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ABSTRACT

There used to be a broad split within the experimental genetics research community between those who
did mechanistic research using homozygous laboratory strains and those who studied patterns of genetic
variation in wild populations. The former benefited from the advantage of reproducible experiments, but
faced difficulties of interpretation given possible genomic and evolutionary complexities. The latter
research approach featured readily interpreted evolutionary and genomic contexts, particularly phylogeny,
but was poor at determining functional significance. Such burgeoning experimental strategies as genome-
wide analysis of quantitative trait loci, genotype—phenotype associations, and the products of experimental
evolution are now fostering a unification of experimental genetic research that strengthens its scientific

power.

OST empirical research in genetics during the
20th century can be crudely lumped into two
main aggregations of researchers. On one hand, there
were those who performed functionally or mechanisti-
cally oriented research using homozygous or clonal
strains, as well as their crosses, recombinants, and seg-
regants. Experiments in this branch of the field often
achieved high levels of reproducibility and qualitatively
clear results. Much of what we learned about the ma-
chinery of inheritance was based on experimentation of
this type, notwithstanding the many contributions that
biochemistry and molecular biology have made to our
understanding of the foundations of genetics using non-
genetic experimental methods. This type of research
will be labeled “Mendelian genetics” here for conve-
nience because it is relatively akin to the work that
Mendel and the founders of 20th-century genetics such
as T. H. Morgan performed. The term Mendelian ge-
netics is in conformity with relatively common usage,
although this specific field was sometimes called “trans-
mission genetics” and is now often syncretically
grouped with “molecular genetics.” A common feature
of such research was analysis of the functional effects of
specific allelic differences in the laboratory.
On the other hand, there was 20th-century experi-
mental research on the genetic variation of natural
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populations living in, or recently isolated from, the wild,
research that is commonly referred to as “experimental
population genetics.” This usage also has its difficulties,
with alternative terms such as “experimental evolution-
ary genetics” and “quantitative genetics” sometimes
overlapping or even subsuming the term experimental
population genetics in some cases. This type of empir-
ical genetic research was less common than Mendelian
genetics and was often afflicted with controversies, most
notably the neutralist debate of the late 20th century. In
particular, as we will discuss, this type of research was
more concerned with overall patterns of genetic varia-
tion and the evolutionary mechanisms that produced
such genetic variation.

It will not be argued here that one of these exper-
imental approaches was better than the other, but it is
becoming ever more apparent that they cannot persist
through this century as “twin solitudes” within the sci-
entific community. Instead, it will be argued that exper-
imental genetics is now being unified by means of
genome-wide experimental strategies that bring its sun-
dered parts together. This point of view is not entirely
novel or unheralded (¢f STERN 2000, 2010; HouLE
2010) We should also emphasize at the outset that we
are not proposing a new genetic theory of any kind, nor
do we have any notably original views concerning the
likely results of the presently emerging genome-wide
experimentation. Instead, we want to call attention to
a new class of experiments that presage a fruitful reuni-
fication of genetics and to encourage others to overcome
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their inhibitions about practicing an undivided experi-
mental genetics.

PAST DIVISION WITHIN EXPERIMENTAL GENETICS

It might surprise some Mendelian or molecular
geneticists to learn that a number of population
geneticists are critical of the extrapolation of Mendelian
experimental results to natural populations in the wild.
It might further surprise them that population geneti-
cists are often highly critical of attempts to infer
function in nature from experimental data. But those
of us who were trained on the population-genetics side
of biology have been dealing with this controversy for
decades. NIELSEN (2009) has supplied a recent example
of this debate in population genetics. A key feature of
NIELSEN’s review is skepticism specifically about the use
of functional information derived from Mendelian ge-
netics: “the combination of a functional effect and se-
lection does not demonstrate that selection acted on
the specific trait in question” (p. 2488), and, in refer-
ring to research on the microcephalin locus, “Mutations
in many different genes might cause microcephaly, but
changes in these genes may not have been the under-
lying molecular cause for the increased brain size oc-
curring during the evolution of man” (p. 2489).

Within the field of aging research, in which Mende-
lian and evolutionary geneticists have had some notable
conflicts, the difficulty of proceeding from the study of
mutant strains to the evolution of natural populations
has likewise been discussed (e.g.,, RosE 1991; Van
VOORHIES ¢t al. 2006). Specifically, the presence or ab-
sence of antagonistic pleiotropy in studies of specific
mutant strains measured in a particular laboratory en-
vironment is demonstrably not a reliable guide to func-
tional genetics in other environments, not even other
laboratory environments. This is due, at least in part, to
experimentally established propensities for genotype-
by-environment interaction in functional characters
(e.g., LEROI et al. 1994; KHAZAELI et al. 2005). Moreover,
random mutations derived from genotoxic treatments
are not notably representative of variants that arise or
persist in natural populations.

