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98 Gregory A. Wray:

Synthesis, and could not have happemed in a premolecular era. Yet
Kimura’s ideas have utterly transformed how evolutionary biologists
model and analyze evolutionary processes at a genetic level.

A century and a half after the publication of the Origin of Species,
evolutionary biology is once again in a period of extraordinary integra--
tion and synthesis (Feder and Mitchell-Olds 2003; Rose and Oakley
2007; Pagel and Pormiankowski 2007). A quick perusal of the chapters in
this book reveals that the impetus for this excitement is coming from
several sources. Unquestionably, however, one of the most important of
these is the availability of genome-scale data sets from many species and
from many individuals within some species. As methods for gathering
genomic data become more robust and as prices for doing so drop, con-
sideration of these very large and rich data sets will become routine in -
every facet of evolutionary biology. The impact will be profound. In this
chapter, I discuss some of the opportunities and challenges that the
genomic era brings to evolutionary biology, and some of the ways current
research into genome evolution is extending the Modern Synthesis.

Extending the Modern Synthesis to the Genome

Although genomics is one of the youngest branches of biology, two dis-
tinct phases in its history are already over. The first is the era when infor-
mation was limited to genome sequences from just a handful of widely
divergent species. The number of genome sequences is rising exponen-
tially: prokaryotic genomes are being sequenced on a daily basis, and
eukaryolic genome sequences appear almost weekly, Alignments of -
entire mammalian genomes and reconstructed ancestral genome
sequences for internal nodes (Ma et al. 2006; Blanchette et al. 2004) signal
the beginning of a new era in understanding how genomes evolve.
Sequenced genomes from closely related species provide particularly
appealing subjects for evolutionary analyses, and this information is now
available for several clades (e.g., Kellis et al. 2003; Stark et al. 2007;
Rhesus Macaque Genome Sequencing and Analysis Consortium 2007).
It is possible to apply comparative methods in a serious way to sequences
at the scale of tens of kb up to entire genomes {e.g., A. G. Clark et al.
2003; Doniger and Fay 2007; Hahn 2007), based on information that is
accessible through the Web. As ultrahigh throughput sequencing tech-
nologies become more robust and affordable, it is becoming possible to
generate whole-genome sequences and very large population samples of
tareeted recions at costs that a singele lab groun can coniemnlate.
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The second phase in the history of genomics that is already over is the
era when data consisted only of DNA sequences. Today, much of the
excitement centers around functional data at a genome-wide scale.
Microarrays, which measure mRNA levels for thousands of genes at
once, were the first technology to provide data of this kind (Eisen et al.
1998). Evolutionary biologists began using microarrays as costs dropped,
providing the first glimpses of evolutionary differences in gene expres-
sion throughout the genome (e.g., Oleksiak et al. 2002; Khaitovitch
et al. 2003). Ultrahigh-throughput DNA sequencing will largely supplant
microarTays within the next few years, circumventing the need to design
custom arrays for each species (a major impediment to comparative
analyses) and providing the first comprehensive and unbiased sampling
of gene expression. Several other kinds of genome-scale functional
assays are making their way into evolutionary studies, including assays
for alternate splicing (Calarco et al. 2007), binding sites for transcription
factors (Moses et al. 2006; Odom et al, 2007}, DNA methylation (Zhang
et al. 2008), chromatin configuration (Babbitt and Kim 2008), and
microRNA. binding sites (Wang et al. 2008). Although these remain
expensive technologies to apply In a comparative context, prices con-
tinue to drop, and they will undoubtedly see increasing application by
evolutionary biologists.

