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■ Abstract Modern population genetics underwent a major paradigm shift during the last decade of the 20th century with the discovery that thousands of genes of
known function and position in a genome can be analyzed simultaneously in a single
individual. The impact of this technology on insect population genetics is potentially
profound. Sampling distributions of genetic statistics can now be derived from many
individual loci or among many segregating sites within a gene. Inferences regarding
random mating, gene flow, effective population sizes, disequilibrium, and relatedness
among populations can now be based on patterns of variation at many loci. More importantly, genome-wide sampling enables population geneticists to distinguish effects
that act on the whole genome from those that act on individual loci or nucleotides. We
introduce the term “population genomics” to describe the process of simultaneous sampling of numerous variable loci within a genome and the inference of locus-specific
effects from the sample distributions. The four critical assumptions implicit in the
population genomics approach are explained in detail. Studies adopting this paradigm
are reviewed, and the steps necessary to complete a population genomics study are
outlined.
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INTRODUCTION
The study of adaptation remains a primary focus of entomology. The genetics
of adaptation is fundamentally about gene substitution within populations over
time: alleles favored by natural selection replace other alleles and at the same
time change traits within populations. Historically, the genetics of adaptation has
been approached in three ways: by quantitative genetic analysis of phenotypic
variation (85, 112), by marker-based population genetics (42), and by analyses of
single-gene enzyme polymorphisms (38). Differences between these approaches
are rapidly disappearing with the advent of “genome projects” that map and sequence the entire genomes of insects [e.g. Drosophila melanogaster (1)], the
development of computer-based statistical procedures (bioinformatics) for examining the resulting data sets, and the creation of genetic maps that identify loci
affecting phenotypic variation [quantitative trait loci (QTL)]. On one hand, entomologists interested in phenotypic evolution can apply a wide array of molecular
techniques to dissect phenotypes into their underlying genetic causes. On the other
hand, population genetic theory provides statistical tools to infer the evolutionary
forces acting on genes. This suggests an integrated strategy capable of simultaneously describing the genetic basis of phenotypic variation and the evolution of
those genes that underlie that variation. Successful application of this strategy can
provide insights into problems in evolutionary entomology such as insecticide resistance, pathogen transmission, plant-herbivore interactions, sex determination,
pheromone use, and the genetics of speciation.
We use the term “population genomics” to describe this process of simultaneous sampling of numerous variable loci within a genome and the inference
of locus-specific effects from the sample distributions. Locus-specific effects include selection, mutation, recombination, and assortative mating, processes that
should affect one or a few genes at a time. Locus-specific effects contrast with
genome-wide effects like genetic drift (including founder events and population
bottlenecks), migration, and inbreeding, which should affect all parts of a genome
in the same way. We are careful to distinguish the terms “gene” and “locus.” By
“gene” we refer to a region of DNA that codes for RNA, regardless of whether the
RNA is ultimately modified and translated into enzymes and proteins or has other
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functions within the cell (e.g. transfer RNA or ribosomal RNA). “Locus” refers to
the location of a particular DNA sequence in a genome, whether it codes for RNA
or not. Most importantly for this review, in the age of DNA sequencing, locus
also refers to a single nucleotide among the hundreds of millions that compose
the entire genome of a typical insect. A nucleotide position in a gene that varies
among individuals is referred to as a segregating site.
We acknowledge that insect genomes are complex structures that include nontranscribed heterochromatin, centromeres and telomeres, various kinds of repetitive DNA, and the DNA found in organelles such as mitochondria. However,
our discussion of population genomics is generally restricted to the single-copy
nuclear (scnDNA) genes that form the genetic basis for the majority of adaptations. We avoid detailed discussion of the genetics of multigene families, like
nuclear ribosomal-RNA genes, because their molecular evolution is greatly affected by the forces of molecular drive and therefore is necessarily correlated.
The dependent, concerted evolution of repetitive DNA loci violates the first critical
assumption of population genomics as discussed below. The lack of recombination in mitochondrial DNA also violates the first assumption so that population
genomics cannot be applied towards identifying adaptation in individual mitochondrial genes. However, as illustrated in some of the examples that follow,
the mitochondrial genome is an excellent tool for studying genome-wide effects
(27, 111).