A relatively direct test of the applicability of Mende-
lian genetics results to the genetics of wild populations
has been supplied by experiments focusing on loci that
affect bristle number in Drosophila melanogaster. Several
studies have ascertained the effects of specific polymor-
phisms that have been shown to be important in iso-
genic laboratory strains, such as genetic polymorphisms
at the hairy locus in wild-caught flies, but have failed to
find a correspondence (e.g., MacpDONALD and LONG
2004). This is an important result because bristle-number
phenotypes are easily scored, while D. melanogaster is
a species that has been studied extensively in both Men-
delian and population genetics. These features of fly
bristle number favor our ability to identify commonali-

ties between the findings of Mendelian and population
genetics, but those commonalities are apparently not
reliably found.

Thus there are good arguments to be made for skep-
ticism concerning the empirical inference of population-
genetics significance from typical experimental results in
Mendelian genetics, however well-conducted and re-
producible such experiments might be. If changes in
genetic background make inferences about genetics
strictly “local”—that is to say specific to the particular
set of genotypes under study and the methods used to
study them—then there are major problems making
general inferences about the functional significance of
particular allelic variants from the experiments of Men-
delian genetics on their own. This is not to deny the
possibility of such inferences in particular cases. But
what is exciting at the present moment in the develop-
ment of genetics is the emergence of genome-wide ex-
perimental techniques that offer general methods of
connecting genetic variation to functional phenotypes.

On the other hand, there were significant problems
with the interpretation of the results obtained from
20th-century studies of the experimental population
genetics of wild populations. From its inception, there
was a key difficulty facing such research, a difficulty that
Sewall Wright may have realized sooner than anyone
else as a result of his extensive collaboration with
Theodosius Dobzhansky (ProviNeE 1986). That diffi-
culty is the problem of inferring which particular pop-
ulation genetics mechanism, or which combination of
such mechanisms, is producing a particular pattern of
genetic variation in a wild population. For example,
genetic variation can be maintained by selectively bal-
anced polymorphism or by the persistent immigration
of individuals from genetically differentiated popula-
tions. Quite often, fluctuations in population structure,
or “demography” as it is now called, can generate local
patterns of genetic change similar to those of selection
(THORNTON and ANDOLFATTO 2006), and if neither the
extant population structure nor the mechanisms of nat-
ural selection are known with certitude, the mere char-
acterization of changing genetic variation by population
geneticists will only rarely yield useful conclusions. [For
a recent example of this problem, see HERNANDEZ et al.
(2011).] These problems surfaced 70 years ago in the
collaboration of Dobzhansky and Wright, and over the
course of the development of their field in the 20th
century, evolutionary geneticists became steadily more
guarded in their inferences about the action of selec-
tion in wild populations. These difficulties did not es-
cape the notice of other types of geneticists, who often
had little use for population genetics research that they
commonly found overly descriptive and mechanistically
unfocused.

Mendelian genetics has yielded many promising
findings concerning the basic features of gene trans-
mission and expression, and experimental population
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genetics has revealed the abundant genetic variation to
be found in many wild populations with great clarity.
But both experimental strategies have faced clear
obstacles impinging on their ability to address many
of the most important questions in biology, such as the
forces maintaining genetic variability in natural popu-
lations or the genetic constraints on the limits of
organismal function. Further, it is at least reasonable to
suggest that the separation of these strategies sustained
these obstacles.

STERN (2000, 2010), to give just one example of a view
somewhat similar to our own, has argued that Mende-
lian experimentation, as we define it here, largely ig-
nored the problem of variation, while experimental
population genetics unduly focused on aggregate statis-
tical descriptions of genetic variation. Thus the former
approach has revealed elements of LEWONTIN’S (1974)
genotype-to-phenotype map, but little about the causes
of population-level genetic variation. The latter approach
has revealed a great deal about population-genetics var-
iation, but little about the specifics of pleiotropy, epis-
tasis, and genotype-by-environment interaction. Thus
Mendelian experiments have provided characteristi-
cally reductionist insights that are deficient in context,
while experimental population genetics has not
achieved much more than an overview of some of the
“holistic” genetic properties of wild populations, as far
as authors like Stern are concerned.

Here, however, the case will be made that empirical
strategies for building a more fruitful, undivided exper-
imental genetics are now available. For those who have
always rejected the split between experimental research
in Mendelian and population genetics, they can regard
the present review as written in the spirit of reconciling
disparate strands of experimental genetics. In either
verbal formulation, the present intent is the same.

GENOME-WIDE DATA AND THE OLDER MENDELIAN
AND POPULATION GENETICS

With the advent of relatively inexpensive whole-
genome sequencing, whole-transcriptome sequencing,
and genome-wide gene-expression assays, modern bi-
ology has turned a major corner. Previously, we argued
that these new genomic technologies have led to a “new
biology” of great promise (ROSE and OAKLEY 2007). Per-
haps less noticed is the degree to which whole-genome
research has imperiled purist Mendelian or population
genetics.

