization that the number and types
jally the large number ol genes comprising the care pro-

negative selection,
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similarities to exploratory processes that have already created g g
that then needs 1o be selected. Signal transduction processes in cells
replete with switch-like molecules, such as GTP- binding proteing,
can flip between states driven by kinetic rather than thermody
means. This furthers the ease with which weak interactions can eng
large molecules, which in turnt can bind to sites on other large mole
that are themselves often self-inhibited. The transcriptional machiy
is rile with weak linkage. For example, binding of transcription fact
to the genome can mohilize eneymes that modify chromatin, *
factors do not themselves physically contact the core 1rﬂnscnpﬁ
machinery, whose modification is nol required to create a new inpu
oulpul relation, L

Weak hnkage probably exists on every level ol biology, though |
course our understanding of it may not be so complete and fundarm: i Juar organisms @ posttive innovation in one region could have
is it is on the molecular level. On a cellular level the basic biology) - nsequences in another, so-called “negative pleiotropy.”
neuronal transmission is an example of weak linkage. The neuron cop npart 'tatiun uf a4 very -tpr:ci!ic tvpe va-s'lhf fTICTEH’iE“. the pnwcr
nects many chemical inputs with chemical outputs often transmitted ov oty
great distances. To link these signals, the basic machinery of the netrg 1 tmentation has hLLl‘t the preferred strategy for increasing ana-
penerates two states, resting and active, which differ in their membr: versity while maintaining both gene number and the limited
potential. The resting state blocks the secretion of neurotransmitle ed core processes. It has u very specific meaning in devel-
has a negative membrane potential. The active state is permissive bialogy, as o special kind of modularity which makes wide use
secretion and has a less negative potential. The “weak” hinkage provis kﬁge. Each spatial compartment in an embryo is defined by
by the membrane voltage insulates the complexity of the input § of unique selector genes, which encode transcription factors
(receptors and ion channels) from the complexity of the output side ( s molecules that are expressed uniquely in that compartment.
secretory mechanism), so they do not have to co-evolve. With the gene can then “select” uny other gene to he expressed or
features new input-output relations can be established in one step, its compartment, This allows the core processes to be appor-
it is easy to install or remove receplors and ion channels without ret : T Usage in a specific compartment. For example, a process that
figuring the process of secretion. The contrast to weak linkage wo ‘proliferation in one compartment may cause differentiation
strong linkage. where every input would make its unique chemi th, or not be expressed. in a different compartment, depending
physical contact with its output. Not only would it be hard to ger ¢ has been selected 1o oceur there, The amplitude or timing
such input-output relations, it would be extremely difficult to multiple ponse can easily be modulated. Thus, different combinations
inputs and outputs in the same cell. sol the core processes can be engaged in parallel in different

On the even higher level of o developmental pathway, there m the animal (Gerhart and Kirschner 1997: Kirschner and
no better example of weak linkage than embryonic induction H05). For example, just changing the degree of proliferation
deseribed by Hans Spemann and Hilde Mangold (Spemann and Mang for much of the difference between the hind limbs and
|924). They showed that a small group of cells, the “prganizer,” @ Kangaroo, Compartments arise in the embryo, not at the
the whole axial skeleton, musculature, and nervous system of 2 Esl'.il:r'ul once there arc severnl hundred to thousands of cells:
brate amimal. This experiment inspired many efforts to understan ents may also form. The insect embryo is divided into
chemical basis of the signaling and tissue organization. The surpri Al contiguous spatial compartments at the germ band stage,
discovery of the 1990s is that the organizer accomplishes this repro On the developmental strategy, the entire complement of

plex morphogenesis by produecing simple chemical signals,
ol antagonists of bone morphogenetic protein {De Robertis
o5 anlagnnisw of course cannot instruct the organism how to
body plan, but they release a sell-inhibited process to carry
anetion. Thus the carly vertebrate embryo s provided with an
ibited process for gencrating its axial structure throughout the
Simple signals. which can easily be moved, replaced. or modu-
ne cit even the most complex developmental responses, wher-
‘are located. The ease with which simple signals can entrain
pcesses rellects the weak linkage and hierarchical nature of
signal transduction and transcription.
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compartments may not be visible al one time, though itis in Drosep by epression only in the lorelimb, effectively compartmentalizing

In vertebrites there are aboutl 200 embryvonic compartments,

One example of compartmentation is the difference between
hone-forming cells in the thoracie vertebrae, which Torm ribs, and
hone-forming eclls in the cervieal verlehrae, which do not. Both types
of cells perform the basic bone-forming functions, but they produce:
ferent structures. This dilference is inherent to the tvpe of cell, as 5
by transplantation experiments (Kieny et al. 1972), The differe
hetween them are due solely to their having ansen in different compg
moents with different selector genes. These region-specific differen
come close to Sewall Wright's example of the “adaptive cell behavi
of hone-forming cells, Similarly, Drosophila has a single program |
forming appendages: in the thorax imaginal dise this program pre
a leg. but in the head it will produce a hiting mouth part. Likewise, t
forelimbs and hind limbs and fins of vertebrates differ hecause of ¢o
partment differences. Compartmentation allows casy respecification:
function at spatiatly defined locations, It permits regulatory gene fun
tion. such as eis-regulatory binding sites for transcription factors, been characterized as a historical process driven by chance
evolve separately in different regions of an animal, thus facilitating _ cy. It has even been argued that replaying the tape of life
phenotypic variation, t be predictable and would generate vastly different outcomes
' There is, even among some, 4 kind of resignation that in
‘e chance plays such a big role, little can be said. But does
ean that we cannot say anything useful about phenotypic
or mayhbe even about evolution itself? In reviewing our book
ated variation (Gerhart and Kirschner 2007), the evolutionary
L Brian Charlesworth wrote:

'_fhgt weak linkage. exploratory behavior, and compartmen-
ajor underlying mechanisms that facilitate phenotypic varia-
.+ mechanism, which we have not discussed, is state variation
igmg physiological systems, an idea close to that of Baldwin
West-Eberhard (2003). All of these mechanisms are con-
they have the property of deconstraining change around
our analysis has focused on metazoans, we would expect
jar and different mechanisms that facilitate nonlethal viariation
Sranches of life. We now can begin to understand why the
atory tinkering with and recombination of transcriptional
genetic structures so often produces successful and nonlethal
nd why biology. based on core processes, is so regulatable.

=y

dence for Facilitated Variation

Many evolutionary changes, such as the specification of the vertehy
or the development of different functions of insect appendages, wou
be impossible to mmagine without compartmentation. The alterna
to compartmentation would be a completely different developme
mechanism for cach anatomical feature. The three inventions of
in vertebrates—pterosaurs, birds, and bats—each involved a diffe
compartmental modilication to achieve the common morphology ol
wing, a morphology dictated by aerodynamics. Recently Niswa
studied the development of the bat wing (Sears et al. 2006). The £

predictive theory of developmental genctics, our understanding
basis of development—however Tascinating and important in
Iden histary of what has happened in evalution—sheds little light
15 potentially available for the use of selection, As a result, it
ssible to evaluate the idea that developmental systems have

ing few genetic changes. The developmental evidence indicates t ! o A Fon
= S that facilitate varmtion useful for evolution. (Charlesworth

single protein, bone morphogenetic protein 2, is highly rzxpressed. in tl
bat forelimb as compared to the mouse, and may be the key evel _

bat wing evolution. The integration of these changes into the rﬂ_ﬂ e th and others set a high bar. They say that without full
the anatomy of the bat is a tribule to the exploratory hehaﬁﬂr_'_ « We have nothing, They seem to forgel that Darwin’s
physiological plasticity of the muscles, nerves, vasculature, and § Hot a predictive theory, nor was the cell theory, nor was
However, the restriction of bone elongation to the forelimb req umet’s clonal selection theory of immunity: vet by most
compartmentation of the regulation. Recent studies by {‘_‘rmuknﬁ-ﬂt‘ f_ﬂ'IESE were very useful. We do not have a completely
{2008) have identified a specific sequence in the DNA that uprﬂgl'] eory of the weather, but we understand the major features
the transeription of a gene that stimulates bone growth. This sequ! PULE Lo it. We have a quantum mechanical theory that predicts
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ections? Do they suggest that evolutionary changes depend

ds of processes that we just highlighted: exploratory systems,
‘ .e, and compartmentation? To nnswer these questions we

of a protein nmlLLuJ:. O even an armino acid, \LL the know I-.,dg,,: gle
from theories of the hydrogen atom has led Lo qualitative understandin
in chemistry including the chemistry of proteins. Charlesworth's ipe
tence on predictive theory is a red herning. Most theories in seieng
empirical and semiquantitative, These theories help explain phenﬁ 11)
and make rough predictions. That is our goal in understanding phen
typac variation. 11 1s a developmental genetic theory insofar as it expli
how heritable changes in gene regulation can be so effective in gen o, 1h
ing changes of anatomy and physiology. At this time, such consideratia Sone morphogenetic protein 4 { BMP4) and the greater width and depth

to real examples,

wov et al. (2004) explored the nature of anatomical variation
tion of the Galapagos finch beaks. In comparing narrow,
beaks of one species with the broader, cutter-like beaks

are of greal inlerest 1o systems biologists asking the gencral question ol beak. Similarly, in a subsequent paper they reported a strong
what properties a complex system must have in order 1o be able etween the level of expression of the calcium transducer
evolve. 3 | and the length of beaks (Abzhanov et al. 2006). The impor-

There is a general epistemological question of what constitutes pro nee af these changes beyond simple correlations was proven by the
in a historical field, when events such as encounters with asteroids MP4 and calmodulin to chick embryos locally where
absolutely important to the outcome; cven in statistical physics an ms. Additional BMP4 increases the width and depth of the
guantum mechanies there are limits on the precision of prediction and further expression of calmodulin inereases the length.
standard test of redoing the experiment, impossible though it is for L
lution, would not be guaranleed Lo replay the same scenes. even)
everything were the same. Charlesworth demands a predictive theor
but we seck a more modest poal, a theory that helps us understand
role of the organism in gencraling varation available for selection. !
wish Lo understand gqualitatively whether the produets of selectio ar
tempered in very important ways by the nature of the evolved develoy
mental processes. We wish Lo find oul whether these processes, as
are claborated in the metazoan lineages. serve Lo constrain evolution: enlarges, it also successfully articulates with the head. Head
change or serve to deconstrain it. We wish to know whether among th does not need separale regulation: il accommodates
profusion of cellular processes there are any rules as 1o what cha nge _' ¥ 0 the beak, thus enabling large chanpes without Tethality.
and what does not change in evolotion, and whether change is [acﬂllﬂ_ Elﬁhﬂl changes in BMP expression would be expected 1o
or inhibited. In thinking aboul the core processes of cell and develd Ty bone in the animal, it is likely that BMP changes in these
mental biology, we wish to know the conditions under which® Are restricted to the region of the heak by compartmentation
evolved, Finally, though these goals are qualitative, they should | ; ector genes, perhaps in the same wity bone elongation was
sifiable or extendahle, How would that be achieved? the forelimb of the bat. The exploratory nature of the neural

To verify facilitated variation, we may ask guestions of the new : ‘Bives rise to the beak and bone-forming cells, gives these
in comparative developmental biology. How are developmental & susceptibility 1o the surrounding and unlimited proliferative
cesses altered to generate new phenotvpes in evolution? Do the cha linkage most likely underlies the regulatory change. It
suggest that substantial innovation in anatomy and physiology is passi . tes the BMP pathway, so that it is readily perturbed by the
with easy-to-achieve senetic modification? Do they suggest that cel e ligand 10 change the phenotype while being robust and self-
developmental processes can reduce the lethality of change? D'-’-"_ 1d therefore reducing lethality of penetic changes in this
suggest that changes in certain dimensions are easier Lo achieve th

and lower beak in o geometrically simple way covering much
ved range of evolutionary change. It is easy for birds 1o
mutations that would change the effective level of BMP4,
through regulatory mutations one could casily alter the
Aranslation, control of scerction, and processing of the
receptor, and the secreted inhibitors of the receptor. A toler
rge changes is clearly seen in the chick experiments. The beak
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,The rensc of the same mechanism, even in widely divergent
ts that certain processes have the capacity to produce
glogies that are nonlethal and have been found useful in
ections. Some may also be tied 1o selected forms ol pheno-
| For example, regulation of another growth factor, ¢-Kit,
entation in both sticklebacks and humans (Miller et al.
e examples are of major quantitative traif loci (QTL) and
standing variation in the populations.

al genes of large effect challenge the neo-Darwinian
of small, gradual change throughout the genome, David
atory has studied the morphological innovations in the
[ferent Drosophila species. The protrusions of the cuticle

ics, and breeding experiments allow us not only to identify the ¢
that underlie morphological evolution but also 1o show how sig
those changes are. Stickleback fish have undergone rapid geograpiy
isolation and directional selection. One of the best examples is the moy
tonic reduction in armor (loss of dorsal spines and reduetion in pely
in-a 21.500-year fossil record in an ancien! Nevada lake, where preg
ably the population was not open to predation as experienced in |
ocean (Hunt et al. 2008). Yet the fossil record does not tell us huw:q
mutations were required and how readily phenotypic variation was
erated, Since the late 19704, as the waters of Lake Washington in Se
have become less wurbid, there has been a steady increase in armor in.
stickleback population, a reverse of the usual evelutionary loss of :
[n all known cases the loss or gain of armor is due 1o a hypomo
allele or normal allele, respectively, of cetodysplasin, a membrane-
signaling molecule that regulates cell interactions and differentiation
one level, this change in gene [requency is just what we would e Vi w. Thus these important elements of morphology are never
from a simple evolutionary model, bul the surprising thing is that t canvergence of different processes, as Ernst Mavr assumed,
level of this single pene can canse such uniform, nonlethal chang 'peatf:d change in the compartmentation of shavenbaby
body armor all over the organism (Kitano et al. 2008). It is really Sucena et al. 2003), Detailed molecular dissection of the
example of weak linkage, because the signals are information-poor, regulatory circuit for shavenhiuby shows that it is complex
they elicit a complex response, such as the spines on the fish. Evolutio containing common elements that limit expression to the
maodification is limited by compartmentation only to certain epi d elements that further imit the domain of expression.
that give rise to the bony plates. We have further genetic informats a hot spot for changing trichome position in one step. but
about the change in the large pelvic banes, which are reduced in trichome pattern that differs from species (o species appears
freshwater species, where predation is less severe. These speuiES_' ha enerated by a concrelion of small mutations that make
been separated a short enough time that it is possible by genetic ¢ ges in the location of trichome-producing cells. The elabo-
to isolate the gene responsible for the pelvic elaborations, It is a he morphological features of fly larvae comes from weak
seription factor, known as Pitx1, widely employed in cmbryonic devsl ‘compartmentation. Weak linkage provides the molecular
ment, and the heritable regulatory change affects its expression (Shap E’i’ihmh a single mutation can entrain an entire developmental
et al. 2004 ). Compartmentation, presumably through Hox selector ichome cell formation. in one step. Compartmentation tells
likelv limits the effects to the pelvic girdle, and thus facilitates the. 1y Tluw ‘organisms avoid pleiotropic effects, that is, how they
lethality of this variation. Utionary novelty to specific regions while avoiding detrimen-
Although today we have only a limited number of examples, it utside that region.

becoming clearer that recurrent use of the same mechanism occll nbegin to understand how extreme novelty such asantlers
widely separated adaptations. The pelvie reduction that takes pl .'¢U£ can arise, Antlers emerge from a special site on the
sticklebacks in the United States and Canadian lakes is pmbab]ya:ﬂ called the pedicle. that is formed by the neural cres
tion of reduced predation, but the pelvic reduction in the Scottish 07). The neural crest itself is an exploratory system par
is thought to be a response 10 a shortage of calcium. Yet both invoi¥ : mm‘ETHIGT'r taking clues from the environment. [t is multi-
localized suppression of Pitx] cxpression by regulatory means (€ BIVIng rise to bone, nerve cells, dermis, dentine, and other

| The difference in trichome distribution reflects the difference
- producing cells, which develop in all related species through
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tissues in the head, and it has nearly infinite reproductive Capacity, The 5 .
generation of antlers cach season is controlled by hormones and g ; tides. Ancel and Fontana (2000) showed that different sequences
likely by local paracrine lsctors involved in weund healing, These g by samg3 -D fold (the same phenotype) differ in their ability to
of low information content. initiate a complex process, as expected f w structures (ie., they have different evolvability). In a
weak linkage, The action of these simple Factors suggests that the p . 1y ,H]Dﬂ s group showed that the evolution of RNA structures
osteoblasts are sclt-inhibited, and await permissive signals. Finally, many of TJ'H.. LL} Llcmentq of facilitated variation, particu-
limitation of pedicle formation w a small region indicates that co i
mentation determines the location of these structures and assures.
permissive signals do not initiate antler formation anywhere e
response to global hormonal signals or commaonly available parg
signals. Thus antler formation, growth. loss, and regrowth, one of
maost impressive and bizarre forms of morphogenesis in mamma
most likely a concretion of commonly available activities put togef
by core processes facilitating regulatory variation by way of their,
linkage, exploratory behavior, and compartmentation.

There are probably no extant organisms that lack the key featu
facilitated variation, Hence, it would not be possible to establish)
importance of facilitated variation by comparing the evolutionary
of organisms that have it with those that do not. Mathematical mode
may offer the opportunity 1o ask “what-if" questions, which are no
sible in the natural world. such as “What would happen to the pr
of evolution if some of the leatures important for facilitated var
were not present?” There are three kinds of relevant mathema
models. The first are heuristic models; they do not aim to imitate bio
closely, but instead to examine the rules for facilitated variation
abstraction or by analogy. In o heuristic model Kashtan, Noor, and
ask about the structure of logical circuits that are generated by v
and sclection to produce a specific logical statement as an out
{Kashtan ct al. 2007) They probe how the initial circuil is set Up
how 11 alfects the rate of selection. They conclude that modularity.
variation in selection conditions give the most rapid convergence
eoil. Thus logic circuits that have been trained 1o adapt Lo different
hitve an inereased ability to adapt to o novel goal, asif these cireui
facilitated variation. have internalized their adaptive properties &
their structure. Kushtan et al. intérpret this in terms of weak linka '
reduced pleiotropy.

A second type of model addresses a real chemical or physical pra
to ask how the structure of the phenotype facilitates future evolutio
change. Here fitness landscapes have a chemical reality and the genot
is literally the sequence of nucleotides. Using RNA structure, whe

what about this biclogical system allows for adaptation
ty For instance, the polymenzation properties of micro-
shown to optimize their ability 1o search space within a cell,
g their ability to find stabilizing activities anywhere {Holy
' 9'94] The evolvability of pene regulatory networks has
probed in studies such as that of Hinman and Davidson

relationship between evelutionary variation and physio-
on has been examined quantitatively for hemoglobin evo-
als. This study provided evidence for how previous
hysiological robustness in hemoglobin might have paved
- evolutionary change (Milo et al. 2007). In all of these theo-
‘the focus is not on genetic variation or on sclection, bt
ties of bielogical systems that furnish a specific favorable
wotypic varation. Although not all of them discuss facilitated
uch, all indicate that the organism has special evolved
‘that support or deconstrain phcnolypic variation, given a
ount of genotypic variation. This is a systems approach,

"al:lnn and Evolution

wrate that “the most fascinating aspect of Darwin's confu-
onceptions concerning variation is that they did not
SO promoting a perfectly valid, indeed a brilliant theory

) (Mayr 1982: 682). Yet Darwin’s theory always needed Lo

d in mechanism, and many biologisis, such as Ernst Haeckel,
240, and William Bateson, responded to that very call in the
1€ publication of the Origin of Species. In the late 19th
t&“ﬁl of many young scientists was to prove Darwin right or
1y, the discovery of genetics offered a particularly impor-
ity to address an important weakness in Darwin’s theory,
'Years after Darwin's magnum opus, our understanding of
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genotypic variation is very sophisticated, but our understandinp of phe : . mutations leading to regulatory change are the most
notypic variation has lagged. This represents a major incompletene d. but the entire burden of creativity in evolution does not
evolutionary theory, not unlike the lack of understanding of heregg 4__ﬂ;n' selection alone, nor oo mutation alone. The complex
before the rediscovery of Mendel and before population genetics, type determines the kind and amount ol phenotypic varia-
For many vears we had little understanding of the nature or the freque ion will be based on new combinations, times, and places
of phenotypic variation is not surprising, given the complexity of the . unchanging core processes. The biological system has
and of embryonic development. But that has changed since the esponding physiologically, developmentally, and genctically,
1980s. Formulating the theory of facilitated variation was in itself 3 anses are elicited in many ways by mutation. acting through
for us, as to whether the curremt understandings of developm dification. This biases the Kinds of phenotypic variation
hiology, cell biology, and genomics can now make important contriby pen
fions to evolution, We think they can. o I ”-.-urganisnh The evolution of new forms of weak linkage,

We should probably think of the theory of evolution as based on: wion, is facilitated by constrained core systems that are
subsidiary theories: a theory of natural selection. a theory of her o acl. Sipnals can have very low information content, yet
and @ theory of phenotyvpic variation. Darwin succeeded in skete I
the whole picture while understanding only one of these, selection. Th
Modern Synthesis combined that understanding with the new :
the time) concepts of genctics. But the Modern Svnthesis did niof
could not incorporate any understanding of how the phenotype is g
ated. Yet. many evolutionary hiologists of that time were able to larg
iznore that problem by what looks today like an unconvineing argum
They asserted that as long as phenotypic variation was plentiful, iso
pic, and very small, such that significan! phenotypic change requis
summation of many small selecied changes, then Lthe process of phen  thi _}'_cnntribuLE to robustness on the level of the individuaal,
typic variation was never a miting condition. Or, as Gould put it,
notypic variation could not be the creative force in evolution. '
left for selection, But modern hiology telis us thal none of those assun
tions turned out to be true. Al one exireme, many mutations can.
the same kind of nonlethal phenotypic variation, so that one might:
that in some circumstances mutation is plentiful and not very ¢
In others it will be just the opposite. As the initial efforts toward:
standing facilitated variation suggest, the nature of phenotypic ve

g some have argued. Rather, these systems—though inter-
ed to change—provide more than compensating decon-
latory change, These views are not at all Lamarckian. nor
"'\\ ats of selection for future good.

on. Physiological adapiation and developmental programs
es selected properties that depend on previous mutations

LIt is not a gratuitous by-product because the same molecular
at allow for versatility and robustness in an organism’s life-
}' be =een Lo provide versatility and robustness over
long run when genetically encoded. Furthermore,
s.of robust physiology lead inevitably to the buffering of the
! uati:: variation, which in turn leads to the accumulation of
variation in populiations. In this way, the capacity Lo main-
rq al Phenotypic varation results in increased accumulated
on, which has long been argued to inerease the rate of
¥ change (Schmalhausen 1986),

_ of the Altenberg meeting was to consider the Modern
-Ji_EhT- of recent discoveries. The Modern Synihesis wis i
1] accomplishment in an important era {or evolutionary
ed today it is neither modern nor much of a svathesis, For
stool upon which evolutionary theary is based—penetic
ﬂﬂt!r’plh vanation, and selection—the Modern Synthesis

development, and we are finding that there are only a few core proc
and these rest on even [ewer rules of operation, '
There is no question that biology has made major inroads in 408!
the most important questions about how the phenotype is gen ré
These accomplishments have greatly enlarged our understanding
lution, but they have not undermined the previous '1c]11e~.-emEr]1
evolutionary theory. With facilitated variation, genctic change.
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could in its fullest realization provide only two legs, leaving an ung
scaffold. Fortunately modern biology, particularly cell and de el
mental biology, has contributed a lot to the third leg. It may not
exactly the way evolutionary biologists predicted in the 1940s, by
supports the same edifice. Furthermore, the three legs are supp
more than the theory of evolution. Theodosius Dobzhansky's
epigraph, “Nothing in biology makes sense except in the light of ey
tion™ (1973), has for almost four decades been honored nmre-..ﬁ-
breach than in the observance. Despite the appealing sentiment, §
none of the great mechanistic, cellular, and developmental advan Ci
biclogy since Dobzhansky’s comment have depended at all on kngy
edge of the theory of evolution (or, even more specilically, on the :
Synthesis), Yet Dobzhansky's epigraph is more relevant today,
other basis do we have to understand the strange admixiure of con
processes and divergent phenotypes that constitute life in general ang
the human phenotype and its pathologies in particular? If one reg
current papers in modern genomics, cellular biology, and developmi

biology, one sees a “shifting balance” from asking the question “W
can molecular biology do for evolution?” to the question “What
evolution do for molecular biology?” For this to be complete, evol
ary theory must expand to incorporate our modern understandi _
phenotypic variation. '
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Dyn. a_miﬁll Patterning Modules

stuart A. Newman

reanisms employ a varicty ol means 1o attain their
Different cell types are gencrated and deployed into
and the tissues they constitule are molded into three-

3MS
bgmizing this, however, provides no actual insights into how such
ge or evolve, The intracellular penelic mechanisms that
ere refined over several hillion years in the single-celled
e modern animals are not obvious bases for developmen-
cparticularly ones involving pattern formation and morpho-
provides an enormous challenge to the Modern Svnthesis
Lextent, to more broadly conceived Darwinian accounts
1565 in the evolution of multicellular life, since such explana-
¥ default incremental and sequentially adaptive.