BACKGROUND
The paradigm shift toward population genomics began during the last decade of
the 20th century with the discovery that hundreds or thousands of genetic markers,
of known position in a genome, can be analyzed simultaneously in a single organism. Four technologies were critical in developing population genomics in insects.
First, the polymerase chain reaction (PCR) allowed the amplification of many loci
from the small amounts of genomic DNA typically isolated from a small insect
(e.g. Drosophila spp., parasitic wasps, mosquitoes, and aphids). Second, a variety
of highly polymorphic markers, like microsatellites, random amplified polymorphic DNAs, and amplified fragment length polymorphisms, were discovered to be
abundant in arthropod genomes. Third, techniques for detecting single-nucleotide
polymorphisms (SNPs) within genes allowed genetic variation to be examined in
even the most conserved genes. Finally, statistical algorithms were developed to
analyze recombination among the many genetic markers simultaneously segregating in one or a few genetic crosses, thereby allowing insect geneticists rapidly and
inexpensively to construct linkage maps of the relative positions of markers in an
insect genome (50, 72, 137).
The impact of these technologies on genetic studies of adaptation in insects is
profound. Entomologists can now choose genetic markers with which to analyze
variation throughout an entire genome; it is no longer necessary to use one or
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a few loci to draw inferences regarding selection, random mating, gene flow,
effective population sizes, multilocus disequilibrium, and relatedness among insect
populations. Population genetic analyses can now be conducted by sampling insect
genomes and estimating population statistics at two levels: across variable loci
dispersed throughout the genome and among polymorphic-nucleotide sites within
individual genes.
On the whole-genome level, a large number of loci dispersed throughout the
genome can be sampled, and distributions of genetic statistics can be estimated
for the sampled loci. Statistics will have sampling distributions based on locus-tolocus variation with extreme values at the tails of the distributions. The extreme
values may represent locus-specific effects—forces that directly influence genes
and their surrounding loci within those regions of the genome. Locus-specific
effects include selection, mutation, recombination, and nonrandom mating. Estimates from the majority of loci will fall into the centers of the distributions and
represent loci affected the same way across the genome. These are loci influenced
by genome-wide effects that include genetic drift (founder effects and population
bottlenecks), migration, and inbreeding.

A Hypothetical Example of the Population
Genomics Approach
The power of population genomics is that locus-specific and genome-wide effects
can be distinguished by examining variation at many loci or even many segregating nucleotides within a locus. As a hypothetical example, consider a situation
in which we are attempting to identify genomic regions in a crop pest that confer virulence to a novel host plant cultivar. We examine variation at 1000 cDNA
loci distributed throughout the genome of the insect. In practice, examination of
this many loci would be impractical. Instead we would identify “candidate” loci
that we suspect may control the phenotype either for a priori mechanistic reasons
(e.g. a digestive enzyme), or because they have been found to cosegregate with
the phenotype in linkage mapping studies. At the level of individual genes, we
wish to make estimates of variation in allele and genotype frequencies within and
among populations differentially exposed to the novel cultivar.
The statistical measurements that are frequently discussed in this review (and in
the population genomics literature) for describing and analyzing this type of variation are Fis and Fst (148). Fis is a measure of the observed numbers of heterozygotes
(Hobs) relative to the expected number of heterozygotes (Hexp) under assumptions
of the Hardy-Weinberg model. Fis can vary from −1 to 1. If Hobs > Hexp, then
Fis < 0. This might occur if, for example, heterozygotes for a virulence allele
have a higher fitness than insects homozygous for that allele. When Hobs < Hexp,
then Fis > 0, and this might occur if, for example, heterozygotes for a virulence
allele have a lower fitness than insects homozygous for that allele. Fst is a measure
of the standardized variance in the frequency of an allele among populations and
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can vary from 0 (allele frequencies are approximately equal among all populations)
to 1 (alternate alleles fixed in different populations). We might expect Fst  0 at
a locus that overcomes host plant resistance when compared among populations
differentially exposed to the novel cultivar.
Assume that alleles at 1 of the 1000 cDNA loci that we examined actually
confer a higher fitness on insects in the presence of the novel cultivar. Fst at
the 999 other loci will follow a Poisson (random) distribution (Figure 1A) owing
largely to genome-wide effects. However, Fst at the locus that confers virulence to
the novel cultivar will exceed the expected variance because it is subject to locusspecific selection and will fall within the black region of the sampling distribution.
Assume that, at that same locus, heterozygotes for the virulence allele have a higher
fitness than insects homozygous for that allele, which might occur if homozygotes
for either virulence or wild-type alleles have a low fitness relative to virulence
heterozygotes. If we also assume that insects mate at random and that alleles at
the remaining 999 loci have no major impact on survival or reproduction, then
Fis at these loci will approximate 0 (Figure 1A) owing to genome-wide effects.
However, Hobs > Hexp, and Fis < 0 at the locus conferring virulence. This reflects
locus-specific selection, and Fis for this situation will fall within the gray region of
the Fis curve. Alternatively, assume that, at the same locus, homozygotes for the
virulence allele have a higher fitness than heterozygotes or wild-type homozygotes.
Then Hobs < Hexp, and Fis > 0 at the virulence locus. Fis will fall within the locusspecific black region of the Fis curve.
At a finer scale, population genomics can identify locus-specific effects at
individual nucleotide positions. After screening our 1000 cDNA clones, we decided to focus on the one cDNA at which Fis and Fst behave as indicated in Figure 1A.
We examined nucleotide variation across 400 nucleotides in that cDNA. Assuming
that the actual nucleotide substitutions that confer virulence to the novel cultivar
are segregating at site 200, we can now consider the outcomes of several different
types of selection.