Key to the problems now facing Mendelian genetics is
the degree to which the newly abundant genomic
information reveals both extremely complex networks
of genes affecting phenotypes and widespread epistatic
effects of single substitutions on genome-wide gene-
expression patterns. While it may be too early to claim
that this high degree of complexity is more common
than otherwise, what is indubitable is that such func-

tional genomic complexity must now be considered
a possibility. Thus, elegant Mendelian experiments that
work out the effects of particular substitutions or
mutations at a single locus or at a few loci face
fundamental uncertainties. It may be that the mecha-
nistic pathways that these experiments reveal are in-
deed a complete and sufficient genetic analysis if the
phenotypes of interest are not underlain by a complex
genetic network, but at present complexity appears to
be more the rule than the exception.

This in turn poses a kind of induction problem. How,
practically speaking, will Mendelian geneticists know
when they have done enough experimental work to
establish that the network components that they have
already uncovered are all the components of impor-
tance? The number of experiments to be performed to
achieve such empirical closure can be astronomically
large, thanks to the combinatoric properties of genetic
experiments. If 10 loci, each with three significant
alleles, are to be combined in every possible way, there
are 6'° or >60 million genotypes to be assayed. This is
not a reasonable experiment, even with automation.

In a sense, this problem goes right to the core of what
genetics should be about. Should genetics be about all
the genotypes that can be constructed in a genetics
laboratory, including genotypes with artificially induced
mutations? If so, then it seems to be an astronomically
vast endeavor.

Twentieth-century experimental population genetics,
particularly as practiced by many of the intellectual
descendants of Dobzhansky, had a solution to this
problem. It focused instead on the genotypes that are
to be found in natural populations in the wild. This is, at
least logically, a tenable solution to the aforementioned
combinatoric problem of Mendelian genetics experi-
ments on all possible combinations of all possible
alleles, while it also focuses attention on those genetic
variants that are most relevant to study from the
standpoint of high-function alleles.

But population genetics research on wild populations
sacrifices the experimental power that Mendelian
experiments provide. At the core of this sacrifice is
that, to take genetic samples into the laboratory to
breed for experimental work, the organisms sampled
will be subjected to different environmental conditions
and different population structures in almost all cases.
Generically, 20th-century population geneticists created
inbred lines from wild-caught founders and housed
them in laboratories or greenhouses. If inbreeding
proceeds with sufficient rapidity, it can overwhelm
selection in the laboratory and preserve, over a large
ensemble of inbred lines, allele frequencies that are
close to those of the natural population(s) from which
these lines were derived. But the resultant genotypes of
these laboratories will not be a genome-wide reflection
of the genotypes found in natural populations, if for no
other reason than that they will be an extremely small
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subset of the genotypes to be found in a genetically
polymorphic wild population that undergoes frequent
recombination.

If the phenotypes associated with these inbred lines
are assayed, then they can present problems of in-
breeding depression when their ancestral wild popula-
tion had high heterozygosity. Few experimental results
are more common in genetics than hybrid vigor in
crosses of such inbred laboratory strains, particularly
when important functional characters closely related to
fecundity, longevity, or viability are assayed. This kind of
experimental result reveals the extent to which the
genotypic structure of the ancestral wild population has
been destroyed by the creation of inbred laboratory
strains.

But a potentially more insidious problem for the
study of laboratory strains derived from wild popula-
tions will be genotype-by-environment interaction. Un-
like inbreeding depression, in which the sign of the
effect is predictable, the effect of an evolutionarily novel
laboratory environment on functional characters will be
unpredictable as to both magnitude and sign. Some-
times the laboratory environment may artificially boost
a functional character, and sometimes it may depress it.
These effects in turn may depend on the particular
genotype of an inbred laboratory strain. This problem
afflicts the derived samples of population genetics as
much as it does the arbitrarily assembled genotypes of
Mendelian genetics.

Taken together, these problems hamper attempts to
infer the causal factors that shape the population
genetics of wild populations, in that the only straight-
forwardly interpretable experiments are those in wild
conditions and the only entirely relevant genotypes are
those that occur naturally in wild population(s). Only
with plants and sessile invertebrates will such experi-
ments in the wild normally be feasible if studies of
functional characters are to be performed, and then the
experimenter faces the palpable uncertainties of wild
conditions, including weather, human encroachment,
and sheer accident.

BREAKING FREE OF TRADITIONAL EXPERIMENTAL
STRATEGIES IN GENETICS

A possible key to escaping from the dilemmas of
experimental Mendelian and population genetics may
lie in accepting principles similar to those of strong-
inference experimentation in physical science. Instead
of making doctrinal fetishes of the experimental con-
creteness of Mendelian genetics or the “naturalness” of
the population genetics of wild populations, genetic
experiments could instead focus on powerful tests of
generalities, which should apply to broad classes of ge-
netic systems without exception. Given this goal, exper-
imental strategies could be chosen to maximize their
power, rather than any other sense of appropriateness.