Sele

Spemann 1. Mangold H (1924) Tber Induktion van Embryonanlagen durch fmpl ' A aspect of multicellular evolution that does have a discernible
artfremder Organisatoren, Bowx’ Archiv (e Entwicklungsmechanik LK SEA-63 : imicellular life is cell differentiation. Allhuugh we have only

Sucena B, Delon 1, Jones 1, Pavee F Stern DL (2003) Regolatary evalution of sha
over underlies multiple cases of morphological parsflelism. Nature 424 935—933., N
Waddington CH (1%53) Genete assimilation of an pequired  character, E'I-'Hl__
L 1E-126,

Waterston RH et al, (2002} Inital seguencing and comparative analysis of th
penome. Nalure 424k 320-502 B
West-Eberhard M1 (2003} Developmental Plastiesty and  Evolution. Oxfordi
University Press:
Whitman CCF (1919} Orthogenetic Evolution in Pigeons. Carnegie Institute of Wast
Piibtication no, 237,

Wright 8 (1931 Evolution in Mendelian populations Genetics 16: 97-159

1o examine, all unicellular organisms, be they bacteria,
s -*_f_l_l' algae, exhibit alternative states of differentiation, both
d irreversible, under different conditions (Pan and Snell
ek 2001; Ryals et al. 2002: Blankenship and Mitchell 2006;
207 Viamakis et al. 2008). This must also have been the case
elled ancestors of the Metazoa. that is. the ancient and

. etic states of all cells are determined by the dynamics
HPHOD factor-mediated gene regulatory networks (GRNs)
L2006). Such networks, containing feedback and feed-forward
e the transcription factors promote and suppress their own
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and each other’s svnthesis, exhibit multistability (Forgacs and Newn rremial motifs that were not products of natural selection.
2005). The systems can thus switch among discrete states, the num rved as its raw material, raises questions concerning both
stales always being much smaller than the total number of gengg and sufficiency of the mechanisms of the neo-Darwinian
organism’s genome. Since the genes that specily nontranscription ot thesis for the orgination ol ancient multicellular forms.
proteins and regulatory RNAs are themselves subject 1o Lranseriptiog g} .-,j;:e_'lr’ﬂrﬂl taxonomic groups, such as prokaryotles, protsts,
control, the alternative stable states of the GRNs speaily cell types plants, have multicellular members, 1 focus here on the
tinguished by extensive biosynthetic differences. the first place, the evolutionary history of the metazoans is
Any plavsible model of complex regulatory networks shows deseribed, and was initiated with remarkable rapidity
multistable behavior is inevitable. and therefore not necessarily _aq;ia' e Precambrian and early Cambnian periods (Rokas et al.
(Kauffman 1969; Keller 1995; Laurent and Kellershohn 1999; | ¢ et al. 2008). Second, development in all the metazoan
2006; Kaufman et al. 2007). Indeed, embryonic cells can be coaxed iated by a group of only a few dozen cell signaling and
differentiated fates that are uncharacteristic of the organ they are g factors, termed the “developmental-genetic tool kit”
mally destined to furm, and even of the taxanomic class from which . 2003). the members of which have been conserved in many

! ‘of a representative of unicellular sister clade of the Melazoa,
tive cell states; so that the resulting cell types contribute to the T ‘] oflageliate Monosiga brevicollis, has recently been sequenced
sm’s functioning, and disruptive or superfluous and costly bype _
suppressed, ' nd state.”” All these features make the Metazoa ideal for

But apart from generating new cell types. development must g i L he concepts mentioned, although by their nature the peneral
them in appropriately coherent spatiotemporal patterns (Salazar-Ciu
et al. 2003; Gilber! et al. 2006), Unlike cell type switching mech
however, mechanisms of developmental pattern formation an
morphopenesis cannot have existed before multicellularity: the pl‘{i
thiat generate spatial organization on the multicellular level are en
different from those which operate in individual cells. | IEEXtant Metazoa have classically been divided into the Eumetazoa,
vhich exhibit true tissues, epithelia with polarized cells, cell-
“— a well-defined basement membrane, and neurons and
g _d_-the sponges (Porifera) and Placozoa. which lack all of
entioned features. The single known type of placozoan,
@ﬁ?ﬂrﬂﬂs, contains several cell types and layers. But unlike
which exhibit gastrulation-like movements during develop-
lex labyrinthine morphologies) (Larroux et al. 2006), it
Mlat body without internal cavities. Recent sequencing of
"“ I adhaerens (possibly one of several species; Miller and
fas complicated this categorization, however, showing
have preater eenetic affinity to the Eumetazoa than the
B sponges (Srivastava et al, 2008),

In this chapier I will describe a plausible basis for the emerge!
key mechanisms of developmental pattern formation from ingrés
that existed in the unicellular world (Newman et al. 2006; Newms
Bhat 2008), This scenario, like the mechanisms of cell type swi
described abave, involves roles for certain molecular components
single-celled ancestors of multicellular forms, But unlike cell type
ing. it alse involves certam [ormative physical processes that cam
play only with the appearance of the multicellular state, The 1&
physical determinants (as will become clear) were not new 10 '[hﬁ
cal world, but rather became newly relevant to living systems in car
tion with a change in their spatial seale and cell-cell prnXimit}':

I sugpest that the ancient and continuing role of certain
mechanisms in the molding and patierning of multicellular a . tazoa fall into 1wo main classes. The diploblasts, consist-
has provided a fount of complex forms that could be selected and reil _' . & daria (e.g., hydroids and corals) and, traditionally, the
over the course of evolution, The all but inevitable emergence, HEE 52 comb jellies), have two epithelial body layers and true
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enes and gene products 1o mediate this function, However,

lumens. The triploblasts (chordates, echinoderms. arthropods, mollysl
i ﬂfM hirevicollis contains 23 putative cadherin genes, as well

elc.), mn contrast, have a third, mesenchymal, body layver. Recenp i
has partly revised (his scheme, suggesting on genetic grounds tk < e lectins (Abedin and King 2008: King et al. 2IH8). Both
Clenophora are not in the main line of the anmals; ::un‘suluung = satecules mediate cell attachment and aggregation in meta-
a sister clade of the Metazoa (Dunn et al. 2(08). p tems, although thev require sufficient levels of extracellular

Essentially all the triploblastic metazoan body plans emerged v i mga 5o, This may have been supplicd by fising oceanic Ca™
the space of no more than 20 million years, beginning about 535 m the establishment of multicellularity (Kazmierczak and
vears ago (Conway Morris 2(06), during the well-known Cam
explosion. Simpler sheetlike and hollow spherical forms (Yin et al, 20
and budding and segmented tubes {Droser and Gehling 2003},; o
beginning about 630 million years ago in {ossil beds of the Precamby
Ediacaran period. The full range of body plans of these enigmatic
1sms also seems 1o have emerged rupidly (within 10 million years)
the newly designated “Avalon cxplosion™ (Shen et al. 2008). Althoyg!
the affinities of the Ediacaran hiota and metazoan fauna have no b
resolved, Erwin (2008) has conjectured that the first Cnidana my
been holdovers from the earlier evolutionary episode, Modern ¢
and perhaps some of the Ediacaran forms. have a common an
in the Precambrian with the choanoflapellates, some of whose ex
members are transiently colonial (Wainright et al. 1993; Lang etﬁl:
Kang et al, 2003; Philippe et al. 2004),

A striking aspect of the metazoan radiation is the fact that a cor
sel af highly conserved gene products, the developmental-genetic
kit (which includes determinants of both cell type switching an
pattern formalion), has been used to a nearly exclusive extent (o gen
ate animal body plans and organ forms for the more than half a
years since the inception of this laxonomic kingdom {Wllklllﬂ: 2
Carroll et al. 2005). A surprising number of the tool kit genes, 11',[{31
some that have key roles in morphogenesis and pattern formatio
found in the genome of M. brevicolfis, an exclusively unicellular ch _
Magellate (King et al. 2008). As will be described below, a few ﬁ;:lﬂil 0
genes appear in the tool kit concomitant with the emergenee of
sponges, and a few more are found in the simplest eumetazoan
cnidarians. The Cambrian explosion followed with no more §igd
additions to the tool kit

How was metazoan complexity achieved in such a rapid fashi
an essentially unchanging set of ingredients? An early evolutiond
that was absolutely essential to multicellularity was the dcqlﬂﬂl_
unicellular antecedents of the capacity 1o remain attached to one
alter dividing. Standard evolutionary scenarios would envision

1989), “moonlighting” { Tompa et al. 2003 ), or. more gener-
tion” (Gould and Vrba 1981). By mobihizing the physical
ion, the homophilic cadhering and sugar-binding C-type
 single-celled ancestors of the Metazoa simultancously
q:;]_y.gal cell-cell function which mediated the emorgence ol
ity. The multicellular state then set the stage for additional
es [0 come into play, specitically those that pertain to
 the meso (or middle} scale: =10 pum in linear dimension
and Comper 1990; Newman et al, 2006). We have referred 1o
odules in which one or more of the tool kit gene products
sical processes on this scale so as to mediate the [ormation
tns and forms, “dynamical patterning modules™ (13PMs)
nd Bhat 2008, 2009),

: described in the following section, the DPMs, in conjune-
ype-defining and switching networks, transformed simple,
ogically solid cell clusters into hollow, multilavered, elon-
ted, folded, and appendage-hearing structures, They thus

dzar-Ciudad et al. 2003), some of which are used in all of the
taxonomic groups and others of which are used in most of
As noted above, the first DPM, designated ATIH {table
0 the formation of a multicellular cluster, Within such a
rall of the following can occur: the local coexistence of cells
ﬁ_]:l_'-ﬂ_uﬂ epigenetic state or type, the formation of distinet cell
et mation of an internal space or lumen, the clongation of
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Table 11.1
Names, components and roles i evolution and development of major metieoan gy,
patterning modules {DTMs) 4

apeuded on cadhering and lecting of single-cell ancestors

2 ;[ i izt S B 1 5 + . =
DM Moleculus Pliysical Effee Hole _ new function of cell-cell adhesion. Once this happened, a
ADH  cadherins ndhesion multiceliularity f arose in consequence: differential adhesion (DAD: table
DAD cadherins differeniial adhesion multilayering ‘of cells within an aggregate contain sufficiently different
LAT Molch lateral inhibition cnﬁxusmnrx of alte | adhesion molecules on their surfaces, there will be a sorting

_ e of more adhesive cells within lakes of less adhesive ones

POL., Wit cell surface amsotropy lumien formation. o ;
) . 31 Takeichi 1994). Random cell movement will cause the
POL, Wt cell shipe anisolropy tissuir clongation . i 2 fice 10 b estalilishicd o568 Which cal
MR TOGE-REMP; Hh, diffusion pattern formation, . Hesce nnld e J_LL > ?L o d.] e .“- o .H
FGFs mdugtion mix (Steinberg 2003 ), an effect with the same physical basis

TUR MOR = Wat + chemical waves periodic patterning i viration of two immiscible liquids, such as oil and water

B Motch : ) | : orgacs and Newman 2005). Whether cell adhesion differ-
o iR ::;ul_];::l:-:.::T:!.:“nn " ks 'd_BJ':nI}r. or in a controlled fashion {see below), nonmixing
ECM collapen; chitin; stiffness: dispersal and epithelinl elast e WIJI m':w{“bl}? form.

filbranectin eohiesion skeletogenesis; 'epitheli "

mesenchymal

transformaton n, and Choice Between Allernative Cell Fates

-clf morphologically complex organisms always employs
ition (LAT: table 11.1), whereby early differentiating cells
djacent to them to take on a different fate (Rose 1438,
; u “Gierer 2000). In the Metazoa, lateral inhibition is medi-
otch signal transduction pathway. specifically, interaction
ce receptor Noteh with members of a class of other inte-
e proteins (Delta. Serrate/Jageged. and Lag2: the DSL pro-
e ipands for the receptor and mediators of Notch activity
al. 2006). This mechanism does not determine the particu-
v cell, but only enforces the coexistence of alternative fates
1 the same cluster or aggregate.
pathway involves the translocation of an intracellular
€ Notch receptor to the cell nucleus as a consequence of
g a DSL ligand on an adjacent cell. The fragment converts
repressor of the CBF-1-Su{H)-Lag-1 (CS5L) category
ptional activator (Lai 2002; Ehebauer et al. 2006), CSL
not Notch) are present in fungi (Prevorovsky et al. 2007),
a3t and proteins other than the Notch fragment can modu-
: CSL (Koelzer and Klein 2003). CSL [actors are thus
Operated as dual-function mediators of cell state switching
{ led antecedents of the Metazoa. This capability, joined
- ALE, ﬂuact cell—cell) signaling in multicellular aggrepates,
ateral inhibition in animal embryos.

thi cluster, the formation of repeated melameres or segments, the: h
in state of one region of the cell cluster due to local or long-range
from another region, the change in stiffness or clasticity of a cel!
and the dispersal of cells while they continue to remain part of a
gral tssue (reviewed in Forgacs and Newman 2005). At the ﬂngm
Metazoa the DPMs implemented all of the above transformati
mobilizing physical forces and processes characteristic of viscoe
chemically active materials on the spatial scale of cell agglagat g
tissues. In physical terms, this is “soft matter” (De Gennes 1992) wh
is simultancously an “excitable medium™ (Mikhailov 1990).
In the next subsections 1 briefly summarize the properties of then
DPMs, focusing on how preexisting molecules served to bring o
one or another basic mesoscale physical force, effect, or proc
cells and cell clusters. | also describe how DPMs can combine spatio
porally so as to embody more complex physical phenomena (e
chemical oscillation, reaction-diffusion patterning instabilities)
play developmental roles. Each DPM is given a three-letter des
(which is also used in table 11.1). Additional details of the mo
and physical aspects of the DPMs are provided in Newman and
[ 2008, 2004,
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athways referred to, respectively, as the canonical and
Wnt pathways. In each case, the structural alterations ol
have novel conseguences in a multicellular context,
plticellular aggregales to overcome the morphological
f solidity and sphericality. We designate the DPMs involving
thway operating in a multicellular context as POL, and POL,

The choanoflagellate M, brevicofliy contains protein modules of
receptors, though not all are encoded in the same genes (Kip
2008} The morphologically simplest metazoans to contain the
receptor (plausibly evolved by gene shuffling in a choanofiagelly
ancestor) are sponges (Nichols et al. 2006). Lateral inhibition would haw
enabled basic cell pattern formation in these organisms, The placog
T. adhaerens lacks a Notch receptor, though il has Notch ligan
intracellular components (Srivastava et al, 2008} This may accouy
its heing morphologically much simpler than the sponges, despite hay
mitny more hilaterian-associated genes than the latter, |

nt genes are not present in choanoflagellates (King et al,
are found, along with genes for their Frizzled receptors, in
;;gﬁuls et al. 2004). These components are also present in
ivastava et al. 2008), Sponges, of course, have many interior
e placozoan Trichoplox, despite containing only four cell
arranged in three distinet layers, which is possible only
re polarized.

“embryes”’—small, hollow, cell clusters identified in the
- Doushantuo Formation in China (Chen et al. 20HM4:

Induction of Apical-Basal and Planar Cell Polarity
Since cell aggregales behave like viscoclastic lquid droplets (fevi
in Forgacs and Newman 2005), their defaull morphology is so
the topological sense (i.e. having no lumen), and spherical. Me
contain cells that can be polarized in one of two ways, leading the |
composed of such cells to form lumens or hecome elongated. L ‘al. 2006; Yin 2007)—may actually have been the definitive
can arise in aggregates of cells that are anisotropic along their s liest metazoans and metazoan-like organisms (Newman
(referred to as apical-basal (A/B) polarization: Karner et al, 200K 006). t is plausible that the origination of these hollow forms at
Specifically, when this polarization leads cells to have lowered adh : ion between the Ediacaran biota and those of the Cambrian
ness on one portion of their surface, they will preferentially a ased on the presence of POL,, which would have caused
their neighbors on their more adhesive (lateral) portions, Iea\-'mg r to develop interior spaces.

adhesive (basal) portions adjoining an interior space [ Newman tly, genes specifying components of the noncanonical Wt
Ampical-basal polarity is also important in layered Ussue arrang e not been reported mn sponges and placozoans, but are
where the affinity of one surface of a sheet of cells 1o a cellular o ] sEnbn the morphologically more complex enidarians (Guder et al.
lular substratum needs to be different from the affinity of its opp i), 1 sonable to speculate that the Clenophora, which despite
surface. eir early divergence from the Metazoa { Dunn et al. 2008)

Tissue elongation may occur when cells individually polarize in Sh ically more complex than the sponges or Placozoa, may
(instead of surface properties), a phenomenon called planar cell p DPM, via components of the Wnt noncanonical pathway
(PCP; Karner ct al. 2006b). Planar-polarized cells can mlchﬂFﬂIﬁ it mediators of PCP.
their long axes, causing the tissue mass to narrow in the direction p
Loy the cell’s long axis, and consequently elongate in the urlhngonﬂf i
tion, This tissue reshaping is known as convergent extension
et al. 2000; Keller 2(02).

Both A/B polarity and PCP are mediated by secreted factors
Wnt family, which interact in a paracrine fashion with receptofs
Frizzled family, Intracellularly, they depend on a polaﬁxalion»m
nism that extends as far back as the common ancestor of melazo8 Hon-dependent responses are termed morphogens (MOR;
fungi (Mendoza et al. 2005), Which type of polarization oceurs d : ; _‘ﬂ- discussed above, is a very locally acting morphogen,
on the presence of different accessory proteins with the A/B- an 98 dcts over longer distances (Zhu and Scott, 2004). The

radients and Activator-Inhibitor Systems

elled organisms have the ability to change their physiologi-
1] E&gﬂnsn to molecules secreted into the microenvironmeni
cells (Luporini et al. 2006), this effect has novel develop-
Ences when it occurs in a multicellular context, Secreted
act as patterning signals in metazoan embrvos by medial-
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n Cell State

1he introduction, cell states, including their “types™ (i.e., dif-
statES]. are determined by intracellular transcription factor-
atory sequence module-based pene regulatory networks
a5 sufficiently complicated GRNs are inevilably multi-
.#pp_rbprialc but fairly generic balance of positive and nega-
s will cause such systems 1o exhibit temporal oscillations in
of gene products ( Goldbeter 1996; Reinke and Gatlield
coordinated across cell boundaries by juxtacrine (eg.
w} and short-range paracrine (e.g, Wnl pathway} signal-
illations have the potential to drive morphogenetic change,
dodicalteration of adhesion in a growing system is: by itself,
"": the formation of segmented or partly segmented forms
993), which may explain the apparently independent emer-
entation in distinet metazoan lincages. We designate the
aciated DPM as OSC (table [1.1)

senome of the marine sponge Chsearclla carmela contains genes.

ing both these categories of marphogens and their receptors {N*I ;,
al, 20067, ps well as receptor tyrosine Kinases { Sudhop et al, 2004; Nie
et gl 2006, which in Eumetazoa transduce the effects of morph
such as FGF and EGE Morphogens of the FGF eluss exist in arthrg
chordates, enidarians ( Rentzsch et al,, 2005), and echinoderms ( R, :
et al, 20081 Although some components of the intracellular n
that mediate signaling by the TGE-f class of morphogens in Bup
are present in O carmela, morphogens or receptors of this type
seen unlil the appearance of the Placozoa (Srivastava et al, 200
Cnidaria {Holslein et al. 2003),

The ability of one ar a small group of cells w inflluence other cells
morphogens enables the generation of nonuniform cellular p
The function of morphogens is likely to have originally been tied to
physical principle of diffusion. Based on the time-distance-concentn
tion relationships inherent in macromolecular diffusion (Crick
such patterns would form over tens of hours on a spatial scale of 1)
[ mm. Although this is realistic for many developmental systems,
tion has often produced transport processes that are formally equis
Lo diffusion, but which. by using additional cell-dependent moda
are faster ar slower than the simple physical process (Lander 204

When morphogens are positively autoregulatory, that is, dis
mdireetly stimulatory of their own synthesis in target cells, they

nesis. Somitogenesis 15 the process by which blocks of
mordia of vertebrae and associated muoscles, form in a

he presomitic mesoderm of chicken and other vertebrate
expression of certain genes (particularly that specifying the

Hons then become synchronized by MNotch-mediated juxta-
laling (Giudicelli et al. 2007; Kagevama ol al. 2007; Riedel-
al. 2007). In conjunction with an FGES morphogen gradient
Al one end of the extended embryo, the Hest and associ-
ns provide the basis for the generation of somites in ver-
tyos (Dequéant et al. 2008). It has been suppested on
nds that the OSC DPM has an analogous role in the
'U:ﬁS{}mE arthropods (Salazar-Ciudad et al, 2000 ), and there
mﬂﬂtﬂl evidence for this in spiders (Damen et al. 2003)
iches (Pueyo et al, 2008).

gen sources. This tendency can be held in check, however, if th
tively autorepulatory morphogen elicits o mechanism of laterali_h]i _
{such as the LAT DPM associated with Notch signaling). In this
o zone will be induced around any peak of morphogen activity ¥
which setivation will not spread (Gierer and Meinhardt 1972; Meinh
and Gierer 2000). Peaks of activation in such systems can form onl
distances from one another at which the effects of the inhi
attenuated, This arrangement, termed local autoactivation-late
bition (LALI (Meinhardt and Gierer 2000; Nijhout 2003 MNe
and Bhat 2007), which includes the chemical pattern-forming sy A
described by Turing (1952), can produce regularly spaced spots @ : ﬂIll:.?.a‘t_mn of oscillations will coordinate cell sliate across
of morphogen concentration {TUR; table 11.1). In contempotd _— ‘-"'-'.F__“ﬂlrfﬁ even in the absence of other factors required for
zoans the TUR DPM has been proposed to underlie pattern fOTHEEES i Permitting concerted responses to a variety of develop-
of the vertebrate limb skeleton { Newman and Frisch 1979; Hents ; or this reason, we have proposcd (Newman and Hhat
al. 2004). the dentition {Salazar-Ciudad and Jernvall 2002). the C DPM is at the basis of the ubiquious but mechanisti-
perms (Jiang et al. 2004}, and the hair follicles (Sick et al. 2006)- phenomenon of the “morphogenetic feld” (Gilbert 2006},
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Extracellular Matrices
The DPMs ADH and DAD mediate the formation of “epjj
tissues and tissue layvers, defined as composed of cells that ﬂm:dp
attached to each other. The physical property of viscosity in epi'h
cell aggregates and tissues depends on the ease with which celfs
past one another while maintaining their often transient attagh
Epitheliond tissue elasticity is primarily a function of the C}’lﬂs |
since this makes up the bulk of the tissue, and its cohesiveness is g
mined by the foree (dependent on cell adhesion molecules) reqy Sl
separate the cells, .' y more elaborate than the sponges.