Do these genome-scale data sets offer anything to evolutionary biolo-
gists that analyses of single genes do not? After all, a genecentric focus
has proven hugely successful for more than half a century. The answer
is in the affirmative for a couple of basic reasons. For one, there are
interesting evolutionary phenomena that are apparent only at the scale
of hundreds or thousands of genes. For instance, we would not know
about the properties of very weak negative selection, including bias
against certain codons (Akashi 1996; Nielsen et al. 2007) and spurious
transcription start sites (Hahn et al. 2003; Froula and Francino 2007),
were it not possible to examine sequences from whole genomes, Second,
genome-scale data sets provide much more accurate and less biased
information than any single gene, or even dozens of genes, can provide.
Each gene is unique with respect to levels of variation and fixed differ-
ences, reflecting a distinct combination of the influences of negative
selection to maintain the function of its product, any recent adaptive
changes, the genomic region where it resides, and the presence of dupli-
cates nearby or far away (Gillespie 1992; Li 1997). Surveying thousands
of genes provides a much clearer understanding of general trends by
averaging across these distinet mdividual histories. Third, full genome
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102 Gregory A. Wray

a complete mystery. But a simple, abstract gene model is becoming
increasingly limiting in an era where we know an enormaous amount
about how genes function, how different kinds of mutations alter that
function, how mutations can interact to influence traits, and how genes
differ from one another in terms of function and trait associations.
Unfortunately, it is difficult to gauge how well a simple, abstract gene
model performs relative to one that incorporates more information. Part
of the problem is that we have only a dim idea of the general extent of .
nonadditive interactions among segregating variants and of gene-by- |
environment interactions. What is clear, however, is that these kinds of
assumption-violating interactions are not rare. Gene-by-environment
interactions are pervasive (Teviewed in West-Eberhard 2003). Although .
less well documented, epistasis apparently is also widespread (Gibson
and Dworkin 2004; Hermisson and Wagner 2004; Azevedo et al. 2006).
Population geneticists have modeled epistasis (e.g., Wagner and Mezey
2000; Schlosser and Wagner 2008), and quantitative genetics provides
powerful 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 from studies of gene expression at a
genome-wide scale (Rockman and Kruglyak 2006). Recent studies have
demonstrated the evolutionary impact of epistasis across genomes {e.g.,
Brem and Kruglyak 2005; Cooper et al. 2008) and that ecologically rel-
evant environmental variation can influence the transcription of a large
proportion of genes (e.2., Idaghdour et al. 2008; Sambandan et al. 2008}).
The fitness consequences of these effects are rarely known, but many
are hypothesized to be adaptive, including stress responses, Immune

system function, induced defenses, and various forms of phenotypic

plasticity (West-Eberhard 2003; Pighiucci 2005).

Limitations in the abstract gene model become clear when informa- |

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 helpful to know, for instance, that a.

gene is the product of a recent duplication and might be under relaxed
selective constraint, or that it lies within an inversion, and the resultin

lack of recombination might influence its fate independent_ of fitness.
consequences. Likewise, it is useful to know something about the func
tion of the gene’s product: immune system components and testis- |

expressed genes, for example, generally evolve faster than most other
- L . .  smwr YT T S 4 VY e der revrraig that a miiia-
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tion has occurred in a histone gene is much more useful for predicting
its fate than the most sophisticated population genetic model that ignores
gene function. Similarly, mutations in different positions within a gene
can also have very different fates, because they are more or less likely
to alter the function of the protein and thereby affect fitness. This effect
is very clear, for instance, when comparing the fate of mutations within
the active site of an enzyme or the DNA binding domain of a transcrip-
tion factor with the rest of the gene.

Relevant information about specific genes and mutations can be incor-
porated into population genetic models. One area where population
genetic theory has already developed explicit models to take advantage
of ancillary information is to distinguish between genes that reside on
autosomes from those that reside on sex chromosomes. These models
generally predict subtle effects, but analyses of genome-scale data sets
allow one to test their predictions (e.g., Nachman and Crowell 2000; Lu
and Wi 2005). Whether a gene resides on an auntosome o a sex chromo-
some is a qualitative datum, but many other relevant kinds of informa-
tion are quantitative. Extending population genetic models to incorporate
these other kinds of information wili require parameterization.