Rather than continuing with established practices,
geneticists might focus on new combinations of exper-
imental tactics and technologies.

To be concrete, we will consider the now-burgeoning
genome-wide experimental strategies that offer the pros-
pect of an undivided experimental genetics: quantita-
tive trait locus (QTL) analysis, genome-wide association
(GWA) studies, and genomic studies of experimental
evolution. We do not propose that these are the only
strategies for an experimental genetics that seeks to
overcome past dichotomies of empirical research. For
example, HOULE (2010) has offered an alternative strat-
egy that seeks to match genome-wide data to more ex-
tensive characterization of what he calls the “phenome,”
a strategy that is in some respects based on the biomet-
rical research tradition and its evolutionary quantitative
genetics offshoots of the late 20th century. While such
an approach is somewhat beyond the scope of this re-
view, we consider it also of significant promise.

QTL ANALYSIS

Before genome-wide sequencing technologies be-
came inexpensive, QTL mapping was the most practical
method for identifying genes involved in complex traits.
This approach involves crossing individuals from stocks
with very-well-characterized phenotypes and genotypes
and determining the recombined regions of chromo-
somes that can be statistically associated with pheno-
types in the hybrid offspring. Currently, the genetic
dissection of quantitative traits is most feasible in well-
characterized model systems; Drosophila and Caeno-
rhabditis elegans are model organisms that have all the
tools necessary for identifying QTL and characterizing
them at the molecular level (AYYADEVARA el al. 2001,
2003; Mackay 2004) and will serve as key illustrations
for the purpose of the present discussion. In particular,
we endeavor to point out the difficulties that face QTL
analysis.

The question of how many QTL affect variation in
a quantitative trait is not easily answered. The number
of QTL mapped in any one experiment is almost
certainly an underestimate. First, the two parent strains
used in an experiment represent only a limited sample
of the species-wide genetic variation for the trait in
question. It should therefore not be surprising if
different studies point to different QTL, even in a single
species. QTL mapping experiments that involve paren-
tal stocks derived from laboratory selection experi-
ments, however, will contain a more representative
fraction of segregating variation than will crosses of
two inbred lines. Second, the number of QTL is
expected to increase with sample size, where sample
size is the number of recombinant individuals. Increas-
ing the sample size allows mapping of more QTL and of
QTL with smaller effects. The frequency of overlap
among QTL discovered in distinct interstrain crosses
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does allow pairwise estimates of the total number of loci
of similar or greater significance to those observed in
individual experiments. Three such comparisons agree
in implicating 11-24 longevity QTL of comparable ef-
fect size (SHMOOKLER RE1S et al. 2006).

The substantial body of work that has aimed to
identify QTL affecting longevity in Drosophila serves
as an appropriate example of the strengths and weak-
nesses of the QTL mapping approach in general. These
results come both from recombinant inbred (RI) lines
constructed from two parental stocks that were not
selected for longevity (NUZHDIN et al. 1997; PAsYyukova
et al. 2000; VIEIRA ef al. 2000; LEIPS et al. 2006) and from
RI lines constructed from parental stocks that had un-
dergone long-term selection for postponed aging
(CURTSINGER and KuazarLr 2002; LuckINBILL and
GOLENBERG 2002; ForBES e al. 2004; VALENZUELA
et al. 2004).

The authors of these studies admit that mapping
longevity QTL is an imprecise initial step toward
identifying genes responsible for longevity, as they can
be localized only to approximate chromosomal regions.
In addition, the extent to which different QTL mapping
results from one or more laboratories can be compared
is ill-defined (SHMOOKLER REIs ¢t al. 2006). Drosophila
longevity QTL studies tend to identify 10-20 longevity
“genes” that have large enough phenotypic effects to be
detected (but see CURTSINGER 2002). These large-effect
QTL have been localized to the centromeric region of
chromosome 2, and the left arm of chromosome 3, in
independent studies (VALENZUELA et al. 2004). Cer-
tainly, many loci with smaller phenotypic effects exist
and have yet to be detected.

A recurring theme from studies of Drosophila QTL is
that genotype-by-sex, genotype-by-environment, and
epistatic interactions are common and complex (e.g.,
DiLpba and Mackay 2002). Drosophila QTL are often
sex and environment specific, and longevity QTL often
show antagonistic pleiotropy (reviewed in MACKAY
2001, 2004). If Drosophila QTL have variable effects
depending on the sex, physical environment, and ge-
netic environment in which the QTL are expressed,
similar properties are to be expected for QTL in other
organisms (¢f. SHMOOKLER RE1s et al. 2006; ROCKMAN
et al. 2010).