The ather major cell agpregate or tissue (ype, “mesenchyme™ s . anisms that are purely epithelial (cf. Clenophora,
posed of cells that are embedded in a secreted macromolecular : midaria) are structurally feasible. purely mesenchymal organ-
environment. the extracellular matrix (ECM: Comper 1996; 5 ' % structural integrity, and are therefore not likely to
L1.1). In mesenchymal tissues viscosity, elasticity, and cohesive 1 the triploblasts, which are simultaneously epithelial and
largely determined by the ECM. making them subject 1o a ¢ al. that all the DPMs (including several not discussed here:
physical processes not seen in epithelioid tissues. The ECM mo ‘Bhat 2008, 2009) can operate. For example. epithelia can
and the physics they mobilize thus constitute a novel DPM. fh' cing interstitial ECM. a developmentally important

Most metazoans produce the glyeosaminoglycan hyaluron “as “epithelial-mesenchymal transformation™ (Hay 20035)
n gastrilation of most triploblasts and in the fermation
crest of vertebrates. Triploblastic animals, which include
s s, annelids, echinoderms, mollusks, and chordates, thus
‘I:he morphological motifs potentially generated by what we
1'.1t|ie metazoan “pattern language” (Newman and Bhat 2009)

Setazoa ECM is employed in a more limited fashion, and in
mitive of these, the Cnidaria, as well as in the Clenophora,
arimarily 1o cement together the epithelial sheets of which
nisms Are constructed. A busemenl membrane endows an
.t with bending elasticity (Mittenthal and Mazo 1983,
' ,pamtiuing it to exhibit a range of folding, buckling, and
cls (Gierer 1977; Forgacs and Newman 2003). The other
stioned above (ADH, DAD, LAT, POL, cte.) also have [reer
epithelial context, making the ctenophores and the cnidarians

B

also produce network (Le., type 1V) collagen and laminin, which
components of the basement membrane that attaches epithelial
to mesenchymal and connective tissues, ECM proteins of all ty‘p
to cell surfaces via transmembrane proteins known as integrins, 48
ol which is specified in the M. brevicollis genome (King et al.
Although the Cnidaria, a cumetazoan group, appear to lack n
ECMs, genes specifying these components are found in the choanofl
late M. brevicollis (King et al. 2008), where their function is obs
in sporges (Nichols et al. 2006), where they serve a role similar
in the cumetazoans. M. brevicollis, like Porilera, Cnidaria, and Plag
alse has penes for hasement membrane components, Encludiﬂ_
of type 1V collagen and laminin, Again, it is unclear what func
molecules perform in the single-celled organism, or would have
in its common ancestor with the Metazoa, but they have cleat Y. 95
recruited Lo new roles in the multicellular context. A

Most sponge cells reside within an ECM called the “mﬂaﬂ_h_
which they bind via integrins (Wimmer et al. 1999). Spong
remodel their branched skeletal structures by the continuous l‘fm..
of their cells (Bond 1992), and their morphology exhibits envird
dependent plasticity (Uriz et al. 20013},

Niches

deseribed above, whereby novel forms emerged relatively
_"il_l'nbiiizaliun of previously irrelevant physical processes

ufar state (itself brought into exisience by the newly
ce of cellcell adhesion). raise the perennial specter of
- monster” (Goldschmidt 1940) and its presumed fncom-
H modern evolutionary theory (Gould 2002). Unlike
hypothesis that systemic mutations or macromutations
ne force of evolutionary innovation, the DPM-based

ore like exaptations (Gould and Vrba 1982) in that all
e penetic evolution needed for the mobilization of new
§ has already occurred by the time the DPMs are
¥. Since the resulting pattern or form would potentially
14 significant portion of the founding population, there
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gestion of a single, isolated individual needing to become
Lon its oWn.

; W, morphologically aberrant, subpopulations brought into
would be poorly adapted to the ecological niches inhab-
'ngjnaﬁngspﬂcies. But niches are not preexisting slols in the
ironment passively occupied by organisms that have the right

d be the case with DPM-based innovations) in multiple
‘population, there is no requirement for the new forms o

following form in the invention of new wiys of life.

y their nature are capable of being elicited by microen-
ge, the niche to which the new form would initially be
Ii5 the one that provided the conditions for its existence.
conditions are generally labile, however, and the most
‘a phenotypically plastic organism can found a morphotype
Lﬁf_::xwmalitiuﬁ is vin consolidating genetic or epigenetic
on for persistence of an environmentally induced
‘uusly termed genetic assimilation (Waddington 1961) or
odation (West-Eberhard 2003), can convert condition-
hological characters into products of evolutionary
evelopmental programs (Newman 1994: Newman and

(ﬁg’_ure:.l 1.2).

Figure 11.1 0
Schematic representalion of metsoan forms poteatiolly generated by single
Binatorial netion of dynamical patterning modules (1PMs). Cells are represen
unlly in the wpper tiers: the middle and Jowet tiers are shown at the scale
Beginning ot the top, single cells form cell aggregates by the action of the ADH
e, cudhering) merlule. The POL (polagity; Wt pathway) module has two i
apical-basal (POLL) and planar (PO, POL, cadses cells tolave different surfi =
ties at their opposile ends, leading to structurally polarized epithelial sheets |
within eell aggregates. PO, in eontrast, couses cells o elongate and intercalat
plane, which leads o converpent extension and clongation of the cell mass i
(lateral inhibition; Notch pathway) module transforms an aggregate of hom
into one in which two o more cell Ivpes coexist in the same aggregate, wh
sion of ADDH molecttles 1o different guantitative extents leads 1o serting out
of the differential adbesion (DAD) module. Production of diffusible molequles
morphogen (MOR; e.p, TGE-/EME Hh, FGF) gradieats which can affect 1
different cells Biochemical oscillation (O5C) of kéy components of the Mot 3
pathways, for example, in conjunction with the DAD module, ean geoerales
Appropriate feedback relatiomships among activating and inhibitory morphogens g
Lo pratterns with repetitive clements by Turing-type or similar LALL processes
action of mitogencsis (MIT) and apoptosis (APO] [TPMs (Newman and Bhit 2005
respectively add and remeve materinl (i.e., cells) [rom the system, reshapes SE
primordin, The seeretion of extracellulor matrix (ECM, &g collapen, fitrenectiies
cells OF into Hasue Spaces creales new micrognvironments for cell trunslocatt
mechanical properties in cell sheets or masses See Mewman and Bhat
additional details,

seribed here of the origination of metazoan morphological
m ﬁfS. and ultimately of body plans and organ forms.
'rom and complements the Modern Synthesis in several
to Levins and Lewontin (1985 232), Darwin's
evolution can be summarized in the following three

W'lthm 4 species vary in physiology, morphology, and
ciple of variation,
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a)

Figure 11.2 - v
Sehematic representation of evolutionary partitioning of a morphologically
tral orpanism inte distinel morphotypes associated with unigue genotypes (A)
tical primitive metazoan of the Precambrian is shown with a schematic re

[t= genome in the box below ik Developmental-genetic tooel-kit genes, both th
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semble their parents on the average more than they
Jated individuals: the principle of heredity.
variants leave different numbers of offspring: the principle

of form that is inconsistent with the first proposition, the

wﬁﬁliun, if “variation™ is not confined 1o those phenotypic

qe_tw&an individuals that are mdependent of  external
Levins and Lewontin intended their characterization of
ism to include only the more limited definition of varia-
mes clear in a later passage in the same work:

heories of historical chanpe were all teansformational. That s,
en as undergoing change in time hecouse each element in the
ent o transformation during its life history, Lamarck’s theory of
formational in regarding species as changing hecavse cach
m underwen! an mdividual transformation during s hile
ontrast, Darwin proposed a variational principle, that individual

mble differ from cach other in some propertics and (he
chiinges in the proportions of the dilferent types. There is a
s in which some variant types persist wlhile others disappear,
ol ensemble changes without any suceessive changes in the
nbers: {Levins and Lewontin 1985 86)

ng GRNz and (hose involved in form-and-pattern-determining
a5 shaded peometric objects; interactions between them, by lines
-&I:E organism’s form include the products of expression of s penes
M genomes o forms) and the phvsicechomical external envirenment
iting (0 forms from top) acting on its inherent physical properties. At

ton the organism is highly plastic, exhibkiting several condition-
that are mutunlly interconvertible (hlack horieontal arrows) (1)
ism in A after sume stobilizing cvalution, Gene duplication, muta:
led to genetic integration, development, and assimilation of some
reviously more dependent on the cnvironment. as well as some suly
nsed toward subsets of the original marphidogics] phenotypes
are still pene products and the physical environment, but the effec
ome \_‘l}tﬂﬂlf-'ﬂﬂd (smller, fainter arcows from the top) as developmient
srAmmatic. There s also causal influence of the form on the genotvpe
genomes), exerted over evolutionary time. a5 niche constraction
At gemolypes that are not compatible with the established form. Same
lerconvertible at this stage of cvolution. but olhers are nol ()
';:!Edl from those in B Further stabilizing evolution has now led
NE uniquely associated with its own genotype. Physical causition
ted, In this idealized example the forms have remained unchanped

mnnmnls for penerating the ferms have undergene extensive evolu-
: ‘j‘-:."{“mﬂli'-‘- Tepresentalion which is nol meanl 1o sugsest it the
Were idintical to madern ones, { Adapted, with changes, from Newman
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fifler GB, Newman S5A (2H7) The organismic svstems approich:
_uﬁ'lun!!:iﬂi'-"- ppendda. In Integratng Evolution and Development: From
o R Sansom and BN Brandon, eds) 25-092 Cambridge, MA: MIT

uniformitarianism. This is a tenet that Darwin adepted from th,
gists Hutton and Lyell, which holds that the natural processes g .
in the past are the same as those that can be ohserved to opern e _ R
Pregnt (Gid 1T, Clearty, physal lauiy and ek gl B K, e inal Design. Ind e Maldes, MA{ Wiy Blackwels
i 'mn:lmm:d c{'mstan'I i ?‘-’U!ﬂt!fmary iy DI, Oliveri I, Dornbos S0, Gae F, Ruffins 5, Chi H, Li C-W, Daovidson
S ]m:!mimg the: Metazoa. Howener, thicg Pll:“-ﬁun fossils from 40 to 55 million vears before the Cambrian. Science
physically hased plasticity of the cvolving forms will decrease o '

due to the progressive consolidation of generative pathways by
ing (Waddington 1942) or stabilizing (Schmalhausen 1949) se
(figure 11.2). As has been frequently noted (e.p., Conway Mnrﬁ'g:

| (1996) Extraceflular Matrix, Val 1, Tissue Function; vol. TI, Molecular
Interactions Amsterdam: Flarwood Academic Publishers.

) Darwin's dilemma: The realities of the Cambrian “explosion.”
enctions of the Roval Societe of London B361: 16011083

once the metazoan phyla were established more than half a billion yegs *."niﬁuslnn in embryogenesis, Mature 225; 420427
apo, no additional groups of similar grade emerged. Darwinian unif _ Jnnssen B, Prpic N-M (2005) Pair rule gene arthelogs in spider segmenta-

velopment T: 6E5-628.

i iThe Begulatory Genome: Gene Regulatory Networks in Development
dnd rev, ed. Amsterdam: Elsevier; London: Acsdemic Press,

) Soft matter. Science 256: 4954497,
quid O (2008) Segmental patterning of the vertebrate embryonic axis
AR2,

mitarianism would have predicted otherwise, i
The view presented here provides an integrated account of macre
microevolutionary change for the early phases of multicellular
more advanced stages of evolution, however, when plasticity will |
prevalent and stricter genotype-phenotvpe associations becos
norm. the mode of incremental modification by adaptive selection
tured in the Modern Synthesis, all of whose tenets are entirely con:
with the DPM framework, will come Lo assume a poverning GO, Sprensen MV, Haddock SHID, Schmidi-Rhacsa A, Okusu A,
eler WO, Maortindule ML Girilet G (2008) Broad pliylogenomic

Drganlsnml Chilﬂgt‘. 5 ‘tesolution of the animal tree of e Nature 452 745-744,

PiArine AM (2006) Notch, o universul arbiter of cell fate decisinns

B JG (208} Synchroneus agerepate prowth in an abundant new
organism. Science 31% 1661662,

,Matus DO, Pang K, Browne WE, Smith 84, Svaver E, Rouse GW,
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n of organismal forms consists of the generation, lixation,
henotypic characters. The Maodern Synthesis concen-
. adap[iue variation, cssentialiy avniding the problem
lex morphological traits originate and how specific combi-
its become stabilized as body plans. This variational bias
tn Synthesis theory derives from three assumptions neces-

eatl populations, and natural selection is the sole factor that
henotypic solutions, which, by the same token, are all
re. since all its starting points are variational, the
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‘concentration of standard evolutionary theory on varia-
J m of innovation has not escaped attention. Darwin
nding to some extent to Mivart’s eriticism, had mentioned
Casions that “characters may have originated from quite
uses, independently {rom natural selection,” and one of the
of the Modern Synthesis ealled innovation “a neglected
vite of its importance in & theory of evolution” (Mayr
tsen, among others (c.g., Rensch 1959), acknowledged
“new differentiations” and suggested considering devel-
e reactivity” as its source (Schmalhausen 1949), but the
success of the population genetic approach during the
g the Modern Synthesis all but sidelined the issue of
more rewarding to calculate the variation of the exist-
L0 puzzle over the origination of the unprecedented.
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o all changes of form “variants.” irrespective of whether
ore actually based on the variation of a character already
e primitive condition, Accordingly. morphological novelties
ajor variants.” without any need for further criteria that
e 1o distinguish innovation from variation. This was per-
g as the theory treated evolution as a statistical relation-
sen genetic variation and phenotypic change, but the turn

sechanistic explanation of phenotypic change introduced by
~ant that innovation and novelty could not just be treated
way as variation (Miller and Wagner 1991, Miiller and
2005b; Salazar-Ciudad and Jernvall 2005). Two major prob-
ematypic innovation were identified: (1) the first origin of
fic combinations of structural building e¢lements (body plans)
rtion of new clements into existing body plans during

During the past few decades, and through the rise of Evg
particular, the situation has changed. Some of the central lenets g
Modern Synthesis have come under scruting, and new insig‘hﬁ
gained acceptance: phenotypic evolution is nol always gradual (El¢
and Gould 1972; Pagel et al. 2006); not all traits are necessarily g ’
{Gould and Lewontin 1979; Alberch and Gale 1985); and the raja);
ship between genetic variation and the phenolype is far frum'
simple or direct (Altenberg 2005). Rather, a complex apparatus of
opmental transformation intervenes between genotype and phen
and the science of EvoDevo has begun to elucidate the evoly
roles of this apparatus, This has made it possible to begin to
suite of problems at the phenotyvpe level of evolution that were:
by the Modern Synthesis approach, such as the origin of struct
plexity, biased variation, rapid change of form, and others (M
MNewman 2005a), the problem of innovation fguring prnminenﬂ}*"
them. Since the early 19905 a rising number of research pape
views in Miiller and Newman 2005b; Mozek 2008), books (Niteel
Margulis and Fester 1991; Schwartz 1999; Miiller and Newman
Reid 2007), special issues of journals (Miiller and Newman 2ﬂﬂ5i§
doctoral dissertations (Love 2005) have focused on evolutionaryin
tion, addressing both empirical and conceptual themes.

Several essential questions arise from the treatment of innovati
special subject in evolutionary theory, Foremost, do phenotypic
exist at all, and if so, how are they distinguished from ordinary
variation? This is of central importance, because if novelties me
resented a special case of variation, no major ¢consequences for evo
ary theory would ensue. Moreover, if a distinction between pheno
variation and innovation is possible, are the underlying mcb],i_ |
the realization of innovations also distinct, and what is the role o
opment in this process? And. finally, does innovation have specl :
sequences for the patterns and dynamics of organismal evolution:
present chapter explores these questions from an ¢pigenetic perspe
{see chapter 7 in this volume for a characterization of the mar
epigenctic research) and summarizes the conceptual contributionsE
innovation approach to an extended evolutionary synthesis-

he Precambrian-Cambrian boundary, a period during which
ty of clade-specific anatomical architectures appeared in what
ically, like # burst of forms. Even though only around 33

may actually have originated before and during the
osion (Valenting 2004}, indicating that a greater genera-
had existed than can be deduced from present forms. Still,
b ,_F ody plans ever produced is minute compared with the
s that are differentiated elaborations of the basic sel.
& peculiarity of the evolutionary problem of body plan
ot covered by the variational approach to evolution.
ited array of basic anatomical themes?

¢ pre-melazoan organisms from which complex forms
¥ possessed genomes, the anatomical assemblies that consti-
gtazoan body plans were not built directly from genes, but
combined as a consequence of their physical properties,
rt, mediated by gene products. Hence these structures
diate results of genetic evolution, but represented an
msequence of cell and tissue organization, The recent atten-
Stomparative gene expression in the embryonic develop-
P b“di" architectures (Carroll et al, 2005; Davidson 2006;
. ddresses the problem at the level of extant pene regula-
At is needed for an understanding of primordial body plans
¥ of cell and tissue assemblies that can physically result

i

The Variation-Innovation Distinction

In the standard scheme of evolutionary theory, the problem of ph
typic inmovation, if addressed at all, was treated as part of the:
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Table 121
Classification of murphologeal novelty

Bl type lll novelties

type T novelty Primary anatomical architeciure of a metszogy
Lype 1L novelty Discrete new element added Lo 0 existing h:ﬂ
type 111 novelty Major chanpe of an existing pody plan characler

from differential cell properties. Only the consideration of the rule
determine the generation of macroscopic tissue components ga
a mechanistic explanation of body plan evolution. The molec
cellular mechanisms underlving this aspect of innovation, also.
to as the “orgination problem™ (Miller and Newman Zﬂﬂiﬁ
topic of chapter 11 in this volume. Hereafier the origin of the
architectures ol metazoan body plans will be called “type T noy
(table 12.1). 1

In this chapter we concentrate on a second problem ufinnu\fi“
occurrence of morphological novelly in established metazoan
Although they were previously regarded as rare events, comp
the multitude of phenotypic changes realized through the var
existing parts, recent literature indieates that innovations are i
guent than usually perceived (Erwin 1993; Jernvall et al. 199
chapter 13 in this volume), Higher taxa originations are often
with newly introduced features that are added to, or individualis
the established body plan of a lineage. Again the question is
vartation but one of innovation, that is, given the existing ba
ture, how could unprecedented elements be added if variatio
only mechanistic possibility?

In order to approach this question in a meaningful way,iti
to determine the actual phenomenon that requires explana :
whil constitutes a phenotypic innovalion or a morphological
Are any definitions at hand? In the vein of the Modern Synthe
problem was usually avoided by defining novelty at a function:
in Mayr (1960), who proposed that “tentatively, one might res
designation ‘evolutionary novelty’ to any newly ﬂcquirsid_
property which permits the assumption of a new function.”
definition recognizes the scientific problem but makes it im
distinguish between quantitative variation and qualitative 0
since both can permit new [unctions,

To grasp the phenomenon of novelty in phenotyp
guantitative change that is based on a progressive tra

ype T1 nowelties (discrete new clements such ss avian feathors, the turtle
organ of fireflics) and (B) type 111 novelties {progressive individual-
mittwhal tusk ar beetle horns).

0 be discerned from the appearance of discrete new cle-
& not continuous with an individualized precursor element.
ET can represent & major morphological or functional
MY even amount to a “key lnnovation™ in phylogeny, or
cal novelty (apomorphy), a precursor organ always exists,
1 or a horn, which may be progressively modified until it
distinet character (figure 12.1b). In such cases, termed “lype
ble 12.1), even though a distinet novel [eature has formed,
element or structural unit is added to the general body
HI‘-'I' 1!-"Et{'iat'iclra--s::]E::ti-:‘m mechanisms suffice to account for
: Qtal1vc change. Accordingly, later definitions held that

Hes represent deviations from quantitative variation and
_ \'51 differences in development (Miiller 1990; West-
albeit without establishing an operational criterion for
Of novelty. This is also not accomplished by the term

ic evD_h!ﬂ'
nsio
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“key innovation,” defined as a novel trait that permits the g-,;;pl'
of a new adaptive zone or facilitales species diversification (Liem 1
Cinlis and Drucker 1996}, F X contributing to the skull. Even in higher systematic clades.
A criterion excluding the type L1 variational characters; op ¢} B ents to the basic skeletal organization appear, such as
that deviate only quantitatively from the ancestral condition, 1.5.- ones in cetaceans, extra “digits” in pandas, the navicu-
duced by a definition based on the comparative character en;
]mmulu_ﬁ_y. The definition states that & morpholegical novelty ig #
constructional element in a bodyplan that neither has a homa
counterpart in the ancestral species nor in the same organism®™
and Wagner 19913 While this definition excludes the cases of
quantitative change of a preexisting structure, it applies to all §
which no individualized precursor element had existed, as we
those cases in which a new character arose through combina
subdivisions of previously existing elements to form a new unit or el
of the body plan, that is, a new homologue or type 1 novelty (tab
Any further consequences associaled with the new character,
funictional, phylogenetic, or taxonomic, do not play o role in ﬂng
tion of noveltv. Although it can be arpued that the definition is na
{e.p, Moczek 2008), it permits the idemtification of unambiguousy
of type 11 novelty, not only in morphology but also in physiolg
behavior (if the erm “constructional” is adapted correspondingly), b5 of Type |l Novelty
detailed discussions of novelty definitions and the associated pro ’f
homology can be found in Miiller {20030, Miiller and Newméan | 201
Minelli and Fusco (2003), Love and Raff (2006), and Moczek "' i iced into an existing character assembly (body plan) are
Among the range of cases of phenotypic novelty that satish |
homology-based definition (figure 12.1a), and whose developm
known in some detail, are the lurtle carapace {Gilbert
Moustakas 2008), avian (and theropod) feathers (Prum and Brus
the corpus callosum of mammalian brains (Mihrshahi EDEHS]
cheek pouches in rodents (Brylski and Hall 1988), urthT_E!'E
{Williams 1999 Minelli and Fusco 2005}, insecl wings { Averof a : Iy modifications to developmental svstems (Milller 199k
14497}, butterfly wing patterns (Nijhout 2001}, the lantern Orgar : |
flies (Oertel et al. 1975), cephalopod brain ganglia and arms
20031, and Noral organs in plants (Kramer and Jaramillo 200
more examples, though usually less understood in their devel
detail, can be found in paleontological and comparative surveys
1990 Erwin 1993; see also chapter 13 in this volume). _
A particularly rich source of cases of novelty is the verteb
ton. Vertebrate evalution can be described as a series of ad_
elements to the axial skeleton (which in iisell rcpresenled a VEIEE

such as the additions of upper and middle limb, wrist,
of pelvic and shoulder givdle elements, and of the

etic and cellular innovations that permitied the formation
tissues enabled the developmental Tormation of these
the question of phenotypic novelty 15 why and how these

Vi)l

nelude that the individualization of existing phenotypic
to type 111 novelties, which can include major functional

notypic novelty that implies the emergence of new unils
0, standard wvariation cannot be considered their source;
welties require a distinet explanation,

5, cells, tissues) that are mabilized during evolutionary
volution acts upon highly interconnected, dynamical
opment, the reactions to change in one of their compo-
will affect other components that were not the tiargel

tfor evalutionary innovation, but rather that type II
151 systems reaction that does not belong within the
tion paradigm. Below we will examine some of the
£ SYstems properties responsible for novelty generation,
- -“5_311?- of innovation, West-Eberhard {2003) made the
101 between “initiation” and “sources” of novel traits,
Ponding to what had earlier been called ultimate and
on (Mayr 1961), We follow this argument in differen-
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&

ssure plays a negligible role in the emergence of evolution-
(Mayr 1960}, it remained a standard Modern Synthesis
olecular evolution as primary; and phenotypic evalution
‘More recently, the classical notion of independent, incre-
Jocus mutations has been replaced by gene duplications
| gene regulatory change (e.g.. through promoter muta-
& basic idea that genetic evolution propels phenotypic evo-
d.and hence may also be responsible for major phenotypic
alive (Arthur 2001; Davidson 2006), By contrast, recent
that gene duplications increase mutational robustness
ental system's ability to withstand mutations, and thereby
lution of innovations (A. Waaner 2008). Hence the
robustness may represent an important background condi-
eration of novelty.
d phenotypic plasticity theory have recently focused
wother potent initiating factor: the environment. According
ach, environmental factors can elicit innovation not via
on but through their direct influence on developmental
mmediate influence of external physical and chemical
lopmental processes is well known {Gilhert 2001; Hall
é{-?ﬂﬂEﬂ:WﬂSt-Ehcrh&rd 2003), bul because of the seem-
1an connotations, its evolutionary role was considered out
?r espect ta the Modern Synthesis paradigm. In fact, “envi-
ction,” the “most important initiator of evolutionary
! _'E_ﬁﬂ‘:‘h-‘.ll‘d 2003), does not imply & Lamarckian mecha-
dual transmission of acquired traits, but represents a
anexternal perturbation of the developmental systems of
15 of a population at once. Since this stimulus-response
el __hh*- repeated over many generations, and may be
Iy integrated through plastic properties of development,
- “phenotypic accommodation™ (Wesl-Eberhard 2003),
“gration” (Miller 2003b), or “exploratory processes” (see
H1s volume ), no immediate genetic fixation is necessary.
i‘ﬂlf}r induced change may eventually hecome genetically
o _bst’u:;ur:nl natural selection via processes akin to
Yaddington 1956; West-Eberhard 2003) discussed later in

tiating general “initiating conditions” [rom specific “realizing cong;

of mnovation.

Initiating Conditions
In spite of their focus on variation, Modern Synthesis adherents
lated early on about whether special initiating conditions applieg
origin of novelties, even though no explicit distinctions w e
between variation and innovation. It was intuitively clear, tha
natural selection could not act on characters that were not ye
tence and. hence, could not by itsell account for the appearance

ties. Without naming them as such, additional factors were tak
account, abwiys intended, however, 1o remain in keeping
Modern Synthesis paradigm. !