Detecting Selection and Neutral Evolution
The neutral theory of molecular evolution provides a context for testing hypotheses
in population genomics, wherein existing genetic variation is compared with what
should arise purely by mutation. The alternative hypothesis is that genome-wide or
locus-specific variation within and between populations is adaptive, arising from
selection that reduces variation (i.e. is purifying or directional) or that maintains
genetic variation (i.e. is balancing or diversifying) (7). Neutral evolution assumes
that most mutations in a gene are lethal but that the negative effects on fitness of
the remaining mutations will be small enough that they will be neutral or nearly
neutral. Neutral theory (66) shows that the majority of neutral or nearly neutral
mutations will become extinct through random chance but that a few, over many
generations, will become fixed.

P1: FRK

November 6, 2000

446

13:43

Annual Reviews

AR119-15

BLACK ET AL

Figure 1 Hypothetical sampling distributions of Fis and Fst among (A) loci distributed throughout
a genome and (B) segregating sites in a gene. See text for further description.
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Purifying selection is the component of the neutral evolution model that rapidly
eliminates any nucleic acid substitutions that reduce the fitness of an organism,
and this concept is often used to explain the absence of nucleotide variation observed at many loci. The combined influences of neutral evolution and purifying
selection are frequently cited to explain the overall variation observed in a gene
(42, 56). Purifying selection homogenizes populations by removing alleles that
might arise in a population by migration or mutation and by preventing divergence
in allele frequencies between populations by genetic drift. Assume that, in the
absence of the newly resistant plant cultivar, fitness is maximized in insects with
a particular nucleotide at site 200. Under purifying selection (Figure 1Bi), levels
of differentiation (Fst) are lower at nucleotide position 200 than at surrounding
nucleotides.
Positive selection occurs when an allele, new to a species through mutation or
new to a population through migration, confers a relative fitness advantage to an
organism and thereby increases in frequency. Positive selection can explain clines
of variation among geographic or seasonal populations or differences in allele frequencies among nearby populations that differ in some important environmental
variable. Positive selection might occur in populations exposed to the novel resistant cultivar. Insects with a novel nucleotide at position 200 might have a greater
fitness than insects with the original nucleotide at that position. Under positive
selection, Fst at nucleotide position 200 would be greater than the average Fst at
surrounding nucleotides (Figure 1Bii). Furthermore, there would be an apparent
excess of homozygotes for the novel nucleotide at position 200, and the inbreeding
coefficient (Fis) would exceed the average Fis measured at other variable nucleotide
sites across the gene (Figure 1Biii).
Balancing selection maintains genetic variation and can occur in a number of
distinct ways (131). Most commonly, balancing selection is thought of as favoring heterozygous individuals (overdominance). Correlations between overall
heterozygosity and fitness have been described in a broad number of organisms
(94), but the data can be explained generally by partial dominance (30, 56), and
direct evidence of overdominance at individual loci is lacking (7, 28).
A more plausible mechanism of balancing selection is through frequencydependent selection, in which individual alleles confer their highest fitness when
rare and become less favored at higher frequencies. This is thought to be the mechanism that maintains extremely high allelic diversity at the major sex-determining
locus of some Hymenoptera (35, 51, 125). In this genetic system of sex determination, fertilized (diploid) eggs develop as females only if they are heterozygous
for any two alleles segregating at the locus. If diploid individuals are homozygous at the sex locus, then they develop as diploid males with extremely low
fitness (35, 54, 125). As a consequence, new alleles are always favored when they
first appear in populations but confer lower fitness when they are more common
and have a higher probability of becoming homozygous. Frequency-dependent
selection is thought to affect a wide variety of insect adaptations including sex
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ratio variation (11), female mate choice, male mating tactics (31), and mimicry in
butterflies (88).
A third mechanism of balancing selection arises when mutations occur that
confer a fitness advantage in an organism but only in certain environments or
circumstances. For example, a novel allele for insecticide resistance arises and
is subject to positive selection in one environment but has a lower fitness in the
absence of that insecticide and is subject to negative selection in an insecticidefree environment. This form of balancing selection, when coupled with habitat
selection or limited mobility, is thought to be the basis of local adaptation in
insects (96). Balancing selection may also have different effects according to sex,
and there is increasing evidence that this may maintain variation in Drosophila
spp. (28, 138).
Under balancing selection, Fst at nucleotide position 200 would be greater than
the average Fst at surrounding nucleotides (Figure 1Bii) among populations differentially exposed to the novel plant cultivar. However, there would be an apparent
excess of heterozygotes at nucleotide position 200. Fis would be lower than the
average Fis measured at other segregating sites across the gene (Figure 1Biv).
Diversifying selection applies to proteins that encode highly variable proteins
and therefore appear to be adapted to a potential diversity of environmental conditions. Such genes might encode salivary gland proteins susceptible to host immunity or be associated with overcoming host plant resistance, or they could be
involved in conferring resistance to a parasite or pathogen. As with frequencydependent selection, insects with new alleles and genotypes at a gene might have a
higher fitness than individuals with more common genotypes and alleles. Models
of diversifying selection have been examined in a wide variety of different systems
(33).
In practice, without understanding the mode of action of all or parts of an enzyme, it may be difficult to differentiate the forces of diversifying selection and
neutral evolution. However, comparison of the rate and spectrum of mutations
in proximal genes may help differentiate these two forces (32, 135). Population
genomics predicts that nucleotide diversity indices (described below) at the segregating sites in the gene subject to diversifying selection are much greater than the
average diversity at segregating sites in nearby genes or flanking loci. However,
this prediction becomes invalid if adjacent sites are also rapidly evolving.