Less than 2 decades ago, studies of the genetic
architecture of Drosophila sensory bristle number were
taken to imply that natural variation for this trait could
be localized to polymorphisms in relatively few candi-
date genes (MAcCkAY 1996). But even in these early
studies, complications arose from sex-specific QTL
effects and interactions between QTL. The challenge
for the future will thus be to incorporate a systems-
biology perspective into traditional QTL approaches to
assess how the particular alleles of many genome-wide
loci affect multiple quantitative traits and networks of
transcriptional interactions.

MEDICAL GENOME-WIDE ASSOCIATION STUDIES

One of the few organisms that geneticists study in
detail in very large numbers is the human. Further-
more, there has been abundant funding for genome-
wide assays of human genetic variation, thanks to
concern over the possible medical significance. Fur-
thermore, there are abundant data concerning human
medical phenotypes, most importantly, the diagnosis of
chronic endogenous conditions such as diabetes, hy-
pertension, obesity, and other ailments that are long-
sustained and not direct outcomes of infection.

Genome-wide association (GWA) studies use high-
throughput methods to genotype panels of individuals
at hundreds of thousands of sites and relate those sites
to traits of clinical importance. GWA studies represent
an important advance in discovering genetic variants
influencing disease, but also have important limitations,
including their potential for false-positive and false-
negative results and for biases related to selection of
study participants and genotyping errors (McCARTHY
et al. 2008).

The GWA approach permits surveys of the entire
human genome in thousands of unrelated individuals,
unconstrained by specific a priori mechanistic hypotheses
regarding genetic associations with disease (HIRSCHHORN
and DaLy 2005). The genome-wide nature of GWA
studies represents an important step beyond candidate
gene studies that attempt to probe patterns of inheri-
tance by focusing on single loci at a time, using the
methods of Mendelian or population genetics. For
conditions that are not traditional genetic diseases,
GWA studies also represent a valuable advance over
family-based linkage studies in which inheritance
patterns of affected families are analyzed and related
to genetic markers throughout the genome. These
family-based linkage studies can successfully identify
genes of large effect for traditional genetic diseases
such as cystic fibrosis, but have been far less successful
for common, complex disorders (e.g., ALTMULLER et al.
2001).

Some of the most important, and widely cited, hu-
man genetic studies at the present time are the medical
case-control GWA studies, such as that of the WELLCOME
TRrUST CASE-CONTROL CONSORTIUM (2007) study. These
studies have been able to uncover new single-nucleotide
polymorphisms (SNPs) that are statistically associated
with the onset of chronic diseases and often SNPs at
loci that were not known to Mendelian human genetics
prior to the advent of GWA studies. GWA studies are
predicated on the “common disease, common variant”
hypothesis, which generally assumes that common dis-
eases can be attributed to genetic variants present in ~5%
of the population (COLLINS et al. 1997). If rarer disease-
causing variants exist, or the effects of individual loci are
small, we are unlikely to detect them with this approach.
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Unfortunately, there are major inferential problems
associated with the results of human GWA studies. As
for all genome-wide research, there is a considerable
multiple-inference statistical test problem with the use
of numerous statistical tests over the hundreds of
thousands of SNPs, and often multiple clinical end-
points, tested in such experiments. Without correcting
for multiple-hypothesis testing, there will be a high
false-discovery rate. Furthermore, given the significant
linkage disequilibrium that characterizes the human
genome, it is only rarely possible to specifically identify
the SNP that functionally affects a disease risk, when
a significant GWA result has been obtained (SHMOOKLER
Rx1s et al. 2006). For chronic diseases, the SNPs found to
be statistically significant in GWA studies account for
only a small fraction of their heritability (MaANOLIO
2009). But GWA analysis of human height, which is the
characteristic for which the most data are available and is
more easily measured than chronic disease status, sug-
gests that larger bodies of data and a different strategy of
data analysis can account for much of the heritability of
this character (YANG et al. 2010).

But there are still other difficulties with GWA re-
search. Like laboratory populations of model organ-
isms, humans in industrialized nations live in relatively
novel environments. It is certain that many of the
selective forces and demographic features that have
shaped human genetic variation over the past 100,000
years are no longer present under modern conditions,
even though determining just what the ancestral condi-
tions were is itself a formidable project. Thus, genotype-
by-environment interaction is a problem that may afflict
medical GWA studies. The now-common invocation of
dietary change as an etiological factor in human disease
(e.g., LINDEBERG 2010) is itself an indication of this
problem, particularly since the medical conditions that
are known to be affected by diet, such as obesity, type II
diabetes, cardiovascular disease, and many cancers, are
the concern of much GWA research.

Nonetheless, there is a great deal to commend medical
GWA research. It systematically studies variation over
entire genomes, with its level of resolution depending on
the state of the technology for genome characterization as
well as the degree of linkage disequilibrium among
locations across the genome. This is a great improvement
over studies of a few candidate loci, even though GWA still
faces grave limitations with respect to its ability to detect
effects due to rare alleles. Although there are significant
problems with genotype-by-environment interaction
effects, GWA brings genetic information together with
function, making it contentladen, particularly compared
to the lack of functional content in much of population
genetics. While the inference of specific functional roles for
identifiable sequence differences from GWA data is
plagued with significant uncertainties, as just outlined
and discussed further below, atleast functional questions
are being addressed genome-wide.