Behavioral change and change of function. for instance, were cong
ered as initiating factors in early discussions. Sewertzofl (1931)
special attention lo the principle of intensilication of function,
Mayr (1958, 1960) regarded change of function as “by far th
important principle” in the origin of novelty, arguing for a “beh
change comes first™ mode of innovation. He reached the conch
though, that a new structure resulting from shifts of function
a modification of a preceding structure.” therehy resituating th
problem sguarely into the realm of varation. More recent eval
ol functional shift and functional decoupling (Galis 1996; Ganl
and Sanchez 1999) reemphasize such modes of novelty initiati
the “behavioral change comes first” position also gained new
from developmental psvehology, Behavioral flexibility based
opmental plasticity is argued to resull in behavioral neuphﬂ!
which in turn cause morphological innovation followed by genetis
gration (lohnston and Gottlich 1990). The term “uxaptaﬁonfi
and Vrba 1982), often brought up in this context, does not
particular mode of novelty initiation, but designates the ¢
principle of function shift,

Mutation pressure was another lingering idea to expla
tion. The Madern Synthesis replaced Goldschmidt’s (1940)
mutational ideas with “proper” micromutational concepts, 45
by Mayr (1960), who thought that “the problem of Lhe.ﬂm.
evolutionary novelties [then| consists in having to explain haw
cient number of small gene mutations can be accumulated untis
structure has became sufficiently large to have selective valu
somewhat enigmatically, Mayr eventually reached the concl

in novel

4l induction must be considered a realistic initiating con-
on. Although phenatypic plasticity of modern forms
ucer 2001), it is likely that ancient forms were even
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Muorphogenesis

more plastic (Newman and Miller 2000). The fact that organismal g
opment has inherent morphogenctic properties thal govern itg
o external effects (see chapter 11 in this volume) indicates that

based on envirpnmental conditions and those based on epigenetic f Topology

are closely interdependent. Equally, the correspondences | mTI:I?fmcs
s 3 : s : activity

macroevolulionary innovation rates and larpe-scale ecological 7

{see chapter 13 in this volume } support the initiating role of envi;
Lal conditions, cven though not all cnvironmental change woul
evolutionary effects through direct induction on development,

Standard natural selection cannot be disregarded as an initiatin
tion either, as long as il 15 clear that it cannot “aim” for novelty,
with environmental induction, vet more indirectly, natural sel
lead to innovation through the mobilization of development
that were not the immediate tarpet of selection. The mﬂdﬂs"ﬂfw
selection necd not be further elaborated here, since they are a
subject of all classical treatments. But whether initiation m
behavioral, genctic, selectional, or environmental, the specifi
phenotypic outcome will depend in all cases on the “realizing con
that are present in the populations undergoing evolutionary ch

Gene
regulation

-Gane
‘expression

DMA self-assembly
cfg-regulation
B,

ons in development. Examples of the sutonomous properties of each
are given next Lo the boxes B environmental influences (after Miiller

Realizing Conditions
The substrates on which all initiating factors act in organismal
arc developmental systems, These form-generating processes.
highly integrated, genetically routinized systems of interactions
gene products, cells, and tissues that exhibit dynamical feedback b
their components (figure 12.2). Because these systems inclu :
mous properties ol their components (cell behaviors, tissue gel
ete) as well as the capacities for sell-organization, and respﬂnﬂ.
and global external conditions. they are not mere execulors of de
istic genetic programs. Hence they are termed Lpigen&tlﬂ [
penesis,” not to he confounded with “epigenetics,” the non=
forms of gene modulation, although the latter represents Ones
the former; see also chapter 13 in this volume), It is a well-kno
erty ol self-regulatory, dynamical sysiems that they react ul “
fashions Lo changes in the initiating conditions. In embryonic:
such nonlinear reactions are based on lwo characu.rlstl-; “*.
development: the threshold behavior of regulatory processt
self-organizational behavior of cells and tissues.
Threshold behaviors are a widespread phenomenon
development. A physiological example is the MAP-kinase

- Yan protein in Drosophila development (Melen et al.
an protein is a transcriptional repressor ol pointed (pnt)
ir olved in creating sharp boundaries between adjacent

e active form of Yan rises suddenly as a reaction to the
uf the MAPukmase activity, deLndmg on the distance

an important principle of developmental patterning
2007).

: _fnc:m'p]::x gene regulatory networks highlights similar
‘Eukarymc promoters yield ulirasensitive responses
ption factor quantities. The balance between Oppos-
K loopsin histone modification, for instance, is stron ely
hﬂﬂgﬂs in the levels of a transcription factor binding to
e c1ng a large change in gene expression (Sneppen et al.
at all 1evE s L EBene regulation mediated by RNAs, the sensitivity and
' “lise are even greater, Gene expression is ullrasensitive
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Figure 12.3
Yan profein levels rse suddenly a8 a reaction 1o the gradual decrense of the
(MAPK) activity, depending on the distance from the midling in the Drosaphs
{rom Cioldbeter of al. 2007),

| of limb skeletal pattemning showing emergent patterns from three
ceettings (after Kiskowski ot al. 2004), Lefie chick limb pattern,

nergent consequence of activation—inhibition thresholds
ly confined spaces (ligure 12.4), The model demonstrates
is capable of producing skeletal patterns in a spatio-
gulated fashion without the need for programmed con-
el et al. 2004). Besides the local concentrations of
uecing molecules, (urther threshold parameters are rep-
Il number and cell density inside the prechondrogenic
il in the biomechanical simulation of cartilage matrix
ewman and Miller 2005).
thewertebrate limb also illustrates how epigenetic innova-
s type 11 novelty. Any changes in the initiating conditions
ral parameter of the limb system, such as the timing,
¢ shape of bud development, automatically give rise to
and spatial arrangements of skeletal eondensations,
modifications of limb bud size or proportions, for instance,
"""' condensations or loss of condensations, based salely
s implicit in the autoregulatory chondrogenic mesen-
imental perturbations of the limb system cxpose such evo-
i'f-!,E_u:u thresholds in amphibian (Alberch and Gale 1985)
digital reduction studies (figure 12.5). This kind of experi-
Aales how continuous reductions of cell numbers in devel-
mbs can result not in a gradual reduction of limb size,
ld-based deletion of complete digits, in the apposite

to small changes in sSRNA including threshold-linear respons
the threshold is tunable (Levine et al. 2007). Interestingly, the.
sENA regulation are often themselves regulatory genes. Ultr
threshold responses may have already acted in early metazoan ey
sinee such modes exist even in viral and phage regulation (Ko
2105). In metazoans, threshold responses affect morphologic
via their cell behavioral consequences,

How developmental threshold effects mobilize cell and st
organization is seen in the skeletal patterning of vertebrate
skeletopenic system involves the interaction of a number of |
cil-genetic core mechanisms that give rise to spatially discrete:
drogenic cell condensations, which are the precursor struclures
cmbryonic cartilage elements, The basic system involves pﬂ.ﬁ#
regulation of TGF-f and TGF-f-based induction of fibronschl
m lurn induces mesenchymal cell aggregation, leading to carti
production inside the condensations, and to an FGF-depends
tion of a lateral inhibitor of cartilage formation from the initi
safions themselves (Newman and Bhat 2007). In -:nmb'lﬂﬂt_ﬁ_?
geometric confinements of the limb bud and its directional gra
lishing dilferent sones of activity, regularly spaced cartilage el
result. Computational models of this mechanism, based on
(e, pene regulation and biosynthesis of key products) an ;
(e local spread of secreted morphogens), indicate how st
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Flgure 12.5 d
One-step reduction ol digil 1 i a lorélimb of Alfigaier smississippiensis m

reduction of cell number indueed throngh @ temporary inhibition of cell pro
cytisin-arabinoside (ura-c) i early embeyonic development (Mitller unpublis

sequence of their embryonic formation. The reverse effect, ade
complete digits to the basic pentadactyl pattern, appear, for ins
in polydactylous mutants in which the spatial proportions o
system are affected (Chan et al. 1995; Litingtung et al, 2002)

The patterns of digit reductions and digit additions found 3
populations match the expernimental patterns, and show that :
mental thresholds have specific evelutionary consequenc
Australian skinks of the genus Lerista, for instance, trends 1o
elongation are often combined with limb reduction. Different
limb reduction, represented by different species, have resulle
stepwise loss of complete digits (figure 12.6a), not in their grad!
ishment, as the standard variational theory would argue. Wored
sequence of digit loss can be predicted on the basis of the seqt
their developmental formation in reptilians (Mitller and Alberd!
Complete digits also appear as natural multiples in spontan

[-;:_te digits associsted with limb size reduction in skinks 1-5 mdicates the
git It (nfter Greer 1990}, (B) Appearance of multiples of complete digits
(after Litingtung et al, 20023, (b) humans (Wikipedia), and (2 the
Acanthostepn (after Coates and Clack 1990).
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am:f: i one, or several, of a system’'s parameters mobilizes
i gualities. Minor disturbances will be buffered by the
Hies of the system, bul more substantial disturbances can
s limits (e.g.. in cell number, blastema size, inductive capacity,
hreshold responses ensue.

nongradual regimes of evolutionary change can be devel-
nsformed into discontinuous phenotypic outcomes, These
fosses of traits, or as combinations of previously indepen-
- as the kernels of new traits nol present in the ancestral

indoced mutations and in primitive vertebrate limbs, as in (ha
Acanthostega (figure 12.6h), a late Devonian stem tetrapod wit}
digits on its forelimbs and hind limbs, 1

Oither kinds of developmental mechanisms with nonlinear
characteristics and evolutionary conscyuences include inductive
interactions (... Brylski and Hall 1988), as well as the kinetics
and Davidson 2003), dynamics (Cingun and Demongeot 2[.%[!5.r
Ciudad and Jernvall 2005), and modularity {Von Dassow et al
gene regulatory networks, The modeling of cell behavior, based an
eters of cell division, cell dilferentiation, and cell-cell signaling ing
tions, highlights the relationships between developmental compl s
the generation of innovation (Salarar-Ciudad and Jernval
summitry, emergent morphogenetic responses from altered deve
tal svstems are a ubiguitous occurrence In metazoan evolution,

:'hngenctic products will be exposed o natural selection,
horated and refined through standard varnational mecha-

ution, while facilitating innovation, serves a consolidat-

Epigenetic Innovation Theary Lh_e_m a generative one, capluring and routinizing morpho-

e innovation theory represents a systems-oriented approach.
hat genetic variation, natural selection, and environmental
tegrated developmental svstems that penerate specific
ns when the cunalized plasticity has reached its limits.
# developmental system falls into a new steady-state
M among its components. Hence the kernels of type 11 pheno-
‘originally appear as by-products, or side effects (Miiller
e of parameters in the epigenetic arganization of devel-
cases, natural selection is involved only in an indirect
g initiating conditions, but the specificity of the morpho-
me will be dictated by the responsiveness of the develop-

1991; Newman and Miller 2000; chapter 11 in this volume;and N
and Bhat 2008), as well as aspects of the phenotypic plasticity’
{ West-Eberhard 2003; see also chapter 14 in this volume) con
theary of epigenelic innovation. “Epigenetic” is here used in
tional meaning of “contextual development™ not in the sense
silencing” or “epigenetic inheritance” (see chapter 7 in this
This approach does nol ignore the genetic components of in
such as gene variation or gene regulatory evolution, but it take
hackground conditions that are always at work, while concel
the mechanisms underlying macroscopic novelty generatio
components of epigenetic innovation theory can be summa
lollowing points:

lurther questions arise from such a perspective. When
On can be an event that is not based on the continuous
existing character, but appears de novo from develop-
reéx:uunh. then we need to ask how o new character can
1nt&gmted into the constructional, functional, and
and how it can spread through a population. The first
BIEswerndf because if a novelly arises from a develop-
0 initiating conditions, the same response will be elic-
generation, provided the initiating condition persists.
HEDY Kirschner and Gerhart (see chapter 10 in this volume),

I. The realizing conditions for phenotypic evolution aré .
in developmental swstems that are characterized by cellul
:1;5.-111:5.511-::111 feedback regulation, and environment dependen
. Chemically and mechanically excitable cell aggregates
r.'ml.r;__c,m morphological motils of the first multicellular on
which then became morphogenetic templates for further pi
evolution,
3. Complex developmental systems can react in nonlineal:
changing initinting conditions,
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many other lssue systems of the embryo will automatically g
change, and ‘a novel trait can remain epigenetically integra
extended periods of time before genctic integration takes place,
it will commonly be the case that epigenetic integration precede
integration (Newman and Miller 2000), Similar concepts that em
epigenetic integration have been called “generative entrengh
(Wimsatt 1986) or “epigenetic traps” (G P Wagner 1989).
Genetic integration of type [ novelly may lurn out to by
unproblematic, because any novel characler necessarily inclu
heritable varation in the expression of its phenotype. W.iddmgtuu
showed how genetic integration may follow from selection actj
the genetic variation that arises with a novel character. Today it is
thal integration includes the recruitment of orthologous and pm-
regulitory circuits that acquire new developmental roles over the ee
ol evolution (Wray 1999 Wray and Lowe 20001). Evalving st
function interrelationships (Galis 1996) integrate novel charae
the phenotypic level but will also contribute o genetic integ . ereas carly developmental processes, which have many
with selection favoring the genetic linkage of funclionally e sir nsequences, tend to he replaced by hierarchicul, more
characters and evolvability (G. B Wapner 1984; see also chapten 1§ natworks.
this volume). The evolving genome will thus gain control over th siderations regarding the ongin and stabilization of type
genetic conditions that prevail during the origination of novi | which the threshold qualitics of evolved gene regulatory
fashion that corresponds to what West-Eberhard (2003) terms “ ion systems have a central role, contrast with the main
modation.” Since epigenetic integration will usually come first, erned type I novelty, the origination of primary body
provide the templates for both phenotypic and genetic inte ich biophysical properties of carly cell aggregates would
(Newman and Miiller 200RE Miiller 20036). Genetic integra inant role in the absence of any tight genetic program-
determines the generative processes, resulting in a stabilizati : er 11 in this volume). This, and the observation of the
phenotype. ! ent-dependent relationships between genotype and
It is noteworthy that the mechanisms that confer stabilizat Gilbert 2001), as well as a paleontological record indicating
robustness against perturbation are the very same condition _.'EEt'Bs in early phylogenctic radiations and a decrease ol
implicated in innovation. Developmental regulatory networ ';W':ltlﬂns in later phases (Erwin 1993; Foote 1997; Salazar-
the arthropod segmentation network, are generally overdete Um«\’i!ﬂ 2005; see also chapter 13 in this volume), have led
highly robust, but will vield new phenotypes when certain thre that organismal evolution progressed from a pre-
perturbation are excecded (Von Dassow et al, 2000). It has d 10 the Mendelian one we study today (Newman and
posed that the substantial buffering capacities of such systems m Seiewman 2005). Modern organisms are Mendelian, in the

the aceumulation of genetic variation, which can be released in type and phenotype are inherited in a close correlation,
old event, so that a resulting novel phenotype would be en

15 under program-like genetic control. But this is likely
heritable variation from its very inception (Moczek 2007). B d condition, enforced by natural selection, whereas in the
and Lindquist’s (1998) findings on heat shock proteins indicats Hworld a much looser connection between genotype and
this type of behavior. The role of robustness in innovation is

'-‘lfi have prevailed, which permitted the generation of
ported by the study of gene duplications. Gene duplication from single penotypes, depending on environmental

(ational robustness, which may counteract innovation in the
sut may also allow moelecular diversification and phenotypic
o the long term (A, Wagner 2008), Henee the frequent asso-
: duplications with phenotypic innovation does not seem
Ammediale cinusal role, but a facilitating one.

 simulations af the evolution of genotype—phenotype rcla-
eate that network robustness includes a tendency 10 prog-
ergent to hierarchical control (Salazar-Ciudad et al. 2001a).
n eemergcnl phase the resulling pallerns are a consequence,
. of the self-organizing capacities ol a developmental
as cells responding stochastically to 4 reaction-diffusion
more reproducible and fine-tuned outcome is achieved
hical control networks. The evolution of inscel segmenta-
;ﬁ._a.uppurt of this argument (Salazar-Ciudad et al. 2001b).
ds to the observation that emergent networks are charac-
stages of development, which can tolerate greater amounts
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influences. Here the generic physical properties of cells, eell gopm
and tssues would have been the decisive delerminants of
form, which would only later be harnessed by genetic routinizg nortant phenomeni in their own right, and form d backbone
overdetermination. In both worlds épigenetic factors hive an impea theory, they do not by themselves provide causal expla-
role in causing innovation, bul whereas the type 1 novelties in 0 arpanismal form. Evalleve demonstrates thal knowledee of
Mendehan world would result predominantly from the ph!r'ﬁil:ﬁli - - processes that intervene between genotype and pheno-
tics of simple cell aggregates, type 1T and type I1 innovations  for understanding the causalities of biological form. It
Mendelian world would be based on the dynamical properties g m @ predominantly statistical and correlational approach
prated pene, cell, and tissue interactions, Type ILand type 1T inney echanistic approach that is one of the main characteristics
would be further distinguished by the former being based on the | ﬁSynthesis.%ercaﬁ the explanation of adaptive change
tinuous responses of developmental systems to genetic and en ' n dynamic event was the central goal of the Modemn
tal change, and the latter on the cantinuous responses, ' evo seeks to explain phenotypic change through the
of developmental mechanisms, the physical intersctions
gells, and tissue architecture in particular. Furthermore,
s at explaining how developmental systems evolve and how
yrocesses are controlled by the interplay between penetic,
| environmental factors. Various directions of empirical

_ations of organismal form and diversity. Whereas the
amic and molecular descriptions of genetic evalution

Consequences for an Extended Evolutionary Synthesis

The origin of novelty and its role in the evolution of phenotypit
ity represent an evolutionary problem that had been sidelined
Madern Synthesis, due to its focus on variation and population d ‘begun to address these issues {West-Eberhard 2003,
ics. Evolutionary developmental biology reemphasizes the phenof ewmman 2005a; Deacon 2006).
addressing the mechanistic factors of organismal change. Th b - iift of emphasis, induced through innovation theory and
present-day EvoDevo is in the empirical study of the evolvin c s the role of natural selection in phenotypic evolution.
tool kit and its regulatory interactions (Carroll et al. 2005 dodern Synthesis framework the burden of explanation
2006). But the major theoretical consequences of EvoDever iype rests on the action of natural selection, with genetic
manifestations of developmental systems properties in the evo nting the necessary boundary condition that continu-
pracess. Evolvability theory, with its associated issues of | substrate for selection, the EvoDevo [ramework assigns
modularity, and facilitated variation, represents one area of weight to the generative properties of developmental
related extensions (se¢ chapters 10 and 15 in this volume), and:  natural selection representing a boundary condition. In
erative principles of phenotypic complexity, such as dynamical | i, natural selection functions to release inherent devel-
modules (see chapter 11 in this volume) and epigenetic i al and to explore the residual plasticity of developmen-
discussed in the present chapter, are another kind of expans "_-thﬂi!ﬁ_pe;iﬁclty of the phenotypic outcome is determined
theory extensions, then, consist, on the one hand, of the ir Of the developmental systems undergoing change, Thus,
of additional factors into the evolutionary framework (cel S the weight of explanation from the external and contin-
organization, nonlinear effeets, ete.), adding principles of eme : and inherent (Newman and Miller 2006; Callebawt
the principles of variation. On the other hand, through thes tion, then, in the case of innovation, functions as an
the explanatory capacity of evolutionary theory is extended ta@ d becomes a factor of secondary stabilization, whereas
tive and nongradual phenomena of phenotypic evolution. ological solutions result from the specific properties of
The inclusion of EvoDevo concepts in general, and of =p
innovation theory in particular, entails not only a mnceplﬂi}ll
but also a shift of emphasis in some of the traditional elemett
Modern Synthesis. One is the reduction of the overreliance

Ty theory, through the modifications outlined above, and
itiude of other conceptual expansions, partially explored
becomes a much more pluralistic and systemic theory
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than it was under the Modern Svnthesis paradigm (see alsg ch , g1 (1972) Punctuated equilibria: An aliernative to phyletic gradualism.
I Iﬁlugy. T Schopd, el 82115, San Franciseo: Freeman, Cooper,

Early introduction of  major merphological  mnovitions. Aot
joa 38 281-294,

The cvolution of morphological diversity, Annual Reviews of Ecology and

152,

pplic tion of functional morphology toevolutionaey studies, Trends
ution 115124129

(19496) Pharyngen! hiting mechanics in centrarchid and cichlid fshes:
plutionury mnovation. Jourmal of Evelutionary Biology 9 641-070,
inchez D (1999) Generation of evoelutioaary nevelty by functicnal shift,

mcluded, and more factors and feedback interactions Among |
factors are taken into account, As a tangible consequence, the limiag
of the Madern Synthesis with regard to the explanation of b
of organization are overcome by an Extended Synthesis,
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sination Patterns and Multilevel Processes in
pevolution

jid Jablonski

of the Evolutionary Synthesis began in the 1970s, and
ass has been made. Many of the necessary conceptual

bdisciplines of what Van Valen (1982 and clsewhere)
olutionary half of biology™ are still somewhal isolated

part of the working methodology of evelutionary
address these issues in terms of scale and hierarchy
~with an emphasis on how theory can guide, and be
irical analyses of the spatial and temporal patterns of
s, I will start by discussing the origin of evolutionary
E ly their nonrandom origins in time and space, which
proaches to the evolution of form. From there | will
I novelties and the clades they defing, including the
trapolation from loeal, shori-term observation to
! Ing-lerm stability of species, the differential production
cies. {species selection in broad and strict senses), the
' between short-term biotic interactions and long-term
the strong potential for organismic features to hitch-
4 ‘of intrinsic and extrinsic factors that govern clade
bﬂﬂk chapter and not a treatise, so I can only briefly
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touch on these phenomena, but hope 1o underscore thatl hipps
approaches are needed to understand such large-scale, long-tepy
: ! Per-G o P ;
lionary processes. er-Genus Order Production

Monrandom Origins of Evolutionary Novelties in Time and Space

The peologically sudden burst of animal diversity during the Car
radiation 530 million vears (Myr) ago is one of the most dramat
in the history of life. With one exception (bryozoans). all of the
that could reasonably be expected 1o have a fossil record, and a
could not, such as priapulids. are documented in the first 10-
the Phanerozoic (Valentine 2004). However molecular data
preted on the timing of phylogenetic branch points {although la
than earlier branchings seem more likely; see, e.g,, Peterson et al
the cxplosion of phenotypic diversity is striking. Later, if less
bursts of evolutionary creativity do oceur, of course, includi
accompanying the invasion of land by plants and animals, the e
of marine clades from the end-Paleozoic mass extinction, and the
sification of mammals in the early Cenozoic.
The major diversifications are increasingly well docum
remain poorly understood in terms of underlying e
Comparative approaches should be useful here (even if al
tions are not alike: e.g., Jablonski 1980 and in prep.; Erwin’
the Cambrian explosion is uniyue for its breadth and inventven:
it shares key features with certain other major radiations, Sueit
diversification of land plants (see Jablonski 2000, 2007; and B
for references; and Shen et al, 2008 for a similar view
Precambrian, Ediacaran biota). For example, { 1) there isa
lutionary fuse to the explosion. that is, small, ccologically
phenotypically unimpressive stem groups can be detected
record before the main event, (2} Comparalive developme
a phylogenetic context suggests that many of the essential
ecne nelworks were in place well before the event. (3) Diversi
show that morphological disparity (andfor the first occurren
1axa) tends to outpace species richness in the early phase&{'
characters seem to show high degrees of variability and p
{see Webster 2007 for the first robust demonstration in th
and mosaic combinations of traits are common. And (3) Th’ﬂ
relatively short-lived: the radiations are nol sustained at the {€
seen at the start, and it's back to evolutionary husiness a4

e Ty e e SO A S O e, ST oS
400 300 200 a0 Q
Time (Ma)

4:!a_=péﬂcliuq1c¢: in the arigin of maring invertebrate onders through the
; tal axis is millions of vears before present (Ma); dip between 330 and
be g sampling artifact, but might refiect a ol berween the Cambrian

s0 that major evolutionary novelties appear to exhibit
dependence. Morphological and functional variety
iU as shown by fruit flies and orchids (e.g.. Bambach
1 marine inveriebrates; Adamowicz el al. 2008 on arthro-
tﬂr process tends to operile as a slower diffusion through