EXAMPLES OF THE POPULATION
GENOMICS APPROACH
Four recent studies serve as excellent examples of the population genomics approach. In Heliothis virescens, a major lepidopteran pest of cotton, variation
was examined at 13 allozyme and two cDNA loci [Hpy (the sodium channel
locus), and Hejs (the juvenile hormone esterase locus) among five populations
from Georgia to Arizona (129)]. The allozyme and the Hejs loci indicated little
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genetic differentiation among population (Fst = 0.001) whereas large differences
were detected at the Hpy locus (Fst = 0.041). Mutations at the Hpy locus are
known to confer resistance to pyrethroid insecticides; a negative correlation was
demonstrated between allelic diversity and the degree of resistance to pyrethroid
insecticides. Populations from Louisiana are subject to intensive insecticide applications and had the lowest allelic diversity, suggesting that selection removed
susceptible alleles. These results indicate the power of the population genomics
approach for uncovering selection acting upon a single locus. While the majority of markers indicate free gene flow among H. virescens populations
throughout the southern United States and Mexico, local positive selection from
pyrethroid insecticides caused large locus-specific variation at the gene conferring
resistance.
A study of gene flow and adaptation in the American oyster (Crassostrea virginica) was conducted along the Atlantic and Gulf coasts of the United States (65).
The study compared variation at six anonymous scnDNA markers to variation at
six allozyme loci and the mitochondrial DNA among nine coastal collections extending from Massachusetts to Louisiana. The anonymous, single copy DNA
marker and the mitochondrial markers consistently indicated barriers to gene flow
among oysters distributed in the Gulf of Mexico as compared with oysters collected along the Atlantic coast. In fact, a large shift in frequencies occurred in
populations close to the tip of Florida. In contrast, none of the allozyme markers
differed in frequency among the populations. Thus, despite evident barriers to gene
flow indicated by the anonymous scnDNA and mitochonrdrial markers, allozymes
were maintained in equal frequencies among collections. The most parsimonious
explanation for these observations is that while populations were genetically differentiated owing to an apparent barrier to gene flow, allozyme frequencies were
maintained at equal frequencies among populations by some form of balancing
selection (but see 91).
Population genomics is especially powerful for addressing hypotheses regarding individual nucleotide substitutions. The frequency of fast and slow allozymes
at the alcohol dehydrogenase locus (Adh) in D. melanogaster follows a latitudinal cline on three continents. The distribution of 113 Adh alleles containing
44 segregating sites in 1533 flies was examined from 25 collections throughout
the North-South cline (19, 68). These studies measured variation at each of the
44 segregating sites and found a consistent level among 42. However, variation at
two sites was excessive. One of these sites corresponded to the codon encoding
the amino acid differences between the fast and slow allozymes and the other corresponded to an upstream insertion/deletion site. Further testing among fast and
slow alleles showed that slow alleles were maintained at similar frequencies within
all populations, probably by continuous gene flow. However, polymorphic sites
within fast alleles varied greatly in frequency among populations. These results