GENOME-WIDE STUDIES OF
EXPERIMENTAL EVOLUTION

While experiments in which model populations are
made to evolve in response to culture conditions are of
significant vintage, since 1980 they have been carried
out with enough attention to population size, controls,
and replication to make experimental evolution a rela-
tively reliable experimental strategy (see GARLAND and
Rose 2009). Of particular importance for functional
and evolutionary interpretation, experimental evolution
seeks to control the circumstances of both the present
state and the ancestry of the populations that it studies.
In Mendelian genetics, the evolutionary histories of the
homozygous strains that it employs are often little
known, and certainly are haphazardly controlled. While
experimental population genetics can sometimes infer
the ecology and the ancestry of the wild populations that
it studies, the lines that are derived from the populations
are characteristically subject to either an abrupt course
of intense inbreeding or an ill-defined process of evolu-
tionary domestication (¢f. SIMOES et al. 2009).

The genetics of experimental evolution are of great
relevance for the conundrums adduced here. This point
has been conceded, at least implicitly, even by some of
the most determined skeptics of the prospects for an
undivided genetics (e.g., “We can repeat the experimen-
tal evolution of phages in the laboratory, and demon-
strate that the same mutations go to fixation in repeated
experiments conducted under the same conditions”
(N1ELSEN 2009, p. 2488). In the same way, DYKHUIZEN
and DrAN (2009) show that experimental evolution in
bacteria can be used to rigorously test the adequacy of
functional hypotheses concerning specific genotypes
when they are assembled in the laboratory. But perhaps
more interesting, from the standpoint of integrating
Mendelian and population genetics, are the open-
ended experiments, in which populations undergo se-
lection without having their genotypes “pre-assembled.”
These experiments use populations of two basic kinds:
clonal populations that accumulate de novo mutations
and outbreeding sexual populations that have abundant
standing genetic variation to begin with. Up until recently,
it was chiefly the former type of population that was most
amenable to genetic analysis (e.g., RIEHLE et al. 2001), but
more recently inexpensive molecular-genetic technologies
have allowed fairly good genetic characterization of exper-
imental evolution in sexual populations (e.g., TEOTONIO
et al. 2009). When such genetic characterization is exten-
sive, it allows the experimenter to infer both the genetic
substratum of a laboratory-defined adaptation and, con-
versely, the functional significance of genetic variants. As
such, the genetics of experimental evolution constitute
a natural bridge between the questions of Mendelian ge-
netics and those of population genetics.

Experimental evolution is not without its difficulties
and limitations. The population sizes used in laboratory
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studies of evolution are necessarily small and thus no
doubt systematically smaller than those of most wild
populations. With many populations handled in parallel,
often by numerous experimenters, contamination be-
tween populations is always a risk, particularly in cases
where the genetic variation that undergoes selection is
generated by de novo mutation. The timescales of labo-
ratory evolution experiments are quite limited relative
to the timescales of evolution in the wild. Linkage dis-
equilibrium will make the ascertainment of causally im-
portant sequences ambiguous, as it characteristically
does. Again, there will be statistical problems of false
discovery with genome-wide assays of the effects of evo-
lution. Even though experimental evolutionists may
think that they know which characters selection is tar-
geting, they will not necessarily be right (see LEROI et al.
1994). Most importantly, the idea that an experimental
evolution study necessarily serves as a particularly perti-
nent guide to the evolution of wild populations is at
least dubious (¢f. HUEY and Rosenzwelc 2009). But
in pursuit of universal principles of genetics, this is a sec-
ondary point. If a law of genetics is alleged to be excep-
tionless, then we could falsify it using the genetics of
laboratory experimental evolution, despite the likely
disparities between that laboratory system and others
in nature.

Recent work by BURKE e al. (2010) highlights the
utility of the experimental evolution strategy for genetic
analysis, despite these limitations. This study examined
whole-genome sequence data from populations (N,
~10%) of Drosophila that had experienced over 600
generations of selection for accelerated development,
as well as their ancestral or control populations. Flies in
the strongly selected populations studied by BURKE et al.
(2010) develop ~20% faster than control flies and have
evolved correlated phenotypic differences including
smaller size, decreased stress resistance, and shorter
mean life span. The primary goal of this study was to
identify SNPs with significantly different allele frequen-
cies in the experimental and control populations, as
such loci can reasonably be associated with the afore-
mentioned phenotypes. BURKE ¢t al. (2010) identified
~24,000 such SNPs, and since linkage disequilibrium
extends up to 30-100 kb in these populations (see
TroToNI1O0 et al. 2009), these SNPs localized to several
dozen genomic regions that responded strongly to
selection.