1 1949 Valentine 1969), but it is a telling one, and
lower taxonomic level to increase statistical power,
endence prevails through the Phanerozoic at the ordinal
ertebrates (Eble 1998, 1999) (see gure 13.1). Positive
1 intuitively should play a role at any level—diversily
o that epiphytes, and the insects that exploit them,
/ tntil trees did—are evidently transient or weak here
ski 2008a), '

i r'éf:ilw hypotheses can account for these features at the

s=relopment and ecology, but we cannol vet evaluate
' Set of hypotheses might be termed intrinsic—the pat-
record reflect rules for the generation of form, with
path from genotype to phenotype changing in a way
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that briefly promoted, then damped novelty production o
However, while we have made greal strides in undurs[and'mg-,
developmental basis of important features such as heads ap
more information is needed on how the molecular underping
those [eatures were assembled. or how the evolving “IEH_IIiza&" :
genome, or the genetic architecture of traits, might inhibit o
particular modes or directions of evolutionary change, For
does the complexity of regulatory networks eventually impose g
the form of reduced fMexihility? Robustness and E'Im11..rz:i::i_l':‘_tjlq;r
antagonistic features at the molecular level, but this may not b
phenotypes (Wagner 2008); interaction of the two levels has
much explored from this perspective. An overarching decline
ability a1 high levels might seem surprising, given the positive .
tion that enhanced evolvability, in the sense of an ability o
vinhle phenotvpes, might be expected to make to clade pe
proliferation (e.g., Pighuea 2007, but see Lynch 2007, who'c
the general advantage of evolvability, although definition
here), _
Alternatively or additionally, the temporal pattern of novell
tion may derive from extonsic factors, [lor example, by ecological
bieney on a grand scale, in which the establishment nl’-sn_:rmﬁ-
or ecological group inhibils further diversification. This e
nario is attractive (e.g., Valentine 1980, 1995, Gavrilets and.
Reznick and Ricklefs 2008, but has not been tested critic
maodels even suggest that increasing the number of antagonistic
pressures. as might be expected as biotas diversify, should
diversification, rather than slow it down, by rendcrf.ng_ it
optimal adaptive peaks effectively equivalent (Niklas 1%
Marks and Lechowitz 2006; Marshall 2006). In any E\:’Eﬂh_' i
phenotypic diversifications often tend to flag even as __ﬂﬂ:
diversification persists or accelerates. Positive ecologieal &
{which must have been present at some point) were evidently
al this scale for only a short time, or were only locally importa
with regard to morphological and functional variety. As E!_iﬁ
these aspects of biodiversity continued 1o acerue at a much
and to less striking effect. 2
Perhaps hoth of these paradigms are true, and the Cﬂm‘”. 1y
sion is so dramatic because conditions were right for pothl INE
extrinsic factors to promote the diversification of form, Th .
post-Paleozoic marine diversification—impressive, bul no &

<
ol

i
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after the huge end-Permian mass extinction removed about
cies, may show what the evolutionary system can do with
gical gpportunities and a “mature” set of genomes. The
diversification of birds and mammals might also be ana-
;;'lﬂm_Thi.-; is not to sav that recoveries aré so deterministic
s survivors of an extinction event participate equally in the
inski 2002), or that significant shifts in the fortunes of
toceur after mass extinetions (as seen for the large flightless
Lé._-lqp carnivores in the carly Cenozoic as the mammals
jtmer and Rose [991).

ppreciated is the nonrandom origin of evolutionary novel-
rine invertebrate orders in posi-Taleozoic seas, repre-
ans as disparate as heart urchins, sand dollars, feather
apactinian corals, show a strong tendency to appear in
~water environments, even when their present-day dis-
end entirely across the continental shell or are cxclusively
-. onski 2005a) {see figure 132). This onshore locus of
"'I._ril:-,r can be secn in the distribution of key derived
nski and Bottjer 1990) and in the divergence ol species
fgmups in morphospace (Eble 200, and 50 15 not an
1y on definition or rank. Comparable patterns are also
siderably less detail, for the Cambrian cxplosion, the
tions of marine invertebrates, Paleozoie kind plants,
lants (references in Jablonski 20054). In contrast, at least
eozoic marine clades, lower-level novelties, as indicated
igination and derived characters within orders, lack an
on bias and tend to originate according 1o their clade’s
sity gradient—at this lower level, diversity docs seem
Sity (Jablonski and Bottjer 1990; Jablonski et al, 1947

).

e in origination across hierarchical levels is another
namic lying at the intersection of development and
"8, nonexclusive hypotheses fall broadly into intrinsic
Gategories (see Jablonski and Bottjer 1990; Jablonski
e81z¢ed  mechanisms involving intrinsic factors that
ter novelty production onshore include short-term
v or evolvability in more disturbed and variable
mt’rl'_lts {(see also chapter 15 in this volume; and Hollander
¥ Breater plasticity in marine species from more heter-
nments): the high rates of gene flow and chaotie
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Avnamics onshore: and the many hypothesized but poorly
links betwecn environmental stress and developmental
Potential extrinsic [actors include the diversity and vari-
tion pressures onshore, and higher nutrient mputs in

rcldie iR

orloe

slape ! wLogods ¥ e ‘ ' .
ot fanelf L i::g" Dshor ngs. which might buffer populations hearing evolutionary
B — winst stochastic extinction, The discordance across levels
i 1 I I i | Recant B..Post-Paleozoic g e an that orders must arise by major saltations (or. for
-.-_ g a0 = f
Lo i =
o
Qg £ <
— & |i=
i o
W [Fec e T
30 — i R
| — a . oo a .
o = Pal L T | “each tree that represent genus and species origination
— ” i .m:umging concordance between molluscan and mamma-
§ Offshiare defined on morphological and molecular grounds, see
= Finarelli 2009}, The ability of the purely speculative
= :
7 Eaty | 2 . Post-Paleozoic cff mentioned 1o account for that discordant patlern
= v @« e P
¥ a0 - -
== :
=" | . , ! - : -
- T——n.22 Lo ar spatial dynamic can be seen with respect to latitude.
e ——— T4 3 2 2 ..ty
a0 B ' = ne invertebrate orders discussed above tend to onginale
18 Wi 16 - 2 ; - ; ;
e o E ly in the (ropics, and (o spread to higher latitudes while
iof i = ey | 2 it tropical presence, when the strong sampling biases of
1 : == ird are taken into account (Jablonski 2003a; Martin et al,
L i 5 . - . . .
| == Late | = Olfshora’ oatrast to the bathymetric pattern, this latitudinal dynamic
i Y pr— .t L & -
T R the lower taxonomic levels, most fully documented in
Middle | = ¥
e S g : s
B ! T ¢ |y | F enerd (Jablonski et al. 2006; Rov and Goldberg 20017,
2007, Krug et al. 2009); terrestrial groups may follow a
2 group ¥
Figure 13.2 _ rent path dictated by high-latitude glaciation, but this

Environment-dependence in the origin of marine invertebrate orders through the
and Cenoxoic, (A, BY OF the 31 well-preserved orders whuose first nr.'tu:l'r.ﬂ_llﬂ
lere. #8019 first appear i onshore environments {first 2 right-hand enyirom

() In contrast, lower-level novieltics, such as the post-Paleozoic generd af
ot show preferential onshare origination, Yertical asis in A s millions

present {Ma). From Jablonski {2005a). who gives o complete listing of o
i A, along with first occurrences of poorly preserved arders that served
coptral.

certain. Thus, the first-order global diversity pattern in
. evidently, most ancient) marine biotas is underlain
and spatial dynamic that involves a spatial bias in
It spread of novelty at several taxonomic levels. Here,
¥ mechanisms are poorly known. In contrast to the
_!{Hﬁh}fmelrtc dynamics. o simple probabilistic model—
d more orders—can be fitted to the “out of the
¥ this a fundamental contradiction that requires a
&m_sm‘]' That seems unlikely (given the discordance
_“Chnﬂs.i: and other measures of diversity in 50 many
OT @t least highly inelegant, but until a broader and more
of h.fﬂlﬂgical form is in place, it may be difficult to
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~tion in the broad sense—<clade-level patterns shaped by
seiation and cxtinction within clades owing to intrinsic
¢ bodies, populations, or species within them—has been
peumented. Factors ranging from intensity of sexual selec-

Hierarchy and Clade Dynamics

The fates of novelties and clades are also shaped by procesgas,
at multiple levels. Organismic-level processes are still impey
course, but effects of scale and hierarchy clearly influence |g jon time to geographic range have been found to predict
large-scale evolutionary dynamcs. All possible cnmbmalmna : ynamics in clades of living or fossil orpanisms; indeed, the
tionary tempo and mode have been documented for species i ; ' ative biclogy literature can be seen in this light (eg.
record, but Hunt (2007a) confirmed carlier views that sust. al, 2002; Coyne and Orr 2004: Paradis 2005; Jablonski 2000,
tional evolulion of species is excecdingly rare (uppmxirﬁa 2 i i a.the-mmewhal more problematie literature on Kev innovi-
fossil sequences in Hunt's compilation of 231 trails in 33 lineapg requirements are that (a} a trait exhibits little or no
also Gould 1982, 2002: Jackson and Cheetham 1999: Jablonski s o within species relative to the variation among species (see
Eldredge et al. 2005). The remaining 93% were split nearl ' 4-665), and (b) speciation and/or extinction covaries with
between random walks and stasis in the strict sense, with Lfﬁuﬂyucruﬁs one or more clades. in what might be termed
related to body size less likely than shape traits to remain sta tness surface.
of the “random walk™ examples had little spatial control, so th ments for species selection in the strict sense are more
some of these sequences almost certainly involved shifting ving the classical formula for evolution by selection out-
variation within static species (see Stanley and Yang 1987:. (1970 differential production or survival of units
20011, Potential explanations {or the pervasiveness of stasis are tion of heritable traits (at the focal level) with the envi-
and of course many fall squarely within the Modern Synthesi definition requires both the identification of emergent
the stark contrast between the greal responsiveness of presents rits and their “heritability” among species. ldentification
lations to directional seleclion over the short run, and the pal faits is not straightforward, but most authors appear to
cal data showing a strong tendency toward nondirectional o pervasive ones, such as geographic range and genetic
phenotypic change over million-year scales, suggests that we don re (Jablonski 2008b). All of these requirements are
understand the processes at work here. ¢ range in marine mollusks: species within clades vary
The scarcity of directional ¢volutionary change within s ) geopraphic ranges; geographic range has been abun-
their gealogic history is nol a prerequisite for differential spe ated to influence extinction rates {and origination rates;
extinction to drive large-scale evolutionary changes (eg. S m:_l ‘Roy 2003); and geographic range is heritable, in
contra Gould 2002; see also Jablonski 2008b). However, ﬂmely related species have more similar range sizes
drives home our need for a deeper understanding of multil 'D chance {H result also seen in several extant gmupaj
tionary processes. Extrinsic physical and biotic factors must p
in differential diversifications and the proliferation or declini
types: the uphift of the Andes or the Himalayas pmmnlisd' e
many loecal lincages (and doubtless hastened the demise of O
the formation of coral reefs boosted speciation of many reside
(see references in Jahlonski 2008a). However, the most £
for the expansion of the synthesis probably lies in developi
the role of intrinsic hiotic factors in setting differcatial 0
extinction rates, and how those fundamental macroevold
ables sum to net diversification.

ange end points), Rzlnges Df th:.m: taxa Ldﬂnl'l‘!. mmpl\-‘ bhe
_L ‘organismic trait such as mode of larval dL\'LllTl‘J[I'lLTIl
es: (b) marine 1nvertchrah,s attaining broad ranpes
(e.g. rafting as adults) show similar dvnamics; and
‘models and a model selection approach find that adding
0 models containing only larval mode significantly
15, indicating that geographic range is not redundant
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with larval mode in predicting species survivorship, whereas adds
larval mode to models containing geographic range provides o]
pinal and msignificant improvement in model fit (Jablonski ang |
200 see also Bradbury et al. 2008 on the multivariate nature of o
in marine species). These results do not mean that earlier waork
an association between larval mode and geographic range size in
was incorrect. Instead. they show that larval dispersal is just one
for attaining broad ranges, and so does not adequately account fig
pervisive relationship between range size und speciation or ex et
The propensity Lo speciate or 1o resist extinction need not be a siy
correlate of organismic litness even il organismic traits lie at th
the rate differentials: selection for large hody size or high metaboli
need not promote origination or damp extinclion (see review by Jab
2008b). But even if selection on organismic traits and the effects of the
traits on clade dyvnamics are in the same direction, the cross-level inte
tion is important because the combined forces will be more eff
in driving large-scale change than either would be indeper
Hierarchical expansion of the Price equation, path analysis and related
methods, and contextual analysis have all been suggested as appr
Lo partitioning processes operating at multiple levels in this cont
Arnold and Fristrup 1982; Rice 204:; Okasha 2006; Simpson 20
Jablonski 2008b for discussion), The potential for empirical and thea
citl advances in this aspect of multilevel selection is high.
Multilevel processes, or at least a failure of simple extrapolatic
short-term, local processes, are often evident in the dynamics o
tionary trends, which can unfold via differential origination (i
shift in modal phenotype underlain by higher origination rate
region ol the tree), differential extinetion (i.e., lower extinction.
one region of the tree), or directional speciation (i.e., preferential
ing in one direction in a phenotype space) (eg. Gould 19&;
Jablonski 2008h). Although clades may evolve in directions co 13
with patterns of intraspecific variation (e.g., Hunt 20078 Hanse
Houle 2008), simple extrapolation from short-term prucﬂs&‘i’_ﬁtf <
breaks down—as might be expected. given the scarcity of direchd
species-level evolution over peologic timescales, For example, € jT:;.
gesting that short-term selection consistently favors larger body !
(Kingsolver and Plennig 2004) are not matched by long-term patiel
size change at the species and clade levels in many groups {‘_e._g.,-l_il 9
1996, 1997 Moen 2006), or can be seen in terms of cross-level coft
as when short-term organism selection for large size pmduCﬂﬁ;.ﬂ

sore extinction-prone (Jablonski 1996: Van Valkenburgh et al.
st and Erwin 2008; Liow et al. 2008). Even when overall size
do oceur, they are context-specific, lor example, tracking diree-
te changes (Hunt and Roy 2006; Millien et al. 2006), or are
at some levels but not others (as in brachiopod urders but not
tuent: families; see Novack-Gottshall and Lanier 2008; see
<1 and Erwin 2008},
: uacy of extrapolation fromshort-term. local effects to mac-
fjonary outcomes can ilsa b seen in the Fatlure of positive and
¢ interactions to translate simply into clide dyvnamies (sce
2008a). Thus, mutualisms that increase the fitness of participat-
ns sometimes elevate extinction probabilities of one or both
species, as with corals that benefit in the short run from their
p with Zooxanthellae but show higher extinction rates than
e relatives (e.p., Kiessling and Baron-5zabo 2004), Con-
tion unambiguously reduces organismic fitness of prey bui
peciation rates (Stanley 1986, 2008: Deckmann and Doebeli

arent conflicts do not mean that localized interactions inevi-
| contrary resulls at larger scales, of course, For example, the
ursts seen afler mass extinctions {e.g.. Jublonski 2001:
3) strongly suggest that negative biotic interactions {competi-
n. parasitism) play a significant role in damping diversifica-
ormal” times: ecological incumbency in the broad sense is
potent macroevolutionary factor. However. we still cannol
the effects of biotic interactions will change sign at larger
patial scales, and when they will scale up more predictably
2008a). The answers may simply depend on. for example,
de of environmental or geographic breadth of species in a
lism compared with related taxa uninvolved in that partner-
may be idiosyncratically contingent on the biology of cach
dde. Here is an intriguing set of multilevel challenges for an
mthesis,
' l&_wnlulicnary role now recognized Lor differential origi-
_‘L‘J}‘L"-':I.iun among clades raises a fundamental pomt about the
tﬂlﬁ of phenotypic traits; hitchhiking on other features may
« A given trait may be borne by many species, or dwindle
not because it directly influences fitness to the point
g :di#ersiﬁcalicrn or evolutionary decline, but because it
associated with other organismic or clade-level traits that
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Marine gastropod genera show no significant difference in the geographic rungeq‘
between senera that are vietims (lefl) and survivors {right} of the end-Crets

extinction, (From Jsblonski (2005b), See Jablonski (1986} For similar Tﬂﬂﬂ]w 1
hivilvies

ryg relation between extinction intensity and bivalve genos range (mea-
mn.bgr of biogeographic provinees u(.:;.llp:l..tlil during the cod-Cretrceous
ﬁn-_m_an rank fest, P 0.01) Solid line indicates analysis of newly rovised
genera ) broken line shows results of provious analyses (From Jablonsk

govern clade dynamics, Such hitchhiking effects may underlie co
results of some comparative analyses, where different faclors ip
drive diversification of extant species. For example, does sexual
matism actually drive bird diversification, or is it hitchhiking
fuctors as dispersal or brain size (sce Phillimore et al. 2006; Sol lm
20187 )

Nowhere is the potential for hitchhiking greater than du
extinctions, which appear to add another level to the process.
level geographic range (and a number of organismic traits) had o
on molluscan clade survival of the end—-Cretaceous (KT) exting ils
only available analysis at this level of detail (igure 13.3), whe i
level geographic range was one of the chiet predictors of s !1r
for this and other extinction events (e.g., Jablonski 2005b, 20
2007) (figure 13.4). Thus adaptations can be lost not because
directly disfavored by selection, but because they happen to occul
or more clades that lack the broad spatial deployment pramGis
vival, This decoupling effeet, adding another level of sorting 0.
archical equation, may help to explain @ number of pﬂrpfﬂmﬂé 0%
patterns, such as the preferential extinction of complex colony 1€
brvozoans during the late Ordovician extinction: complex
tended to oceur in clades having narrow geographic ranges
el al. 2003), Similarly, the demise of the ammonites and the p&!

oids was probably not directly related w the complexity of
chamber walls of the ummonites and the simplicity of those
oids (a point made by Seilacher 1988), but the KT extine-
ently changed the morphological range of the Cephalopoda
s—presumably because the exguisite ammonite septa hiteh-
0 on some other organismic or clade-level feature.
g via hierarchical effects comes into clearer focus when we
E-‘g&ug:aphic ranges of clades with the ranges of their con-
es. One might expect widespread clades (in this case, mol-
ira) to consist mainly of environmentally tolerant, ecoloaically
or widely dispersing widespread species, and the con-
ue for restricted-range clades. But this expectation is not
ni-day marine mollusks. for which geographic ranges of
cies are not significantly related (except in the trivial
-MUs cannot be less widespread than its broadest-ranging
13.5). Evidently broad ranges at the clade level can be
00 many ways—some clades with endemic species scattered
Provinees, others with widespread species encompassing
xl_il'ld every intermediate combination—to support simple
from species to clade level. Thus, wherever clade gE0-
nfluences the persistence of evolutionary lineages {as
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i afy © o F = sunding the Evolutionary Synthesis have been plentiful and
% b ' lly successful (e.g.. ina sampling of old and new statements;
e Gould 1980, 1982, 2002: Rafl and Kaulffman 1983; Eldredge
E onskd 1986, 2000, 2007, 2008h; Arthur 2002; Miiller 2007;
E% . 07; Carroll 2008). Much hard work lies ahead if we are to
5 d integrate the novel or neglected elements emphasized by
;_-JE IMPOSSIBLE other authors, and it is crocial o move beyond consistency
’ . ' 1o confront theory with data in a critical fashion,
40 B0 B0

ation and analysis of macreevolutionary patterns in living
misms amply demaonstrate the need to more fully incorpo-
hierarchy into the Evolutionary Synthesis. The predictive
f conventional short-term observations is not strong over larger
spatial scales. which demand novel and expanded
o the origin of evolutionary novelly. and to the dynamics of
nd the clades they define. One of the kev contributions of
,ﬂgwlapmental biology has been to undermine an operating
f the Evolutionary Svnthesis in scaling population genetics
oevolution: the presumed one-lo-one mapping between
af genotypic change and magnitude of phenotypic change.
( the structure and evolution of gene regulatory networks.
-modularity, and plasticity converges on a more complex
potential for nonlinear and coordinated phenotypic change
nonrandom origing of evolutionary novelties in time and
¥ intriguing. Simple probabilistic models, in which major

Median Geogr Range of Species {Degroos Lotitude)

Figure 13.5 - o =
The grographic mnges of sastern Pacilic bivalve peaera Lin degrees latitude
HBuarrow, Alaska. to Ciape Homn, Chile) canpol b predicted I:‘Q.' the median
ranges of their constituent species (n = 213 genern, Spearman’s r = 0.17; not
The lower riaht corner of the graph represents o field of impossible eombiniitiy
cannot be more widesprond than their generi; ."rltllil:uiil.‘iﬂ 5|gr!|l"u:.|fnce naseRsed
pling the dati, using |00 repetitions where mpossible combinstions were df
replacement, {From Jablonski 2005b)

figure 13.4 and much other work strongly supgest), Lhclnn
between species and genus range is arresting. It LLTIdE['l'I'I]:J".l.I:’.'_ﬁ
expectation drawn from the tolerances, compelitive ﬂh!!ll-!lﬂ?u 0l
features of individual organisms in predicting clade persiste
demands a hierarchical approach. Organismic traits Ass0C
species-level ranges are subject o hitchhiking on cladu-ln::va
range, which is evidently a vehicle for clade sorting dunng:, . , :
Limés as well as mass extinctions (see discussion in Jablonski . - '.SIGE!:IIISUFEEH}F m:::urt.lmg_m random rl_lutalton. numbe_r
the question of heritability of clade-level geographic Fanges 7 -Or species nchnu:;lskucmss times and Enwmnmanfs,all fail
important; my impression is that phylogenetic cunsarvﬂtl?f!:_ .‘Blﬂﬂl the Tffgulﬂntms Lhm_emerge from LI:I-:'_‘ fossil record.
ranges is weak, undermining operation of a protracted processé patterns in the generation of form, which were harellj,r
Ly :::rgzmiﬁmic or species selection, but formal analyses are lﬂ .- ﬁ __fmlﬂdlng documents ut. the E'If'_uluuuna_ry Synthesis,
This hicrarchical view of evolution requires a basic chang®! little-explored mauﬂ“f"u]ulmnnr!f intersection h.et'wen
interpret the oceurrence of phenotypic traits withif‘l apd A and ecology. If1 we wish to understand the origine a:lm
Again, it does not mean that selection at the organismic 1.51.'&} : gtg'rﬂumi. IIhI_S mL?raecu._—fn nﬂ.eds to be explored in far
tive or unimpaortant, but selectivity at a higher level s ?’mld‘_ dinan &H[J]lClﬂ}' hierarchical framework. from genomes
ahle, coherent pattern thal may override or even mimic P .tn species a}-ulj ulludes. N | |
lower levels as it drags along organismic fraits. *‘*Fpmﬂ’ﬁ_h‘f""- # b _il:'ﬂl'ﬂl regulamms:, in the origin of phcnm}:p]c noveltics
itly tuckle the problem of cause and effect in taxon survive . 3 €l of macroevolution that appears to require an expan-
of alternative models across hierarchical levels are nf::-:dcd ta l:;il'y concepts am_j mf:thn_:.lat The recent {_;c:-rmlmratmn
{hese processes (Jablonski and Hunt 2006; Jablonski 2008c)- SHaSIS as a pervasive species-level dynamic, and strong
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support for species selection in the broad sense (myriad examnl, ) g (2008) Range size: heritability may explain current range size distributions

: i Ly o y af the Centetr for Macroecology (University of Copenhagen) & the

in the sirict sense [fewer well-documented cases, but Fmﬂﬂual_[ Global Change Lab (Museo Mucional de-Ciencins: Miturales, CSI1C),

dant), eall for multilevel approaches to large-scale evolutiona; Jutin de In Pefia, Huesca, Spain, Ahstract,

jes. Indeed, repardless of whether traits, ¢ven complex one urel B, Snelgrove PV, Bentzen B Campana S5 12008) Global patterns
e 5 : : | estimates: The mfluence of geopraphy, tiaonomic category and life

evolvability or genomic modularity, arose a5 4 by-product of proge ¢ of the Rayal Society of London B275: 1803 1809
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Massimo Pigliucci

of phenotypic plasticity has just turned 100 {Woltereck
t is common both in the published literature and espe-
the halls of scientific meetings 1o hear professional biologists
cements that betray their lack ol understanding of what
ally is. By far the most common misunderstanding is that

mply a fancy word to indicate the old “environmental com-
L phenotype (Falconer 1952), and that theretore it still makes

Aerms of genetics versus plasticity. Next in line among
ions about plasticity is the idea that one can tell whether

s,
I reaction is a genotype-specific function that relates the
/13 __'i:i'l'nents' experienced during ontogeny to the range of
he particular genotype produces in that range of envi-
1'.‘-’ 14.1). A population of reaction norms, therelore, is
i) three general properties (Piglineci 2001): there can he
ﬁllfm' the focal trait across the environments being con-
ol 15 that some norms of reaction are positioned higher
e diagram; there can be overall plasticity (i.c.. across
Hlaverage the reaction norms show a nonzero slope; and
Rotype-by-environment interaction if the slopes of dis-
5 dre signilicantly different from each other.
norm perspective, therefore, it simply makes no sense
Pirate genetic from environmental effects, because the
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100 itively, change; alter the frequency of dilferent genotypes

aven more counterintuitively, the “environmental”™ vari-

i ared as well. Since heritability is by definition the ratio of

atal (i.e., including environmental) variance, one can casily

E peritability is anything but a fixed feature of a population, and
i 607 s0 of a species.