Increasingly, the necessary information is available. Genomic
sequences are at hand for many of the species commonly studied by
evolutionary biclogists, so that it is often possible to obtain information
about gene copy number, gene product function, and chromosomal posi-
tion (and much more information than this for the major model organ-
isms). In clades where the genomes of multiple species have been
sequenced or where variation has been surveyved genome-wide, it is also
m.o%mumm to derive a quantitative expectation of the likely fate of a muta-
tion over longer time scales. Genome-wide analyses are beginning to
H.Qamm distinct patterns among functional classes of genes in terms of
E._;wmmm disequilibrium, mutational spectrum, and population structure
MSMWE species (e.g., Voigt et al. 2006; R. M. Clark et al. 2007), as well as
m terms of sequence substitution rates between species (e.g., A. G. Clark
et al. 2003; Haygood et al. 2007). Although these studies are primarily
MMWMOMRMHW they provide the basis for building an expectation about the

e of alleles in populations th i indivi
functional Qmmmmm om genes mmamwmwwowmwwwu MMMMMMMMMM@S%& =

, in genes.

Molecular Evolution
In contrast to population genetics, the gene models used in studies of
molecular evolution have recoonized differences amone mutations from
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parallel traits have parallel genetic bases (e.g., Shapiro et al. 2004
Prud’homme et al. 2006; Tishkoff et al. 2007).

Another extension is the use of scans for positive selection (described :

earlier), which provide a valuable complement to traditional quantitative
genetic approaches by identifying genes that may be involved in adapta-
tion throughout the genome. There are many cases where quantitative -
genetic approaches cannot be applied, for instance, when hybrids can’t
be made between species or generation times are too long. In such cases, i
genome-wide scans for positive selection provide one of the few com-
prehensive and unbiased approaches to identifying the genetic basis for
trait differences among species,

The conventional gene models of population genetics, quantitative
genetics, and molecular evolution all need 1o be, and are being, extended
in order to accommodate new information. Much of the impetus comes
from outside of evolutionary biology, primarily from advances in molec-
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 provide
not ouly a more accurate, but also a more comprehensive, view of evo-
futionary processes than ever before. Importantly, this brings both new
information and new challenges. On the one hand, larger data sets allow
quantification of rare processes and the identification of spatial organiza-
tion with the genome. On the other hand, leveraging these much larger
data sets will require further extensions to both the theory and the
analytical tools of evolutionary biology (Singh 2003; Lynch 2007; Pagel
and Pomiankowski 2007).

Moving Beyond the Gene-in-a-Bubble Approach

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

Why is this so? Following the Modern Synthesis, evolutionary biology
T e imeraacinaly genecprtrie aith attention focused on the cene as

T |ntegratin
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the primary unit of selection (Hamilton 1963; Williams 1966; Dawkins
1976). About the same time, it became possible to sequence first pro-
teins, and later DNA, technologies which utterly transformed evolution-
ary biology. And in so doing, this strongly reinforced the gene-centric
perspective. The single gene became the prime unit of analysis for popu-
Jation genetics, and molecular evolution in particular. These two notably
active and fertile areas of evolutionary biology during the last third
of the twentieth century developed rather different gene models (see
previous section).

But they shared one thing in common: the gene in their genecentric
models resided within a conceptual bubble, hermetically sealed away
from environmental influences, repulatory processes, trait associations,
and interactions with the rest of the genome. Empiricists worked with
inbred lines, reared organisms under uniform environmental conditions,
sequenced a single gene of interest, and focused on DNA to the exclu-
sion of traits; theorists built models and developed statistical tests aligned
with this gene-in-a-bubble approach. {In contrast, research in quantita-
tive genetics often incorporated gene imteractions and environmental
influences.)

Isolating genes from the environment, the rest of the genome, and trait
associations 1s a powerful approach for addressing certain kinds of ques-
tions, because it factors out “messiness” of various kinds. Treating genes
in isolation also made sense in an era when relevant data about influ-
ences external to a single gene were sparse. But the gene-in-a-bubble
approach is ultimately limiting. Real organisins live in environments that
vary in space and time; alleles function in a diversity of genetic back-
grounds; and genes affect traits that have real ecological consequences.