The observation that >20,000 SNPs significantly
change in frequency suggests a large and complex ge-
netic network underlying the response to selection for
accelerated development. Perhaps more interesting is
that BURKE et al. (2010) found no evidence for the com-
plete fixation of any of these alleles. Although local
losses in heterozygosity were observed in the same areas
of the genome at which there was significant differen-
tiation in allele frequencies, in no region did heterozy-
gosity come close to zero. The failure to observe the

traditional signature of a selective sweep in this study
is not necessarily unanticipated, given that 600 gener-
ations might not be enough time for newly arisen
mutations to fix. On the other hand, very little allele-
frequency differentiation was observed between replicate
populations experiencing the same selection treat-
ment; in other words, it is unlikely that beneficial new
mutations arose independently in replicate populations
and are currently in the process of fixing. The major
conclusion to be drawn from this work is that, unlike
microbial evolution experiments, selection acts primar-
ily on standing variation, and not on new mutations, in
sexually reproducing systems undergoing experimental
evolution.

These experimental evolutionary genomic results
ostensibly create a genetic load paradox. How can these
laboratory Drosophila populations sustain so much
genetic variation for fitness-related characters such as
developmental speed, early fecundity, etc? But the ge-
netic load paradox may be more apparent than real.
Consider a simple case of balancing selection. For a locus
at an overdominant equilibrium, the mean population
fitness will be lower than the fitness of the heterozygote.
This difference has been referred to as the segregational
genetic load (EweNs 1979). More formally, genetic load,
L, is defined as,

L= (wmax - 77})/17)’ (1)

where w is the mean fitness and wy,,y is the maximum
fitness among all genotypes in the population. If the
action of natural selection is assumed to act through
strict viability selection, then a large genetic load has
been taken to indicate that a population may be unable
to numerically replace itself, which leads to extinction.
Consequently, some (e.g., KIMURA 1968) have used this
argument to suggest that there is a limit to how much
genetic variation can be maintained by natural selec-
tion. These arguments have been countered by point-
ing out that natural selection does not always act
through the deaths of individuals; rather, processes like
frequency-dependent selection will ameliorate the im-
pact of selection on population viability. Indeed, in Dro-
sophila it has been well documented that adaptation in
many severe larval environments results in changes in
larval feeding rates (see review in MUELLER et al. 2005),
which in turn affects competitive ability for food, which
is a frequency-dependent process (MUELLER 1988).
Another reason that genetic load calculations are
likely to overstate the negative impact of selection is
that the most-fit genotype may be vanishingly rare, in
which case the difference between the average and
most-fit genotype may be dramatically smaller. For
example, consider a single locus with two alleles, A;
and As. Suppose the fitnesses for genotypes A;A;,
A1A9, and AgAg are 1 — 51, 1, and 1 — so, respectively.
If 51, s > 0, then the equilibrium frequency of the A,
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TABLE 1

Theoretical load (L), observed load (1), and mean fitness ()
in samples of 100 individuals

P
0.05 0.1 0.2 0.4 0.5
51 0.038 0.018 0.008 0.003 0.002
L 1.6 1.5 1.2 0.82 0.65
(L) 0.075 0.093 0.09 0.069 0.057
(w) 0.39 0.41 0.45 0.55 0.61

The column heading p and the row heading s, refer to the
equation of overdominance outlined in the text. In each case,
so = 0.002. The value of s; was chosen to give the equilibrium
allele frequency indicated in the table.

allele is p = so/(s; + s9). Now suppose we have 500
independent loci maintained by heterozygote advan-
tage. The most-fit genotype is the multiple heterozy-
gote with net fitness of 1599 = 1. The mean fitness over
all 500 loci is [p2(1—s1)+2p(1—p)+(1—p)* (1—s)]*". 1f
51, So = 0.02, then from Equation 1 we calculate the
load as 150. However, the likelihood of seeing the
heterozygote at all 500 loci in a finite population is
very small.

To quantify this problem, we have created finite
populations of 100 individuals and assigned them
genotypes randomly at each of 500 loci, assuming that
each locus was at the same overdominant equilibrium.
We then calculated the load of this population of 100
individuals using Equation 1, but w,,,, was set to the
highest fitness among the 100 individuals. We repeated
this process 1000 times and computed the mean genetic
load in these populations of 100 individuals and have
contrasted this to the maximum expected load (Table
1). The results in Table 1 show that the load in small
samples is 10-20 times less than the maximum load.

The significance of this finding is that outbred
laboratory populations maintained under long-sustained
selection regimes nonetheless can retain abundant
genetic variation of evolutionary genetic and functional
significance. This offers the prospect of using the
genome-wide response to changes in the phenotypic
focus of selection as a general-purpose tool for resolving
questions of importance for both Mendelian and
population genetics.

FROM GENOME-WIDE ANALYSIS BACK
TO INDIVIDUAL GENES?