; fms of resction are usually depicted as continuous functions

'E e ment, the phenomenon of phenotypic plasticity is more

= d some of 115 most spectacular manifestations are the well-

henisms” that characterize plant and animal species. For

e nt larval diets produce male horned beetles with or

e horn (Moczek 2006), a trait that dramatically influences their

o : pete for mates, In plants, one of the carliest examples of

South Center Marth

typic plasticity ever studied 15 2 . Y
Grawth Chamber Qrp! plasticity eve ied is a type of polyphenism:

¥ il semiaquatic plants is an mstance of developmental plas-
e organism produces different types of leaves depending

- SP —B-S5FR —& NFR —@—NL —-sSw

Figure 14.1
A simple sel of norms of reaction from o plasticity experiment conducted on 1
plant system A pahidopsty thaltung. The horizental axis represents the enyironm:
cose the simulated photoperiods of northern, central, ond southern latitudes in
and the vertical axis is o measure of phenotype. Each line represents a distingl
reaction norm. The diagram illustrates the properties of genetie varintion (di
af the varlous norms), snvironmental varation (when individaal norms ha
ferent from zera) and genotype-by-environment inleraction (when different nor
parallel to each other). Symbols to the right indicate the provenances of individy
tions: $P = Spain; SFR = Southern France; NFR = Northern France; ML=
W = Sweden (Data from Josh Bania, Pigliveci Lab)

¢ plasticity is now the paradigmatic way of thinking
environment interactions (the so-called nature-nurture
and one of the best studied biological phenomena in the
literature, with knowledge steadily advancing about its
underpinnings {Schlichting and Smith 2002; Suzuki
), ecological role (Callahan and Figliucei 2002: Nussey
nd evolution (Pigliucei et al. 2003; Paenke et al, 2007).
this chapter T will explore how evolutionary biologists
l-hf-‘ concept of plasticily to expand the horizons of the
2515 Of the 1930s and 1940s { Mayr and Provine 1980), and
City may play in the shaping of an Extended Evolutionary

“penetic,” "environmental,” and interaction variances are ail_
of the specific genotype—environment combinations that are
istic of a given population of organisms. To use a me
introduced by Richard Lewontin, if you were building 8
bricks and lime, it would make little sense to estimate the di
{ributions of the two components by weighing them: the I:_lﬂ_

of the specific pattern of brick-and-lime layering, though of cour
really insisted, you could count the bricks and weigh the
would not tell you much of interest. This has strong implica B
concepl of heritability, which Lewontin (1974)—on {he basis
tion norm perspective—showed to be entirely dependent on i
combination of genotypes and environments one is conside
the environment, and the “genetic”™ variance in the pop!

"
g, and Capacitance

: in 1!11_3 literature the idea of phenotypic plasticity has
_IFhﬂ'S.ﬁ of homeostasis, canalization, and buffering fFJaH
?_{lslichj,' 15 often portrayed as the opposite of canaliza-
10 see why this cannot strictly be the ease: a canalized
€ that is reliably produced by the developmental system;
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spa, thent

plasticity is a trait- and environment-specific property of
rwne which may or may not be advantageous and may or may
result of adaptive evolution (i.e., natural selection).

ion is a property of the developmental system that allows it
y reproduce the same phenotype under the same set of condi-
sticity can be canalized, and canalization is usually thought of
condition, resulting {from natural sclection.

homeostatic, by definition. Homeostasis is also usually thought
jved evolutionary outcome. brought about by natural selection.

thors have argued that nonadaptive plasticity must be con-
default attribute of biological svstems, because a variety of
ntal factors, such as temperature, pH. and others, alter the

£

of biomolecules by default, simply as a result of standard

system and 15 therefore an inherent, inevitable property
According to Nijhout (2003: 9): “Temperature, nutrition,

Flgure 14,2 ] w..
An example of adaptive plasteity in plants, the polyphenism known s hete

. 1
ability 10 produce distimctly shaped leaves dependlng on whether the 3'““‘_.3&, X
below or ahove water), The species photogrighied here is Proserpinaca pi

by Carolyn Wells, Pigliuec Laf)

but a reaction norm can alsa be a reproducible (set of) phe
piven a particular genotype and range of environments. In Gl‘-hﬂ
there is no contradiction in speaking of canalized plastic qupﬁ?
tion: hence, canalization is not the opposite of plasticity. On
hand. there does seem 1o be an inverse relationship between |
and (environmental) homeostasis, if one understands homeas
maintenance of u given phenotype regardless of t_externﬂl?_ -
Finally, “buffering” is # peneric term [or whatever mechaniSlEes

¥ the well-known temperature-activity curves that are
: Of enzymes: while the specific shapes of these curves vary
.. - n being studied, enzymes simply cannot avoid having an
d '“5"'{311}’ narrow) range of temperatures, Nanked by tem-

¥hich they can still function, but suboptimally, and finally
88 al which they have no detectable biological act ivity.
h.EDGMEnnn helps us make sense of the above-mentioned
sunmental homeostasis, where it exists, must be an evolu-
Yed state of things,

genetic or environmental homeostasis.
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By the same token, continuous reac wm norms like those deF‘
figure 14.1 may not necessarily be adaptive, bul simply the ine |
result of a developmental system exposed to different enviropp
conditions, On the other hand, more structured plastic respons '
as the polyphenisms mentioned earlier, are usually thought of
result of natural selection because their sharply distinet phenot
often associated with clearly advantageous lunctions. The obvip
ence is that polyphenisms evolve from precxisting, continuous,

"'t}?. as an intermittently major plaver in the generation of
ovelties.
one looks at the problem of the generation of novel pheno-
from the point of view of genetic assimilation or (rom
nacitance—which, I am arguing, are in fact two sides of the
= phenulypiu plasticity emerges as a key player, either in
s initial steps leading to assimilation or in providing the raw
newed evolution after the disruption of a buffering system.
the idea is that phenotypic evolulion may oceur surpris-
: Ihin'the span of a lew penerutions. This has led Murren and
sliect and Murren 2(H13) to suggest one counterintuitive

pay he difficult to find natural examples of genetic assimi-
-j;l_;_nn the already mentioned fact that few people have been
‘them): the telltale signs may be gone from a natural populas-
y a5 to induce the investigator to think that all that is going
d selection on genetic variants, just as prescribed by the
ework of the Modern Synthesis, There are ways around
- diseussed in Pigliveci and Murren (2003), once one
ook for, but this issue will come back a fortiont when we
-Eberhard's ideas aboul phenotypic and genetic accom-

13

AOTITS.
It is the interplay between inherent plasticity and the neces
maintain functionality over a range of environments that links th
tion of phenotypic plasticity to that of buffering mechanisms, a
glimpsed by Waddington (1942, 1961) with his discussion of what
time were still termed “acquired characters” (Waddington did not
the reaction norm terminology or framewark, although today w
that his famous mechanism of genetic assimilation is really an
of selection on the shape of #n organism’s reaction norm; I will _
this point later in the chapter.) Waddington was interested in the g
tion of novel phenotypes, using an environmental stimulus si
trigeer, The end product of his process of genetic assimilati
“canalized” trait that would no longer require the environment
Though Waddington was suceessful in demonstrating by expe
Drosophila that his hypothetical mechanism could in fact wor
standing criticism of that boady of work has always been i
assimilation had not been demonstrated to occur under natur
tions (of course the fact that few people bothered to look for
have significantly weakened that objection, but somehow failed te
The situation changed recently with the onset of rasearch-:qn
“capacitors” of phenotypic evolution, an approach that in :f'_'se
Waddington's interest on its head. focusing on how the d
buffering system may yield an explosion of phenatypic ﬁ:lrrlls n
in phenotypic plasticity, thereby providing new raw malcnal-ﬂ?. .
selection 1o work on (Rutherford and Lindquist 1998; QU r'mnre of the established populations then experiences
2H12). This body of work—ironically. still conducted by means ¢ ! f;f growth, and the devastating part of the invasion
mental protocols on madel systems—has prompted a new apF _  precisely The pattern that a “plasticity first” hypothesis
of Waddington's ideas, now cast in the modern language Land there is an increasing interest in the invasive hiology
norms and eapacitance. 1t is an entirely open L]“c“j““IWI}E_‘_ * empinically testing this role of phenotypic plasticity in
what extent these phenomena are relevant 1o arganismie eﬂ! : iphic changes of alien species,
thete are al least compelling arguments based on compuier 1K between plasticity and speciation. here is what Levin
natural selection may in fact Tavor capacilance (Masel 2003) .10 say: “Anp ecological shifl most often involves the

that plasticity may facilitate the evolution of fast phe-
""J:': consequences in at least two arcas of evolutionary
tudy of invasive species and the question of speciation.
L (2006) have pointed out that phenotypic plasticity may
atial invader to establish populations at low demograp-
ially buying time until the standard genetic variation-
chanism kicks in and allows the invader to fine-tune its
the novel environment. This would neatly account for
patiern characterizing biological invasions in which
gnizes multiple locations at low population densities and

those densities for a “lag time”™ that may fast decades,
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occupation of novel habitats in the physical and genetic vicinity /g
source population ., . plasticity buys populations time to adapt_,.
they may persist across generations without geneticalteration, , _
term population survival of the newly founded populations is condit
on genetic refinement.” This is precisely the idea 1 have articulated g
lines above in the context of invasions. which Levin indep '
applies to the possibility of ecological speciation. This mode o

tion has received increasing attention recently (Fournier and (
008 Rasanen and Hendry 2008), but to my knowledge little
heen done to infegrate a reaction norm perspective into the em
study of speciation driven by natural selection. '

The Mechanics of Plasticity: Development, Genetics, and Epigenetics

In order to understand how deep a role phenotypic plasticity.
the restructuring of evolutionary theory, one has to conside
related to the mechanics of plasticity in terms of molecular basis (g
proteins, and hormones involved), as well as of epigenetic effects
development more broadly construed. Let me starl with the latte

Il plasticity. especially inherent {i.e.. not necessarily adaptive '
ity, is about anything, it is about the direct influence of the eny
on the developing phenotype. As Moore {2003) pointed out, the:
cal environment in particular (meaning whatever mechanical fore
be applied to the organism during development) can play four
functions: it can (a) act as a selective environment, essentially di
nating between developmental processes that do and do not Wi
particular type of organism; (b) provide cues for the develop
processes themselves: () be itsell modified by the organism; or (d)
the morphogenetic process by means of the inherent plastici
developing organism. Examples of the latter possibility in pa icl
easy to find, and are beginning to play an increasingly importatit
our understanding of the evolution of adaptive organismal fo
think of the shapes of colonies of scleractinian corals, which are
molded by water currents, or of the instantaneous transition 1o
ism in some mammals effected by developmental defects in L
limbs—the so-called “bipedal goat effect.” Figure 14.3 shows a1 | Ipmﬂ;:’;::,"“."}“f’i'i"”!f induced plasticity in the model system Asabidips
known, but not for that less spectacular, case involving the m_ﬂd 4 . nical uir_uul.:dn;nfil:::lmllLim:::ﬂj;rl::\::;f :::L'“‘.:[““!rlz,ﬂ::;it ||11T- rl""_“‘ff_“"""‘“:""_
Arahidopsis thaliana. Genotypes of this plant react dramati 1 -f‘éiﬁ‘:’:;‘:jh%ﬂd rain, m_'lhy biotic ones such i |luL‘|:11'l.'UT:-'1.II. h:f.ﬁ-:"éfﬁd,..ﬂ
sure to mechanical stimulation, which in nature ¢an be genﬂrﬂlﬂ it = bwo organisms, but also the distinel branching architectures,

- herh oy SEAM, ised with Permission)
ahiolic and biotic factors (wind, rain, snow, trampling, or NETHEEE
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srovide precisely this intellectually satisfying conjunction of
and organismal hiological research.

{he mechanistic basces of phenotypic plasticity are not limited
in fact here. too. studying plasticity is providing increas-
ncing examples of how to do so-called “integrative biology™
the same time highlighting the limitations of the Modern
.‘f;%implistic view of genes-to-phenotypes mapping. The func-
l& hormonal systems ol both plants and animals (though

mention some), The genetic basis of this response has been inyg
{ Braam 2003), but—as is often the case—we are far behind jp
understanding its ecology and evolution. Nonetheless, it is tempy
see simple plasticity to mechanical stimuli as the vehicle throuph
specialized alpine ecotvpes of a varicty of plant species may have :
all over the world ( Alokam et al, 2002).

Newman et al, (2006) go much further and actually propose g
rate hypothesis that places plast icity 1o mechanical (and b
stimulation al the center of the origin of nothing less than the y work very differently) have offered a starting point from
animal body plans. These authors identify two key cell prope y understand how environmental signals are translated, inter-
differential adhesion and cell palarity, as well as four types of | : ; rpacted to by the organism (Friml and Sauer 2008). Nijhout

oscillation, and reaction—diffusion. They then show how differss i rms and polyphenisms can be caused by especially evolved
combinations of these elements—all mediated by inhﬂrﬂnt-"'_
chemical plasticity—can generate the fundamental body p
in the animal kingdom. The point, of course, is not that gen
aothing 1o do with the evolution of developmental processes,

ile according to Badyaev (2005: 880}, “phenotypic assimi-
[ppropriate stress response is .. facilitated by a common
Lo _I:'r.uraf and endocrine pathways of the stress response in
smal functions™ Finally, Crespi and Denver (2005: 50) com-
at “the neuroendocrine siress axis represents a phylogeneti-
tsignaling system that allows the fetus or Jarva to mateh its
[opment to the prevailing environmental conditions.”

v, wet another laver of investigation of the mechanisms
ic plasticity has been brought into the discussion, with the
that epigenetic processes such as methylation patlerns and
“ RNAs may be involved in mediating plastic responses
2008; Jablonka and Raz 2008). Epigenetic inheritance
suspected to play some role in the connection hetween
stimuli and heritable phenotypic responses, as in the
floral characteristics in flax (Cullis 1986). But it has been
With the conceptual articulation of multiple “dimensions”
ily relevant inheritance systems (Jablonka and Lamb
G bﬂgin to see the coalescence ol @ coherent theoretical
“Ompassing the entire spectrum of phenotypically plastic
§ their mechanistic generation to their inheritance. to
: ;er:ulog}r. Much more work needs to be done, of course,
1L place a sufficient number of pieces of the puzzle to
mnation of the most complete and current model of how
8 potentially major role in the evolution of phenotypic
?Fhﬂ_l'_itﬂr 12 in this volume), a role that simply could not
‘i the conceptual arsenal of the Modern Synthesis.

nisms which would lead the way, so Lo speak, in a manner an;
what 1 have discussed above in the cases of invasions and
speciation.

Moving [tom development Lo genetics, one simply cannot
the mechanistic bases of plasticity without asking whethe
genes “for” it, Famously, Via (1993) answered in the ncgatﬁ_
that plasticity evolves as a by-product of selection within en
I have elsewhere (Schlichting and Pigliveci 1995) made th
that Via is fundamentally mistaken here, apparently notr
the two possibilities are certainly not mutually exclusive, an "
are plenty of examples in the literature of genes that canno
conceived as heing for anvthing other than adaptive phenotypi
ity, for instance, light-sensitive phytochromes in plants {B
Whether a gene can reasonably be considered “for” a trait is @
complex question that philosophers of seience huave debat
time, but it seems clear that if anything satisfies the rather
of requircments laid out by Kaplan and Piglivec (2001).
underlying known adaptive plasticity syndromes such as the ?h ;
ance response in plants certainly qualify. The important PD_‘M‘_’ ;
arder 1o make a case {or a gene being “for” something, 0N
quite a hit about both the molecular—developmental biolos
system and its ecology—evolution. Well-studied instances O

r‘_ll. r

i
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Phenaotypic and Genetic Accommodation ton’s (1905-1975) conceptual and experimental work on
jenl matters spanned several decades (Waddington 1942,
".Jlit_is a4 bit easier to frame in modern terms because it was
Thuﬁng the genetic-molecular revolution, as well as largely
o ern Synthesis itself—although, interestingly, Waddington,
this ideas in terms of a Darwinian explanation of alleged
characteristics, against Lamarckism. We have already briefly
\ dington’s iden of genetic assmmilation, which is closely
___gl‘l nat identical) to the Baldwin effect. As in the Baldwin
gexisting variation for plasticity that makes it possible for
the population to produce a novel phenotype in response
nmental stimulus, In contrast to the cases of interest to
ver, Waddington focused on the evolution of a newly
which would eventually be stubilized regardless of the
esence of certain environmental circumstances (evolution
ntal homeostasis). In this sense. although Waddington
d experimentally that his mechanism could work, genetic
5 probably of less broad interest than the original Baldwin

j
The current buzzword in discussions of the macroevolutionary -.
tions of phenotypic plasticity is “accommadation.” 4 lerm intros i
West-Eberhard (2003) and much discussed since (Crispo 2007), 9
Eberhard's ideas clearly are historically related to those of g
of scholars. chief among them James Marc Baldwin, Conrg
Waddington, and Ivan Ivanovich Schmalhausen. In this seet
briefly summarize these historical antecedents and then present
sion of the modern sense of phenotypic and genotypic accommod
I suggest that contemporary writers both be aware of the historical
edents (and accordingly recognize intellectual priorities) and i
West-Eberhard’s more modern and compact terminology. '
Baldwin (1861-1934) wrote a historical paper on what is now.
a8 the “Baldwin effeet” {a term introduced by Simpson in-195
cize it titled A New Factor in Evolution” (Baldwin 1896),
presented ideas similar Lo those developed independently by
{ 1846} and Osborn { 1896), aimed at explaining the role of behiy
of what today we would call phenotypic plasticity—in evalul
discussion was framed in the then still relevant context of the p
of Lamarckian processes, with which Darwin himself had
Baldwin's idea was that behavior can affeet the action of 11':1L__
lion, in some instances [acilitating it, The result would be somethis
would look like acquired inheritance, but that in fact was due
additional “factor” that simply interacted with, but did not iny
the role of selection (Baldwin was no Lamarckian), It is actuall
to read Baldwin unambiguously, because he was writing
Mendelian world (Mendel’s work had been published, but was
broadly acknowledged), Nonctheless, the Baldwin effe‘at-_. :
explored more recently in works dealing with the intﬂrac_'_u"t_:rl_‘g' -
learning and evolution (e.g. Hinton and Nowlan 1987; Ma
The most sensible modern interpretation of Baldwin is that phe
plasticity can facilitate evolution by natural selection, dspﬂqﬂmﬁ
particular combination of shape of the reaction norms unfl_ﬂfzi
tion pressures in @ given population of organisms: in PEII'U‘;“]#E'
of the reaction norms happen Lo produce a viable (if S}lbﬂP. o
nolype ina novel unvirq:mn.n:nl. then tlu?ﬁu {gcnulypt.:s will ha e
to survive, and the population, to establish itself, After Ll1ai_,ﬂﬁ-_
ahove, natural selection will fine-tune the reaction norm by it5 8
filtering of existing and novel genetic variation. i

[ B o
LAl]

1 (18841963, despite having done his work contempo-
Waddington’s carly production, is more obscure and dif-
vartly because we have to rely on Dobzhansky™s translation
Russian. and partly because he was more solated from

ence and developed s own lerminology, Regardless, his
abilizing selection™ (Schmalhausen 1949) should net be
whiat we mean today by that term {i.c., with selection for
af the current population mean, having the result of lower-
ulation’s variance for the trait under selection). Rather, sti-
ion sensu Schmalhausen is closely related (but, again, not
genetic assimilation and the Baldwin effect, especially
dusen envisioned a process by which a shifl in envi-
tions would tripger selection for a new “norm™ (of reac-
[[ d_ﬂ_sci‘ihing amode of evolution of phenotypic plasticity,
€ DEW norm is “stabilized™ if the environmental shift per-
ig n this from genetic assimilation). producing a population
- ovel conditions. In a sense, Schmalhausen's ideas can
=885 @ generalization of the Baldwin effect that applies to

not just to behavioral ones,
Td (2003) has updated the concepts and terminology
Baldwin, Waddington, Schmallausen, and a number of
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others throughout the twenticth century, and essentially distilled §
two key phenomena: phenotypic accommodation and genetic gous
modation, In her words:

otain functionality in the face of a broad range of perturba-
ver. the “novel” environment (if the change is environmen-
will often not be entirely novel at all, but will be some
gort of environment that has been common through the
._: ﬂ-g.pgi:if:s in question, This makes it even more likely that
elopmental norm of reaction will produce at least a sub-
otlype.
& that—if the novel stumulos is environmental—there
several developmental systems that will respond in similar
: anse the corresponding reaction norms will be similar. This
Phenotvpic accommodation, therefore, is a direct conseguene [ 5 it may lead not only to the appearance, but also to the
' r at least the non-rarity). of the new phenotype in the
s '__wi“ in turn lacilitate the process of genetic accommoda-
because several individuals simultaneously will provide
al for selection Lo act on.
most famous example of phenotypic accommaodation is the
edal goat effect mentioned carlicr. It refers to the fact that
d perhaps other organisms') developmental plasticity
als that are born with nonfunctional lorelimbs to adjust their
celetal system and adopt a bipedal posture. The first
15 that of a goat with such condition, studied in detail by
‘but similar cases are common in dogs and even in pri-
4.4 shows the case of a bipedal macaque found in an
e animal had suffered from a severe and life-threatening

Phenotvpic accommodation is the adaptive mutunal adjusiment, withe
change, among varinble aspects of the phenotype, following a novel o ; |
|external or internal] input during development. {(West-Eberhard 2005,

Genetic accommodation is sinply quantitative genelic change in the fi
of genes that affect the regubation or form of a new trait, (emphasis ade
Eberhard 2005b; 6547 )

definition—is related to the concepts of environmental and
homeostasis. Genetic accommodation, as should be clear from t
quote, simply refers to the standard mechanism of geneticall
evolutinnary change envisioned by the Modern Synthesis, appli
specific case of phenotypic noveltics; the reason for the intrady
o new term here is simply to provide a unified model of eva
change under the broad rubric of “accommodation.”

Indeed, West-Eberhard goes on Lo present what she sees asa
recipe for evolutionary change in general:

1. A novel input affects one (in the case of mutation) or seve
case of an environmental change) individuals in a pnpulati‘nli;'_
2. Because of inherent developmental plasticity, we observe _'
accommodation of the novel input; consequently, a novel F el 18 and not think that perhaps this sort of phenotypic plasticity
EIMETEes. _ : ned the way to the evolution of lipedalism in hominids.
3. The initial spread of the novel phenotype may be rapid (if ' ' 5€, speculation, but surely a very lempting one.

an environmental effect) or slow (if it is the result of genetic Mp ; i
: r.thﬂl'ﬁ have called attention to the role of bone morpho-
s in structuring the inherent plasticity of vertebrate devel-
ems. These proteins are involved in the shaping of
notypes such as the turtles carapice, bt wings, the

. e e
4. If the novel phenotype is advantageous, natural selection ¥
stabilizing its appearance through an alteration of the gene
ture; genetic accommaotdation has occurred.

There are two key conceptual points in this list that need 19
ated. First, the fact that phenotypic change always begins with HI
reaction of the developmental system to a genetic nr:-un\fl On
perturbation. Of course, there is no claim that such plfj.snc T
be adaptive (in the sense of advantageous to the organism unde
conditions), but there is in fact a good chance that it will B
because—the idea is—developmental systems have been sele

i response to diet) (Young and Badvaev 2007). Mast of
Presumably. are of penetic accommodation, because the
Panse has been stabilized (in the sense of Schmalhausen )
I'.‘-‘iniling populations, and it has a clearly adaptive
cult task, of course, is to uncover convincing examples
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ard (2005b: 6347) puts 1t "1 consider genes followers, not
1 adaptive evolution....We forget that ... environmental
ute powerful inducers and essential raw materials whose
ly variable states can induce developmental novelties as
plonize new areas.” This, of course, is true if the Baldwin
assimilation, and related phenomena are in fact frequent
ure.