An important extension at this point is popping the bubble surround-
ing the single gene and placing it into a broader and more biologically
realistic context. This requires examining a gene from the perspectives
of population genetics, evolutionary ecology, quantitative genetics, evo-
lutionary developmental biology, and more. Genomic data sets provide
an impetus to break down the boundaries between these traditionally
distinct disciplines by offering a common currency for analysis and mod-
eling. Genome sequences, for example, facilitate the development of
genetic markers for quantitative genetics, provide data for developing
accurate background models of sequence evolution testing, produce data
that allow testing for selection throughout the genome, furnish the infor-
mation necessary for carrying out functional analyses such as microar-
ravs. allow inference of chanoes 11 recilatorv seagiiences <itch as< enhancers
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cal frameworks for association studies (Pritchard et al. 2000). The trans-
fer of expertise is not all in one direction: phylogenetic methods are
routinely (but unfortunately not universally) applied in mainstream
genomic studies to distinguish orthology from paralogy. Although phy-
logenetic inference is more computationally intensive than pattern-
matching methods such as reciprocal best BLAST hits, it generally
produces a lower error rate. On the data representation front, visual
displays are gradually evolving beyond the heat maps that became almost
ubiquitous following the invention of microarrays. Finally, databases
have begun to move beyond simply serving as data repositories, and are
setting standards for organizing and archiving information.

Evolutionary biology is transitioning from an era of data limitation to
one of data abundance, and even superabundance, n a Hmited but
growing number of areas. Put simply, the challenge is shifting away from
how to gather data and toward how to analyze, integrate, and make sense
of very large data sets (Singh 2003).

Suramary and Prospects

A century and a half after the publication of the Origin of Species, evo-
jutionary biology is entering a time of extraordinary expansion. The
foundation that Darwin built was tested and vastly strengthened, initially
with the elucidation of transmission genetics and later with the nature
of the genetic material. Today we are in the midst of another exciting,
and potentially equally transformative, period in the history of evolu-
tionary biology. Information from molecular biology, developmental
biology, and, most recently, genomics is prompting substantial changes
to the genecentric view that emerged during and shortly after the Modern
Synthesis. I have argued that three specific extensions are under way

already. First, enormous advances in understanding how genes function -

and how they work together to produce developmental and physiological
processes are prompting substantial and highly informative updates to
the gene models used in evolutionary studies. Second, technological
advances now allow us to study genes in the context of the rest of the
genome and the environment rather than as isolated entities, revealing
much about gene interactions, phenotypic plasticity, and developmental
roles. And third, expanding analyses beyond genes as the focal anit is
allowing Tesearchers to study the evolution of the hereditary material at

a wide range of scales, from single mutations through gene networks to

integrating Genomics into Evolutionary Theory 111

The advent of genome-scale data sets is prompting 2 wide range of
exciting new studies. The results are revealing evolutionary phenomena
of which we were previously unaware, such as codon bias and biases in
the distribution of positive selection on coding and noncoding sequences
depending on gene function. Genomic data are also being used to evalu-
ate predictions that were formerly untestable, such as genome-wide
estimates of epistasis and the long-term fate of gene duplications.
Technological advances are providing entirely new ways to identify
the genetic basis for trait evolution through whole-genome association
studies and genome-scale functional assays such as microrrays. Applying
the {raditional approaches of population genetics, evolutionary genetics,
and molecular evolution to genomic data sets poses nontrivial chal-
lenges. Balanced against these challenges, however, are extraordinary
opportunities to better understand evolutionary processes and mecha-
nisms. Theorists and quantitative biologists, in particular, are entering a
period of exceptional opportunity as data sets expand in scale, scope
and kind. v

It is too soon to know how extensively and in what ways genomic data
will influence our understanding of evolution. But one point is already
clear: these data are building upon and extending the robust framework
of the Modern Synthesis in ways that we could not have imagined even
a decade ago.
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