A natural goal for genetic research would be to
proceed from genome-wide analysis to the functional
dissection of individual genetic variants. This is perhaps
most obvious in the case of QTL mapping, in that this
experimental strategy is expressly focused on identify-
ing specific regions of the genome that have a measure-
able effect on specific phenotypes. To the extent that
QTL mapping identifies causally important specific

quantitative trait nucleotides (QTNs), then such poly-
morphisms could be subjected to functional genetic
validation using complementation tests among other
standard Mendelian procedures. In the research of
BURKE et al. (2010), reasonably narrow areas of genomic
differentiation were identified; with greater resequenc-
ing coverage, genome-wide sequencing of such experi-
mentally evolved populations might provide candidate
QTNs of comparable value to those of QTL analysis.
Likewise, large-scale GWA research might also provide
candidate SNPs that could be examined using more
functional genetic studies. Alternatively, candidate
SNPs identified by any of the three types of genome-
wide scan could be subjected to such molecular genetic
assays as RNA interference, overexpression in trans-
genic constructs, or allele replacement, at least with
model organisms.

A significant problem impinging on such explicitly
causal research is that the effect sizes of these candidate
SNPs might be so small as to vitiate such direct assays of
their phenotypic effects. The analysis of the BURKE et al.
(2010) data provided in its supplementary files suggests
fairly stringent limits on the effect sizes of the SNPs
involved, given that none of them showed evidence of
a selective sweep during >600 generations of selection.
Likewise, the small proportion of heritability accounted
for by some GWA studies (MoLINO 2009) suggests that
the candidate SNPs identified by such work often have
a quantitatively small effect. Many inferred QTL may
arise from local linkage disequilibrium among multiple
QTNs, each of them having small effects individually.
ANDOLFATTO (2005) has estimated the likely selection
coefficients of SNPs involved in selective sweeps and
finds that they are quite small, suggesting that they have
relatively small quantitative effects on measureable phe-
notypes. However, this is a question that is best resolved
by experimental attempts to establish the magnitude of
the phenotypic effects of SNPs identified by the kind of
genome-wide experiments discussed here.

CONCLUSION

In an undivided experimental genetics, we should be
free to take our experimental refutations and corrob-
orations wherever we can, without regard to convention
or habit. There are still good experiments to be done
within the limited confines of both Mendelian genetics
and experimental population genetics, as convention-
ally practiced. But there are now other experimental
methods that have a good claim on our attention,
particularly in an era when genomic technologies offer
possibilities that were barely conceived of in the 1930s
and 1940s, when tho two wings of experimental genetics
discussed here first started to drift apart.

We provided a brief sketch of some of the possibilities
for genomically founded biology in an earlier article
(Rost and OAKLEY 2007), but it might be useful to
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mention a few specifically promising lines of research
for the undivided genetics that are now emerging:

Whole-genome resequencing of individuals obtained di-
rectly from wild populations should reveal the extent
to which populations in nature sustain genetic varia-
tion and linkage disequilibrium at the nucleotide
level, and what kind of structural and nucleotide-level
variation is present in such populations.

Trajectories of genome-wide variation among replicated
populations undergoing identical culture regimes in
parallel over many generations at different popula-
tion sizes should reveal the relative importance of
genetic drift vs. deterministic patterns of selection
in shaping genetic change over moderate evolution-
ary time periods.

Reverse experimental evolution (see TEOTONIO and ROSE
2000, 2001) combined with whole-genome resequenc-
ing (¢f. TEOTONIO et al. 2009) should reveal how com-
mon antagonistic pleiotropy is across entire genomes
and thus indicate the potential for selection to sustain
genetic polymorphisms.
should be possible to use experimental evolution of
replicated populations to test the relative importance
of de novo mutation producing selective sweeps uvs.
shifting selectively sustained polymorphisms in the
evolution of outbred sexual populations, provided
enough generations of selection are monitored using
whole-genome resequencing.

As discussed above, genome-wide scans followed by
causal tests of the phenotypic effects of individual
QTNs should test whether such QTNs have measure-
able phenotypic effects.

When QTNs with measureable phenotypic effects are id-
entified, they could be tested for their pleiotropic and
epistatic effects, and when these experiments are done
over a variety of environments, they could also delimit
patterns of genotype-by-environment interaction.

I

=

But as we move through the phenomena of genetics
with the freedom to perform new kinds of experiments,
we should be wary of supposing that the specifics of
what we find in a particular laboratory or a particular
set of samples from the wild will inductively generalize.
Fortunately, although science grows out of a substratum
of particulars, fruitful scientific debate is about general
rules and theories, not about the artifacts generated by
specific experimental methods. In the end, all experi-
mental strategies are subject to difficulties that may
render their conclusions suspect, suggesting that there
is all the more reason to unburden ourselves of
Procrustean methodologies and narrow views of the
possibilities for genetic experimentation.
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