—penetic accommaodiation could eome to be considered a
nation behind the well-known phenomenon of mosaic evolu-
atter’s textbook definition is along the following lines:
"f"n_iil'ferent characters at different rates within a lineage is
evolution. ... It savs that an organism evolves not as a
spemenl” (Futuyma 1998), Except that if the “two-legged
nid similar phenomena are frequent, we would have the
of mosaic evolution in the fossil record, even though most
would have occurred simultancously, made possible by

Figure 14.4

(Lefil Phenotypic gecommodation in a macugque suffering from a eripplifg: . '?Phﬂ!lﬂl}']}il: plasticity of developmental systems.
made its upper limbs nonlunctional from early on in development, and led—h ! ...~ : : )
infrerent plasticity of the developmental sysiem—tea Bipodal posture, (right) Reco £ 4 ]JIHS'.IEH}' should also be seriously considered as a candi-

of twa austrolopitheeines, likely members of the line of ancestry that led to-hus
they have stirted heir evilution towand bipedatism by o simila) process,
pecommodptton? (Criginal attribution of left phote un K oW, Various cl.'_:[:li__ ]
right drawing, Wikipedia Commins)

plation. Futuyma’s (1998) definition of the term is “Possession of
properties to permit a shift into a new niche or habitat, A
adapted for a new function if it can assume that function
uttonary modification.” Bul the concept of pre-adaptation

of transition from phenotypic to genetic accommaodation and, mor
to show that the phenomenon is sufficiently common to be evall €10 a new function may appear rather spooky if there is no
relevant. Studies of this type are beginning to appear in the il ﬂ-‘f_'“n about exactly how such pre-adaptation comes about.
{Gomez-Mestre and Buchholz 2006; Suzuki and Nijhout zﬂ'nB;u : . K earlier, however, this is clanfied once we realize that most
: ments are in fact correlated to historical environments, and
the variation for phenotypic plasticity existing in a given
5 0ot altogether unlikely to include reaction norms that will
: 'S!Ibﬂ]_:ltimal fashion in the new environment {or for the
1"}, This is what Baldwin called “organic selection.”
nsequence stressed by West-Eberhard (2005a: 611) 14 the
Ole that behavior plays in directing evolutionary change:
Of course, a common mediator of normal skeletal and
Pment because it is especially flexible in response 1o envi-
hﬂg:&nt‘_ie& It follows that behavior must oflten be an
: m?_fn in the origins of novel morphological traits. So we
Havior and its neuro-endocrinological underpinnings,
1¢ changes, as among the primary developmental causes

it is too carly to draw broad conclusions on their generality.
Consequences for an Extended Evolutionary Synthesis

What are the consequences of contemporary views on pheno
ticity [or the possibility of expanding the Modern Synth’g;’i .
Extended Evolutionary Synthesis? There arc at least six Ii!.alih
provide a blueprint for future research on both the theoretie

cmpirical fronts:

|, As West-Eberhard (2003} pointed out, genes could cﬂrﬂ'ﬁ - Bt mec
a8 “followers™ rather than leaders in the evolutionary proc
that may have little impact on, say, research in molecular
that would represent a major conceptual shift in evolutional
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of morphological novelty.” This is, of course, what Baldwin was 3
ested in 1o begin with, The point can be lurther broadened ¢
forms if we consider phenotypic plasticity as a generalized equj
hehavior {asis in fact done by several authors: Mayley 1996, Novop
2(H12; Paenke et al, 2007), '
5. Phenotypic plasticity should alse be considered as a major play
the process of niche construction (Odling-Smee et al. 2003; Oka
Laland and Sterelny 2006), which, of course. is itself still a somewhay
treversial concept (but see chapter Sin this volume ). According to 8y,
(20033 “animals frequently select their own environments, or
their environments through their own actions.” which is an gh
reason why plasticity (in this case in the form of behavior) is impo
this context. However, as Jablonka (2007} put it: "hecause itis dif
recopnize the role thal persistent environmental or developmen;
play in ontogeny, their effects are usually attributed to geneti
which means that there is a built-in tendency by biologists who w
within the framework ol the Modern Synthesis to simply attribute
typic change to genes without further consideration of the I:ltﬂ’&l_:':. T
and epigenetic allernatives (but see chapter 7 in this volume).

now what they are looking for. Awareness of the stages of the
of course, is crucial. As Darwin put it long ago while discussing
aship between theary and “data™: “How odd it is thal anyone
see that all observation must he [or ar against some view if
i f'ig_ny service!” (from @ letter 1o Henry Faweett). This should
wpered by anyong who dismisses genetic accommodation (or
Peciation, or epigenctic inheritance, or niche construction)
mple basis that “we do not have compelling data m its favor.”
L ata, as Darwin understood, do not simply emerge from a
‘of facts about the world. No new theory has ever declared
 beneath a heap of facts.
pecd more examples of phenotypic sccommodation in
ter assess its short-term ecological impact and long-term
v relevance. This, however, is actually simpler to achieve, as
2 on phenotypic plasticily is very rich in polential examples.
irical and analytical methods te study the phenomenon are
o (Pigliveei 2001). Alse, there needs 1o be more integra-
h programs on phenotypic plasticity, on the one hand, and
ral ecology and genctics, on the other. While students of
certainly aware of phenotypic plasticity. and vice versa for
the plasticity field, good examples of how the two relate
re still surprisingly uncommon in the literature (but see
etal. 2008).,
'research on the mechanistic aspects of phenotypic plasuaty
been carricd oul for several vears, and it has reached a
sophistication, especially when conducted on so-called
s {e.g., Feng et al. 2008). Sull, two areas of particular atten-
e studies concern the role of hormones and of epigenctic
valems as intermediarics between the genetic level and the
yment of developmentally plastic responses by the organism.
A the role of hormones in evolutionarily relevant plasticity
et al. 2007) is comparatively much more advanced than
heritable epigenetics. a phenomenon still largely, and 1 think
sgarded as irrelevant to evolutionary questions (but see
! E_EEIE; Jablonka and Raz in press). The difference between
e know bevond reasonable doubt that hormones (both
nanimals) do play a crucial role in the deployment of
S, Whereas the role and frequency of heritable epigenetic
i much more debatable, since so comparatively few exam-
Characterized. Nonetheless, this may change quite rapidly

ale population divergence and lead to speciation. Gotllieb interp
well-known case of sympatric speciation in apple maggots: (B
pomonella) in these terms” And. along similar lines, West-E
(2005b): “Geneticists may end up describing the results of
rather than its causes,” Then agaim, it is still hard enaugh to gE!I...
opists 1o take seriously even the possibility of sympatric speciation|
and Orr 2004), despite documented cxamples in a variety ﬂf'ﬁ_ L
{e.g., Doehel and Dieckmann 2000; Fournier and Giraud Eﬂﬂﬁi_»

All of the above directly implics, it seems to me, specific stEP5.~
rescarch program on phenotypic plasticity and its macmt‘:‘f?l
impact. This work would cover three major areas: ::mpirif:#_l;l rese
organismal biology, empirical rescarch in mechanistic biology.
retical/conceptual investigations.

With respect to empirical rescarch in organismal biology:.
further—and hetter characterized—examples of genetic ACEOR
tion. This may not be easy, because, as 1 mentioned above,
may be too quick for evolutionary biologists to be able to detect
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oned above, taking a macroevolutionary role of phenotypic
l—l-:;ush' also broadens or reopens the discussion on ruther
B‘itﬂplﬂ'\ such as niche construction and svmpatric speciation,

s are, of course. distinct in 4 variety of ways, Niche construc-
ﬂung that most Biologists think probably does happen, and
- how it should be explicitly incorporated into theoretical
of evolution, and what such incorporation might accomplish.
3 mpatric speciation is different. since a number of biologists
is either impossible or, in any case, a very rare event with
1sequences for evolutionary theory, Coyne and Orr's (2004}
uuca treats allopatric speciation as the null hypothesis (and
¢ available evidence accordingly) on the ground that it
: likely a priori. This is not the place for a discussion of
d limitations of null models in biology {but sce Pigliucei
. 00f: Sober 2008), but at the very least the possibility of
mechanisms leading to speciation, such as the phenotypic—
accommodation  scquence  proposed by West-Eberhard,

as molecular techniques become readily available for populatigy
screenings of epigenetic markers and, again, as conceptual awa
pushes more researchers in that direction.

As far as the theoretical evolutionary hiology of macroevolutj
plasticity is concerned, several lines of inquiry can be pursued, |
one of the most neglected so far has been the bridge to some infops
literature in computational science, where the conecepts of leamnj
plasticity (broadly defined) have been explored in lerms of thy
guences for the evolution of artificial life systems, neural netwa
genetic algorithms (e.g.. Mills and Watson 2005; Wiles et al. 2005)
is much to be gained for evolutionary biologists from a less oge
interaction with theoretical scientists in computational nnd.;
sciences, as this will make it possible both to generalize the congep
arising from within each discipline, and to adopt theoretical and eq
tational methodologies that may help biologists think outside o |
imposed by standard population—gquantitative genetic models, .

In turn, population and gquantitative genetics, which are the
cal-mathematical backbone of the Modern Synthesis, need to be
vated in light of a broader concept of what modeling in biology m
{ Lauhichler and Miiller 2007) and how it is to be pursued.
genetics is notoriously limited in its analytic treatments to a small;
of loci/alleles and to overly simplifying assumptions, without w
problems rtapidly become mathematically intractable. Ou
genetics itself, which was originally developed to address (s
as opposed to analytically) precisely the sort of complex probl
are outside the scope of population genetics, is beginning to
of reaching its own limits in terms of generality and applicabili
logically relevant questions (Pigliveci and Kaplan 2006). Ind
ring to the limited usefulness of quantitative genetic models
landscapes (see chapter 3 of this volume), Gavrilets (1997)
that a madel's predictive abilily—the gold standard in discif
as physics—is not necessarily its most important contribution €
as models in biology are more often useful as metaphors an )
sharpen one's thinking about a given problem. Modeling in c
Honal science and complexity theory (Togquenaga and W&d
inherently of a different kind from the approaches that havﬂ
dard in evolutionary biology for the past century oOr so, whit
explain why today many biologists still consider results from
theory as “too vague and metaphorical” to be biologically i
That may need to change in the near future.

‘;plastu,uy a8 o concept and an area of study has had a con-
My since its inception with Woltereck (1909). Although the
te mporancous with the formal recognition of the distinction
pe and phenotype (indeed. it arguably precedes it, in the
 Morgan, and Osborn)., it was neglected and considered
volutionary biologists until the latter part of the 20th
ays it is a concept that most practicing biologists recog-
ant, and yet with which many still wrestle in terms ol what
revolutionary studies, IF at least part of what T have outlined
ames 1o fruition, in the way of development of ideis and
carch programs, phenotypic plasticity will significantly
¥ we think organic evolution takes place.
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tevalvability by the research program of the synthesis

Giinter P. Wagner and Jeremy Draghi

half century evolutionary biology has been a highly active
i field of biological research with an increasing number of
1 online outlets supporting a rapidly growing scientific litera-
. these publication organs have citation rates equal fo or
: any established journals in molecular biology, and thus it
meas a surprise that our knowledge of evolution is rapidly
.The current understanding of evolution is much different. of
d depth than either that of Darwin or that of the archi-
lutionary Synthesis™ from the 1950s, The fact that evo-
gy has extended beyond that of the original Evolutionary
herefore obvious. Of course there are different wavs by
ice can expand and change. Rapid expansion of the factual
is one way that science makes progress, and another is
anceptual makeup of a discipline. When Massimo Piglincei
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_are vast areas of biological reality that plausibly can relate
volvability and the evolution of evolvability; and a deeper
g of these 1ssues may benefit biology 1 general.
wahility 15 also involved in questions of practical importance,
'_m.mliun only two o make our point, One is the problem of
2 ecics A species is called invasive if it can succeed outside its
et Tt 15 not yet clear exactly what makes a species mvasive,
plausible link between invasion success and evolvability
nd Lee 2007). Emerging disease agents are just ome form of
ies. and our ability to understand and manage evolvability
ts may turn out to be important. On the other hand, bio-
based on manipulating biological macromolecules, which

is more a self-inflicted blind spot rather than dictated by a real;
tion of the conceptual framework of population genetic theg
Incorporating research on the evalution of evolvability into mgj
evolutionary biology, however, can greatly enhance the conce
of evolutionary biology and reselve long-standing theoretical di

Understanding evolvability and the evolution of evolvability
hoth far-reaching conceptual and practical benefits. The most fu
tal reason why research into evolvability is important for evo
biclogy 1s that it addresses one of the most basic assumptions nl"-i B
porary evolutionary theory: that complex organisms can arise from
tion on random genetic variation. This is the part of evolutiona
that is most consistently challenged from outside of biology, most:
by creationists. It is easy to sympathize with those whose int are complex systems with many inleracting components.
not accommodate the idea of random variation leading to in gnice, in protein engineering the evolvability of a protein is called
complexily in evolution. The reasons why most trained bialngﬁ hilit j:_wh._ich determines the ease with which proteins can be
have these problems is that there are good experimental and the d for a given purpose. Understanding, in general, what evoly-
arguments why our intuition is misleading in that respect. But:

wy 1t can be managed could have important consequences
of evidence does not yet amount to a comprehensive underst

logy (Bloom et al. 2006),
what and how genomic and developmental features of organism want 1o focus on the most controversial aspect of evolvability,
(positively or negatively) their ability 1o evolve, In particular

L_Eﬁi:;mrs' that lead to evolutionary changes in evolvability.
have a good understanding of how and why these feat

want to examine the most frequently cited arguments
{Pigliucei 2008). Intellectual honesty requires that evolutions ibility that evolution of evolvability might be the result
pists develop o deeper understanding of evolvability and how 18 n favoring more evolvable genotypes. We will argue that all
and changed during evolution,

s have not been rigorously examined by their proponents,
On a somewhal more specialized level, but still of fairly gen

elf inflicted blind spot in evolutionary biology.
tance, is the possibility that at least some features of genomic:
tion may have a decp connection to evolvability and the ey
um]mbiliiy: for instance, the way cells are put together and hoy
opment is orchestrated (Rutherford and Lindquist 1998; Rul
2000: Gerhart and Kirschner 2007; Hendrikse et al. 2007, see d
11 in this volume), These features include conserved core €@
uscd in different contexts, weak linkage among components.
robustness, and many more, Many of these features are global
tional features of organisms that have not received scrfuus?-_':?
within evolutionary biology, which olten is narrowly focus
vidual traits or genes. A different aspect of the same way E:f
Rupert Riedl's idea that differences in body plan organization
understood as different ways of answering the cha]]ﬂnﬂ‘?’; :ﬁ
complex organisms from randomly generated genetic variat
1978; for a brief summary of these ideas see GP Wagner and

ition and Measurement

i¢ level evolvability refers to the ability of a species to
berg 1994; GP Wagner and Altenberg 1996; Gerhart and
Love 2003; Gerhart and Kirschner 2007; Pigliueci 2008):
« Usually this notion is specified further as the ability
A SPH{ISE to natural selection. On the face of it this scems

Sy Since all extant species are the result of evolution, and
T]!’-’-'Il' ancestors were certainly evolvable. But the issue
Vial if we ask whether the collection of species we have
7 '_11011 only the product of the survival of the fttest, bul
HEsurvival of the most evolvable. Posed that way, the ques-
_‘_-'!F of quantitative differences in evolvahility, and more
HO0S and measurements are required.
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There are three timescales at which evolvability has been gg
for a review see Pighuce (2008}, At the shortest timeseale th
a population to respond to natural selection is determined by
of segregating additive genetic variation. This is uncontroversial,;
study of the factors that determine the amount of additive gen
tion in a population is an old but still active area of research with
lutionary biclogy (Barton and Turelli 1989; Biirger 2000). In sh
amount of genetic variation in a population is influenced by 1-1;_|¢‘
rate. the effect of mutations, the intensity ol selection, pupu[g'
and migration rates, and only marginally by recombination
review see Birger (2000). For quantitative characters the lection pushes the population. If b points in a direction
additive genetic variation is conventionally summarized in the i e is more additive genelic variation, then the selection
genetic variance—covariance matrix, G. which predicts the sho L | be larger than if b pushes the population in a direction
response loselection (Lande 1979). : s little genetic variation. Hence, evolvability is a relational

At the next level. evolvability is determined by the genetic v Land reflects how genetic variation, variability, and selection inter-
of the phenotype (sensu GP Wagner and Allenberg 1996; e, th ine evolution. For instance, mammals are highly evolvable
to vary, as apposed to the amount of varalion realized in a popu 0 hody size. but much less so in terms of the number of
Variability is measured by the mutation rate and the mutational r of limbs. There is much less genetic variation for limb
V... that is, the amount of additive genetic variation for a trait ere is for body size.
by mutation in a generation (Lynch and Walsh 1998). For m 1 imarize evolvability from these measures of variation and
phenotypes the mutational variance can be generalized to the

] Lan active area of research. butl significant progress has
covariance matrix, M, which is a table of the additive genetici cently (Cheverud and Marroig 2007; Hansen and Houle
and covariances generated per generation (Lande 1980). Th

_ ck 2008). For instance. Kirkpatrick {2008) calculated the
is more relevant for exploting the medium-term evolutionary response for 2 given & matrix averaged over all pos-

~of b, thereby measuring a type of mean evolvability.
Houle {2008), on the other hand. considered the conditional
sponse. (i.e., the response in the direction of the selection
it all other variables are held constant. Hansen and Houle
easure estimates the short-term evolvabilities of multi-
pes. Although these measures are useful summary sta-
: evolvahility and constraints, the evolvability in any
I l_f_-is the product of G and b (i.e., an interaction between
iy and the environment that generates the selection

e evolvability in general, directly [ollows from standard quan-
.tic theory. For instance, consider a population with a genetic
atrix G: the response to selection will then be

he vector of differences in mean values of all the traits and
#ﬁqn gradient (Lande and Arnold 1983), If we assume that
e covariances are zero and the genetic variances are also
s ne, then the selection response will depend on the relation-
and b. Intuitively, bois a vector that describes the direc-

ances and covariances are much harder to measure than
variation, but with appropriate model organisms it is at les
(Camara and Piglucei 1999: Brakefield et al. 2003). One nete
point is that G is a population measure, summarizing lhe__’
senetic variation in a given population, whereas M is strictly @
of 4 genotype. .

The third notion of evolvability is the least developed, and
the ability of a genotype (or a lineage) to generate truly né
types (Maynard Smith and Szathmadry 1995 Brookfield 2001}
knowledge there is no operational measure for this concepts
not turther discuss this idea here: but see Pigliucci (2008},

Although this latter notion of evolvability is hard to gis
former, more resiricted concepts are central objects in Gt
penetics; measuring evolvability is already part of mainsirear
ary hiology, One important point about Measuring evolvabl

* W& dpproaches by Kirkpatrick (2008) and Hansen and
0 medium-term evolvability seems to be straightforward,

mplotic selection response of a quantitative character
L 1o the mutational variance times the effective popula-
; 1:932}. In other words, as selection exhausts standing
Increasingly resemble M. Hence. replacing G with M in
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the equations derived for short-term evalvability seems fo he pprﬂ'ﬂﬁh to experimentally assessing evolvahility is artificial
way to estimate overall medium-term evolvability, '

The methods mentioned above all assumce that the G mat
rank (i.e.. that each trait has some potential to vary indeper
Whether this is always the case is a difficult statistical question thy
not seem to be fully resolved (Pavlicev et al. 2008). Published
such estimates differ in their conclusions. For instance, Mezey an
(2005} estimated the genetic covariance among 20 wing trails
cluded that the G matrix has full rank (i.e., that there is g:—:natin. Vi
in all possible directions of trait space). In contrast, a study
and collaborators (McGuigan and Blows 2007) has presented evid
that the rank of G is much less than the number of traits, su
strong constraints on evolvability in certain directions of the
Some of these differences could be due to differences in the
approaches and more work on this problem is certainly n
{Pavlicev et al. 2009),

In computational simulation studies, evolvability is more dire
surahle because it is easy to set up replicate populations exp
same or a sel of selection regimes. and measure the rate of eh
different starting genotypes (Lenski et al. 1999). Straightior
seems. however, these measurements require further attention: hiee
it turns out that the rank order of genotype responses depen
time-scale over which the response is measured (Draghi and ¥
2008). That means that a genotype could have lower evolvabilit
sured over, say, 100 generations, but higher evolvability if measure
1000 generations. What this implies for the biology and the meast
of evolvability needs to be explored. In principle, the same a
in computational studies can be used in experimental evolutic
although with greater investment of resources. To our know
first such study to measure evolvability of different penotypes
is that of McBride et al, (2008). These authors compared the :
response of different strains of the RNA virus @6, These genoty]
fered in their genetic robustness (mutational variance for fi n
were initially equivalent in their fitness in a high-temperature e
ment. It wais shown that mere robust genotypes evolved thett
ance quicker than less robust genotypes. Hence, evolvabili
measured in the lab with real organisms (if one considers viTuse
organisms, but similar experiments with bacteria seem 10 he
and factors affecting evolvability can be cxpurinu:ntu.ll}' iden

gyespots on the butterfly Bicyelus anyana can be selected
t gizes (Beldade et al. 2002). Hence, size relationships are
However, in a more recent paper, Allen and collaborators
w that color composition, although highly evolvable in itself,
e changed in different direetions among serially homologous
his is interesting because the estimaled genetic correlation
mposition of the two eyespots is less than [, sugpesting some-
ndent evolvability of color compaosition. This experimentally
_I:raint (i.e., lack of evalvability) is consistent with the lack
scific variation i this trait {i.e.. color composition of different
o the same individual seems to be always the same),
here are multiple ways to assess short- and medivm-term
ith data. All of these approaches are based on population
ples, and rescarch in this arca docs not require o radical
om the tradition of population genetics. Hence there is a
more interesting claims about evolvability-regulating traits
e to experimental investigation.

ution of Evolvability by Natural Selection Perceived as Impossible?

T-.tﬂ examine the arguments that have been pul forward to
otion that natural selection cannot act on evolvability 1o

dea that evolvability can be favored by natural selection. It
Ivability has its benefits in future environmental changes,

While it is true that nothing, including natural selection,
r the totally unforeseeable, it is not true that all or even
.lal challenges are totally unpredictable. The physical
SUsually changing along stereotypic lines, with fluctuations
d number of dimensions, such as ambient temperature or
Of water. Adaptation to recurrent environmental changes
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is thus no logical paradox, since the genotypes thal adapted g i Genatype | Gatine

the last environmental change of the same kind can also be evoly & o
response 1o i similar change in the future, The opportunity f; — Mean f_:___

ability to evolve therefore depends on the correlation betwee ! fitness / i)

future enviconmental changes, and is an empirical question, noy
one, Similtarly, biotic interactions are also predictable in man
instance, a pirasite can “know” that the host immune system

likely attack antigenic residues on its surface rather than, say,
content of its genomic DMNA. Hence evolvability-enhancing g
changes can be expected 1o affect the evolvability of surface:
{Plotkin and Dushoff 2003),

Computational studies that show the evolution of evolvability
have atways simulated an environment with varying selectio
Kashtan and Alon (2005) studied the evolution of artificial nets
adapting to two allernative “environments” In all cases th
“learncd” to genetically adapt more quickly after a number of
mental changes. They also showed that the derived genotypes
mirmic the nature of the eovironmental change in their con
pattern, such that the patterns of the different environmenl
reflected in the structure of the network itself. This is iden
idea of the “imitatory epigenotype” proposed by Rupert
that genomes should evolve toward a structure of interaction
the functional interdependencies imposed on the phenotypet
ronment. ln a recent paper (Draghi and Wagner 2008) we sha
a simple developmental model is able to adapt to random il
in the environment by eliminating constraints on phenotypic Vi
Hence this system “learned” by random mutation and selection
scope of the random environmental fluctuations is.

Time Time

\\‘ o =

& Selective advantage

e ——— of génotyps |,
e a1 /”'F
fitness /
13 t=1
lllr' -

|

T¥= T J (trag — magy edt
jﬂnﬂ[f} =0

Time

¥pe (genotype 1) that has o higher evolvability than another genatype
differénce in evolvability is reflected in o difference in the rie of
tness. The FiJ]"Ll|I31IL111 of genotype |ingresses in mean Nemess Gster than
° 0T wet supunmp-:nsn these two curves of mean fitness, we cin see that
dependent difference in the mean fitness of these two genotypes. This dif-

g into the selection coelficient for venolype [ This simple model applics.,
erial gEnOlypes with different mutation rates [t shows that selection
Dis ot require proup selection, but can be understoml a5 case of
winian selection {after Wagner 19517,

For instance, consider two genotypes of the same bacte-
. differ in their evolvahility lor one reason or another {say,
58 Or mutation rate), but not in their initial fitness. Then,
cendants of each genotype will increase in fitness, but
because of their difference in evolvability {figure 15.1).
ates of increase in mean fiiness will lead Lo a differential
a_Fd the genotype with the higher evolvability will out-
L. Hence, whatever the genetic property is that conveys
_t‘.'f to-one of the strains, it will be selected because of
L mean fitness il causes over time (GP Wagner 1951 );

The Unit of Selection Problem

Another, rather conceptual argument begins with the premiass
evolution is a population process, evolvability must be ap
property. Therefore selection for evalvability seems 1o im
among populitions, species, or lineages rather than betwee
There is. however, a widespread beliel that group selecti
evolutionary force, and thus, so the argument gocs, evolulio
ability is not possible on that account, The problem with t
is that it overlooks the fact that conventional Darwin
requires only that the descendants of # genotype have oo ay
fitness, than that of another genotype, 10 cause natural 8 I

il
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0.60 - # (e, the sum of the positive and negative inputs per gene,

1 all genes). It turns out that the network exeitability deter-

s ‘f ‘I stically) the accessibility of gene expression phenotypes.

I bt this case the evolvability trait is a distributed property of

o : 16 _and evolvability cannot generally be genetically separated

I Feial mutations. This epistatic linkage should also describe

z 0 a5 : models of Kashtan and Alon (2(05) and Crombach and

3 i OR), but in these studies the effect of recombination was

Ti;; T all itly tested. These cxamples show that epistatic nteractions

“ - ay not only provide opportunities for evolvability to evolve,

sy %{‘ also shelter evolvability alleles from dissociation through

0.30 7 T} i

wa b : ant Benefit of Evolvability

ol = P : v ient against the evolution of evolvability by natural selec-

= e s o 5 P 0 : -'p.rf'rlciples_nl' popuiation geneucs_ is that features thai

Enochs (Ganerations/ 100} thility are Elke_l}f 1o hg f:elftn:trzd agzl_mst '.-.fl'_mn the pu._:rpulﬂ-

utation—selection equilibrium, Again this intuition is best

Figure 15.2 j the example of mutation rate modifiers. While it has been

Evalvahility mergases during evolution in changing covitonments in o simul
far the evolution of o gene regulmory network (see Draghi and Wagner 2
cpach represents an interval of LU generations, where generations are discri
Lation sizes constant, Filled symboels are populations in which the optimal g
changes every 100 generations; the filled circles represent clonal reprodu
filled trianples represent populations with |ccnmhin:tliml1. The opzn cirole
contral popufations that experience stabilizing selection for the entire 4
puint is the mean of 160 simulations, consisting of sets of 10 populations Slﬂ-_l'l‘-hﬂg
ol thie 16 possible phenatypes. Bars are standard errars, Populutions hnlws _I i
networks comsist of 4 genes, and he genomie mutalion rate is approximately
mirdel recombination does not impair the cvolution of cvirlvability.

increased mutation rate can be selected when the population
new environment (e.g, Cox and Gibson 1974; GP Wagner
lected against when the population has adapted 1o the
L The reason is that the mean filness in mutation-selection
creases with the genomic mutation rate; in fact, in
tion equilibrium the mean relative fitness is 1-u, where n
mutation rate. Selection is expected to favor lower muta-
ading 1o higher mean fitness a1 equilibrium. Again, this
sArue for mutation rate modifiers but cannot be generalized
gﬁl'al features that affect evolvability. For instance, Masel
(2003) investigated the claim that veast prions could be
e effect on evolvability. Their analysis confirmed that
Waa plausible, and also showed that, al evolutionary equi-
0 _bilit}-'—a!' fecting trait did notl influence mean fitness, On
E‘:‘EL one must note that the mean fitness in mutation—
im is affected only by the mutation rate. and not by

and Murphy (2006) suggest that contingency loci of microbial :
arc an example where an evolvability-enhancing allele, by virtt
low cost and tight linkage to its elfects, is not lost by rE b
Computational models of gene regulatory networks also il 2
potential robusiness of evolvability mechanisms to recOmEies

(Draghi and Wagner 2008, 2004). 1f a model gene rugu[amrj: ]
allowed 10 evolve in a fluctuating environment, it evolves highe
ability (Crombach and Hogeweg 2008; Draghi and Wagner l; Et of mutations, If evolution of evolvability selects for
is also the case when recombination is allowed (figure 1:5' v : influence the size and distribution of mutation effecis
virtually no difference in the evolvability gains with and withats 1Blropy in Draghi and Wa gner 2008, or network excitabilify
bination (Draghi and Wagner 2009). The reason is that at least of & Wagner 2009), then selection in mutation-selection
determining the evalvability of these networks is the overall
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¥ Dirg,

equilibrium will not erase the changes caused by selection for g
ity. Furthermore, it has been shown that selection to decreased g
effects at mutation-selection equilibrium (e, genetic canaliz
very weak (GP Wagner et al, 1997).
In addition to the theoretical arguments discussed above,
be answered based on first principles and simulation studies, N
Lynch (2007) also raises a number of empirical questions, poi)
lack of direct empirical evidence. While it is true that there is
empirical work on this subject, the lack of evidence is not the
evidence against evolution of evolvability. The small amount of
cal work in this area is a direct consequence of the Tact that evalu
evolvahility has been a blind spot in the evolutionary synthesis, and
has not been an integral part of the research program in main:
evolutionary biology. We think that the theoretical studies cited
section pave the way to targeted experimental investipations lik
by McBride and collaborators (2008) and Allen et al. (2008).

utionary questions where evolvability has been implicitly dis-
can understand the roots of this conflict and demonstrate the
a coherent evolutionary theory of evolvability. While many
yolution have deep connections to the idea of evolvability,
‘on two that have inspired debate since the field began: the
nefits of sex; and the concept of evolutionary constraint,
Jf sex and recombination are many, and would seem fo
he long-term success of sexual reproduction; yet, sex and
Hon are rampant throughout nature. The magnitude and ubig-
e costs have inspired a variety of attempts to explain the
v success of sexual reproduction, and the search for a suffi-
pation Temains a major preoccupation of evolutionary biology.
nt theme of this search dates 10 Weismann, who proposed
nent and recombination, by producing a variety of allele
serve to fuel adaptation through natural selection
n 1904: reviewed in Burl 2000), This idea that sex is main-
gvolution, in the face of substantial costs, because 1t produces
ation has been debated and extensively modeled since the
082; Feldman et al. 1997; Burt 2000; Agrawal 2006; Hadany
2008). and the development of this debate perfectly
the blind spot of evolvability,. Most attempls to translate
wverbal argument into a quantitative model focus on the rate
ion i a population and invoke group-level selection, often

Evolution of Evolvability as a By-product

As with the evolution of all organismal traits, evolution of e
can also be the resull of other evolutionary trends that se
causing { Lynch 2007). For instance, there is a well-supported:
suggests that robustness could also lead to an enhancement oF
ability (A. Wagner 2003; Bloom et al. 2006; A. Wagner 2007); explain the success of recombination. These “optimality™
selection for environmental and/or genetic robustness (Gave dman et al. 1997) include the influential work of Fisher
Hastings 1994; GP Wagner et al. 1997; Meiklejohn and Ha_l.‘ﬂ-,l : } ler (1932). Crow and Kimura (1965), Maynard Smith (1968),
lead to evolution of evolvability as a by-product. This idea has : BSenstein (1974), and continue (o directly motivate further theory
ported by an experimental study cited above (McBride et ﬂ ahen et al. 2005) and experimentation (Zeyl and Bell 1997;
which strains of the RNA virus ®6 that differ in their genetic The continued influence of the Fisher—Muller optimality
also differ in their evolvahility. Many other scenarios are T _“HH“E: the efficacy of group-level selection is penerally
it will be a matter of empirical work to sort out direetly sel 0 be totally inadequate to counter the costs of sex. and
tion of evolvability and by-product scenarios, This is not a g individual-level selection on maedifier loci present
can be settled by theoretical arguments alone. tive. Modifier models have coexisted with the Fisher—
ent for forty years (Nei 1967), and have been repeatedly
Emonstrate a plausible advantage for recombination
nd Yokoyama 1976; Barton 1995; Barton and Otto 2005);

_“llﬂr model, and its mechamsm of group selection, still
licit basis for many discussions of the advantages of sex
1991: West et al. 1999; Agrawal 2006; Otto and Gerstein

Conceptual Implications of Evolvability

We have argued that the concept of evolvability is entirely’ M‘.
with the mechanisms of evolution that form the basis of the
Synthesis, and that it remains controversial because it confln
intuitions about the limits of those mechanisms, By exam
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gar-Ciudad 2005; Salazar-Ciudad 2007). The alternative is that
like any other trait, has both mechanistic and evolutionary
 should be studied for what it is, not as what is absent from
ed distribution. This alternative viewpoint permits develop-
qake a positive, rather than a restrictive, contribution o evo-
1 _a‘lsu establishes a causal connection between evolutionary
d developmental systems,

portance of this reciprocal link between evolution and develop-
not evident in discussions of constraint {Maynard Smith et al.
dson 1994; Schwenk 1995), but is emphatically demonstrated
ion of evolvability, For example, Kashtan and Alon (2005}
ple network model to explore how selection shapes the struc-
network, and hence the variability of the phenotype. A spe-
of fluctuating selection can preserve modular networks with
ned patterns of variability, while other conditions allow the

One easy explanation for the persistence of optimality mode
optimality arguments are typically intuitive, while the arg
muodifier models are much more technical. Yet recent develo
the theory of evolvability reveal the simple intuition underlying o
arguments: The key insight is that individual-level selection eap
Lieritable traits that are fully realized over the multigenerations
of a lineage. Modifier alleles are such traits, as are muta =
{ Tenaillon et al, 2001), patterns of pleintropy and cpistasis (G
et al. 1997; Draghi and Wagner 2008, 2000), sex ratios (Fish
Edwards 1998), and life histories (Stearns 19921, While the evali
sigmiicance of such traits is apparent in mathematical models HIR{
tions. the concept of a trail with lineage-level phenotypes is still my
in the literature with vague ideas of indirect, long-term, or gra
tion, We suggest that an immediate benefit from a coherent
evalvability would be the resolution of this conceptual tan;
clarifving simplification of the hypotheses for the evolution of constrained network structures to dominate. In this example,

While the evolutionary maintenance of sex is a vexing prob af constraint has 4 specific cause, while its presence merely
question itsell fits within the boundaries of mainstream evoluf et preponderance of structures with biased variability, This
biology. In contrast, the issue of constraint in evolution challen) _"\'Wﬂ’-']d be abscured from the perspective that ‘-'““5““3""51 a5
damental notions of how adaptations are studied, and how
interacts with other biological disciplines. Evolutionary con
typically identilied by the absence of expected adaptation (¥
1993), or as 4 bias or limitation on the spectrum of phenotypi
(Maynard Smith et al, 1985), Though some limits to aday
inevitable consequences of physics (animal locomotion cann
the speed of light) or trade-olfs (offspring number canno
pletely independent of offspring size), many others are best de:
developmental, and it is the role of these developmental cons
evolutionary thought that demonstrates how biology can
theory of evolvability.

Much has been written about how the Modern Synthesis €
a separation between evolutionary and developmental biolc
discussion of constraint seems to be a promising bridge b_ﬂ'
disciplines, But what is interesting is how the constraint €a
this connection 1o be negative and one-directional. If, followin
(1993}, we define constraint as the absence of expected adapty
then we tacitly suggest that variation is expected to exist in ﬂl_l
dircctions (Salazar-Ciudad 2007), Several authors have €
deeply embedded idea that variability should be iSDiTD]-'I.i
apparent constraints arc exceptions with special explanall

t,

e play a major role in motivating the reconciliation of evolu-
opment { Pighuecei 2007, 2008).

ecting evolvability and the mechanism for the evolution
are poarly understood (Pigliueei 2008). The reason why
te about it is neither that the question is unimportant, nor
_11}' alien to population genetic theory. We argue here
tion is important and that research into this question does
~'1.'-_{1J_'“-ricﬂ] break from the traditions of population genetics.
ity of some population gencticists toward these questions and
€ 10 a blind spot in the research program of evolutionary
than the result of a deep conceptual divide.
1y does the study of evolvability extend the evolutionary
5 .Ica'l evolutionary biology, evolvability is an assumption
Subject of study. Availability of heritable phenotypic
dered like a boundary condition, rather than as in
ton. In that respect the study of evolvability is a link
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between the agenda of developmental evolution and Pﬂpulﬂtiun ! fer DA, Leving 1 {2005) Recombination dramatically speeds up evolution
: : tions Physical Review Letters Bad; (K812

7)) Recombiration speeds adapranion by reducing competiton between
ns in populations of Escherieli coli. PLOS Biology 30 895 103,

propertics of the organism, away from the single gene or single.
perspective. Henee, while we have argued that there are nog .
ceptual obstacles for population genetic theory to explain the
of evolvability, the very focus on this subject will help shift the
tive aof evolutionary hiology toward a more holistic, sg,rstemig
evolution,

g TC (1974) Selection lor high mutation rales in chemostats Genelies 77

Hopewes P (2008} Evolution of evolvability in gene regulatory networks:

ational Biology 4 e 1K T2,

i VL (1U65) Evolution m sexnsl sod asexual popualanons Amerncan
0—2}500,

GP (2008) Evolution of evolvibility in a developmental medel, Evolutian

GP (20097 The evolutionary dynamics of evalvability in 2 gene network
| of Evelutionary Biology 27; 394611,

{19983 Mamral selection end the sex ratios Fisher's: sources: American
=569,

L0t 8F Christianzen FB (1990 Population penetic perspectives oo the
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'PHILOSOPHICAL DIMENSIONS




Rethinking the Structure of Evolutionary Theory for
an Extended Synthesis

Alan C. Love

ry evolutionary theory adequate? Does it contain gaps or
' Do we need an expanded or extended evolutionary
Milller 2007; Pigliucci 2007)7 There is something presumptu-
n asking these questions about the scope and status of
‘theory, especially from the perspective of philosophy of
Monod expressed a nutural suspicion that accompanies
on:
ot of the theory of evolution is that evervbody thinks he under-
hi]mnphars, social scientists, and so on While in fact very few

and it, actually, as it stands. even as it stood whieén Darwin
even less as we now may be ahle 1o understand it in biology:

nd, the epistemological perspective offered here in
ng these questions is explicitly pluralisi, By this [ mean
t to provide the one and only correct way of thinking
theory, but rather to offer one fruitful prossibility in

ent evolutionary theory, and among these alternatives
advantages and disadvantages.' A particular construal
1" (Griesemer 1984) of evolutionary theory is recom-
. produces advantages to some particular cod. How we
-_thuc-ry guides our preferences aboul its representation;
ased on the goals of our contexts of inguiry (scientific,
d otherwise). Different representations of evolutionary
considered analogous to the tools in a toolbox. There is
Whether a hammer is better than a wrench in general; only
l0re appropriate to the task at hand. Therefore, an
fruitfulness of a representation of evolutionary theory
€ task that motivates the inquiry.




o structure of Evolutionary Theory aos

1 begin by characterizing this tusk in terms of a distinetiog
the content and the structure of a scienilic theory, The contra
low the inclusion of developmental cosrens leads toa revised o
evolutionary synthesis, as scean in the visible agitation around
cance ol EvoDevo (on display in other chapters of this volume)
used as # template for isolating a new perspective on reprém
steuciure for evolutionary theory, Next, | turn to the method
options available for identifying aspects of theoretical structure,
i “bottom-up” approsch focused on evolutionary theory in pa
as opposed to a “top-down™ strategy that attempts to chara
structure of all scientific theories. Pursuing a bollom-up stra
from many previeus philosophical approaches and leads to ue is the simecrere of evolutionary theory, which involves
ification of aliernative structures [or evolubionary theory in t how the content is organized. Instead ol concentraling
different eircumseriptions of content, which Label *narrow” ang whether explanations peneralize 1o all species or whether specific
represenlations ’ pical disciplines have been sudelined, 4 focus on theory structure

Narrow representations of content that are primarily focuse ; ferent questions: How s knowledge referred to as “evolu-
lutionary penetics have been the main province of philosopherssE \ iy arganized (Tuomi TYE1)? Does it have a structure Lhat
broad ones are more favorable to isolating structure for an evoli | r different from other scientific theories, especially those
svnthesis, modern or extended., because they include more of thel (cf. Rosenberg 1985: ch, 5; Ruse 1973; ch. 4)7 These descriptive
cal knowledge available for explaining evolution. Scrutinizing | n be supplemented with preseriptive ones: Should we orgi-
representations in texthooks reveals consistent and stable d wnary theory™ in a particular way? Should it be similar in
problems (“problem agendas™) that are being investigated by |;Tér. thearies? All of these questions introduce philosaphi-
tons of diverse life science disciplines. This suggests an grof taining to the nature of saentific theories (Suppe 1977).
ing to questioning ) structure for evolutionary theory, which Care disconnected from theoretical content, but instead
a synthesis in terms of multiple problem agendas exhibiting: evelutionary theory from an angle that is less requently
coordinating relationships. Understanding structure in th ‘orking biologists. The potential gain of paying attention Lo
broadens the philosophical discussion about theory structure Wk vel perspective on the contours of an extended evolu-
[ving how developmental biology and other disciplinary ap : hiesis and a more precise characterization of what its formu-
provide necessary contributions to our understanding of evolul il . s
consequence, it yields a useful perspective on theoretical S'Cl_":' ! : '.f-"r_'biutiunary theory has been treated in philosophical

#ROULtheory structure, the epistemic organization of the Modern
nerated different concerns, Dudiey Shapere’s commen-
Morical dimensions of the Modern Synthesis highlighted its

‘With other scientific theories, This raised the issue of

-ge-_emlwr}'tllog}'l' or misrepresent and overlook particolar
life, such as bacteria and archaca (née prokaryotes)! For
]ri.nh Kutschera and RKarl Niklas treat the possibility of an
4 evolutionary synthesis through specific topics such as rates of
mnss extinction, species selection. endosymbiosis: EvoDeva,
pmSEiCily- epigenctic inheritance, and experimental micro-
ion (Kutschera and Niklas 2004 ¢f, RL Carroll 2000; Miiller
g1, 2007). In these cases, a revision (o evolutionary theory
guise of augmented or modified content; the endeavor is
“enlarging” the previous synthesis or somehow revising
ms within it.”

an Extended Synthesis.
Evolutionary Theory: Content versus Structure

When analyzing epistemological aspects of science we can |
tinction between the structure and content of a scientific 1:1':. -
of the literature discussing the adequacy of evolutionary theo

about whether its content is sufficient. Does the Mcdcm S
developed in the post-World War 11 context, adequately ¢
different facets of evolutionary processes? Did it exclude devi

Whether evolutionary theory should be explicitly distin-
Modern Synthesis (Beatty 1986). Given that the Modern
BS numerous commitments beyond genclic models of
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g and form develop. discussion of how developmental
constrained evolution from Laking the paths that it has not
est premature” (Zimmerman 2(003; 4581 A similar dialectic
i of including developmental lindings in evolutionary biology
ﬂbmrvahiu especially with respect to how EvoDevo is sup-
- (ransform evolutionary theory, Sean Carroll has labeled
sthird revolution,” which follows after the idea of evolu-
ced in the nineteenth century and the establishment of
the twentieth century:

the label “evolutionary theory™ for this more circumscribed d
this distinction is necessary, then it raises special questions gl
relationship between the “Modern Synthesis” and its frequen
“the synthetic theory of evolution.” Jean Gavon has g,xpr
succinctly: “it is very difficull to define the Modern Syn
“heory ...t s indeed questionable whether the Modern
should be considered as one single theory”™ (Gayon 1990: 3),

When Woll-Ernst Reil and colleagues set outl to delineag
contributions to the Modern Synthesis, they devoted alten.ﬂ
cerning the right “structure™ of concepts, results, and research
for therr analysis (Reil et al. 2000). They distinguished th
Synthesis as a process from the synthetic theory of evolution asa p
Chher attempts have been made to describe the structure of eve
theory qua synthesis, such as a “hypertheory” that subsumes subon
theories ol evolutionary mechanisms (Wasserman 1981) or as
field™ theory (Darden 1986). Together, these diverse deser
Modern Svnihesis “structure,” and by implication evolutio
constitule nagging questions that are related to, but distinet from, i85t
of contenl.

Although the title of Stephen Jay Gould's final book on eval
theary seems to indicate that “structure™ is the primary topi
2002), this is only partially true. His account of theoretical
derives from three principles pertaining to the central concepta
selection (ageney, efficacy, and scope), and asks how the ﬂnuten
three structural “hranches™ needs 1o be revised with varying
Gould's argument is not focused on whether the num EEI
branches should be increased or decreased, or whether the: ic
partite branches is the right structural conception in the first
rather what content should be included within this struct
that content is interpreted. A large portion of the book (Part
a Revised and Expanded Evolutionary Theory™) is devoted
review of empirical findings and conceptual revisions surroun din
selection and developmental constraints, which Gould il L
incorporated into the content of evolutionary theory willl
consequences for our views of evolutionary processes.

o decades. a new revolution has unfolded in biology. Advances
ental biclogy and ... "Eve Devo” have revealed a great deal
wisible genes and some simple rules that shape animal form and
of what we huve learned has been so stunning and unexpected
foundly reshaped our picture ol how evolution works (58 Carroll

nd reshaping” implies modifications to evolutionary theory
ccommodate this revolution: “The Modern Synthesis estab-
Ja;f;lf the foundation Tor how cvolutionary hiology has been
1 taught for the past sixty years, However, despite the
[ ‘Modern® and *Synthesis.” it was incomplete” (SB Carroll
gly, these claims have been met with resistance, In his
book for Natre, the evolutionary geneticist Jerry Covne
ticism: “Carroll presents lus vision of the field without
hal large parts of that vision remain controversial, ... il
Bt still unproved hypothesis as central to the evo-
{Coyne 2005: 1029-1030). Coyne has followed up this
1 purported empirical relutation (Hocksira and Coyne
Uisagreement revolves around the comrend of cvolutionary
tricciure (see Pennisi 2008 for an overview). A multitude
iples could be selected to make a similar point.* The
kinds of controversies has led one researcher 1o ponder
Ktended evolutionary synthesis is just arcund the comer or
possitile chimera (Pigliucc 2003),
_ _.lf:[_iﬁputes provide for the present philosophical analysis is
The reaction to Gould's argument for revising evﬂluuunaﬂ’ - NEy motivate and guide the isolation of kinds of structure
been mixed and sometimes decidedly negative, Bul even in t
cases. the worries about the adequacy of evolutionary theor
issues of content, not structure:“Given how hard it is to und
evolution has taken the paths it has, and how little we undet

eptualizing an Extended Synthesis. Ongoing negotia-
mport of ExruDem content for evolutionary theory offer
: __tundrtv [or the particular account of evolutionary theory
d herein. Can we isolate structure for evolutionary
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gnswer o this question may not be useful in understanding
v seientific theory is subject to change or confirmed by evidence,
itful when trving to produce a philosophical account that

theory that better accommodates the fealures emphasized
debatis about the place of EvoDevo, revolutionary or not?* g
tation of evolutionary theory 15 useful if it assists us in the mgﬁ;% ;
standing how developmental content “fits in" and there s the details of 4 specifie theory It also may (1) facilitate
structural materials {or resolving these disputes” ' ; arch. (2) systematically organize the knowledge (which can

This philosophical strategy is not guaranteed 1o adjudicate “ful both for research and for pedagogy). (3) illuminate the theory’s
about content, These may continue even if a structure mee development, and (4) serve as a means to respond Lo internal
desideratum is found; therc is no logical relationship betw hallenges.
content and structure. even though they have intimate relatio 5 be expected from a pluralist stance, these methods can be
inother, Various recommendations to revise or augment th i ; tary, and neither is inherently superior, Their utility as meth-
evolutionary theory can be consistent with different structures, Ajal . elated to the guestions they are meant to address. The
native representation of evolutionary theory’s structure may or mays strategy is natural when focused on evolutionary theory
demand differential inclusion or exclusion of empirical content, 8 cially because a central aim of formulating an Extended
exploring the structural possibilities of evolutionary theory d e stimulate continued research on evolution. This strategy
itsell demand a revision of its empirical content, But if an el . ‘aftention to clues from the community of researchers for
svnthesis s deemed necessary. then considerations of struc mic materials relevant to a reformulation. These clues are
ji:sl as relevant as those of content. rily found in theory content:

The goal, then, is to take just one prominent clement pe
content that spurs controversy about an extended evolutiona
and provide a structural conception that is sensitive to it. M
of an alternative representation of evolutionary theory is mo
the controversy over how Lo [it developmental components
tionary theory, but it does not aspire (o the immediate arbit
resolution of these differences—consensus about these
time. But explicitly treating structure also may have more
benefits. such as the facilitation of ongoing research, reg
the trajectory for this controversy. These added benefits eme
the particular methodology utilized to identify alternative
conceplions.

in substantive content ... is not sufficient for individuating scientific
use it] changes 1oo rapidly and sporadically for that Instead the
mitment on the part of scientists to certam procedures. poals,
metaphysical presuppositions supply [sie] most of the continuty
1976; 656)

ask from the bottom-up perspective how ongeing commit-
lar goals or problems structure the theoretical content
arify its historical development ( Hull 1988), One natural
s¢ clues is in different textbooks on evolution. By linking
al analysis with the language biologists use to present the
ieve a direct engagement with aims relevant 1o scientific
uch as the facilitation of ongoing research (Love 2008a),
atural propensity to adopt a bottom-up strategy in this
It literature on theory struclure reinforces its advantages
1 favor of a distinct approach o philosophically analyzing
Ary theory,

-
Methadalogy: Isolating Structural Features of Evolutionary Theory.

Two different methods are available for isolating theory 8
first can be labeled a “tap-down” approach, and praceeds by &
is true of all scientific theories. This strategy has been pl:;;_llﬂi‘ :
sophy of science, in part hecause a general account of sglﬂn
structure would yield a unified account of how theories change!
and how they are canfirmed by evidence. A second appr

labe