suggest that, although gene flow maintains genetic homogeneity among Drosophila
populations, positive selection along the North-South cline acts specifically on
nucleotides associated with the fast allele.
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An ultimate understanding of phenotypic evolution will require characterization of the molecular genetics of the trait(s) of interest. Mackay, Langley, and their
colleagues have focused efforts on understanding the molecular genetic basis of the
quantitative traits abdominal and sternopleural bristle number in D. melanogaster
(70, 80, 82, 87). Bristles are neurosensory organs, and there are many genes in
Drosophila spp. known to affect neural development (26); such genes are a priori
candidates for quantitative variation in bristle number. In addition, there are many
genes that have been identified on the basis of major mutations affecting bristle
number (78). Both classes of genes often map to regions containing quantitative
trait loci for bristle number (81, 83, 100), and in a number of cases, bristle quantitative trait loci have been shown to either complement or be dominant modifiers
of candidate genes (81, 86).
Relationships between molecular and phenotypic variation at three chromosome
regions containing the candidate genes Achaete-Scute (80, 87), Scabrous (70, 82),
and Delta (79) have now been assessed, and, in every case, naturally occurring
molecular variants have been found to be significantly associated with phenotypic
variation in bristle number. Although it remains to be demonstrated that the molecular variation associated with phenotypic variation occurs at the same loci as the
known major mutants, the evidence is the most suggestive yet that loci with known
functions in the development of a quantitative trait are also segregating for alleles
that contribute to natural quantitative variation in that trait.

CRITICAL ASSUMPTIONS OF POPULATION GENOMICS
The conceptual basis for population genomics depends on four critical assumptions. First and most important, we assume that genes and nucleotide substitutions
evolve independently through extensive and continuous recombination. Second,
we assume that migration, drift, and inbreeding influence all parts of the genome
equally. Third, we assume that an investigator has the means to assay SNPs at
many loci rapidly and inexpensively. Fourth, we assume that the investigator has
access to information on the relative linkage and/or physical positions of genetic
markers. Below, we fully explain each assumption and provide empirical data that
highlight the issues associated with these assumptions.

Assumption 1: Genes Evolve Independently
Detection of locus-specific effects critically depends on independent evolution
of genes or nucleotide substitutions within genes, achieved through extensive and
continuous recombination. If separate mutations are correlated either because they
do not recombine or they are involved in creating essential secondary structure in a
gene product or if their gene products interact within the same metabolic pathway,
then we cannot differentiate forces acting on single genes or segregating sites. For
example, suppose we have identified a genomic region conferring adaptation to a
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particular host plant. The genomic region contains 10 genes in a linear order, but
these genes never recombine. Furthermore, suppose that an allele of gene 6 confers
the ability to use an alternative host plant. Under this scenario, we would never be
able to determine which of the 10 genes confer host adaptation. The advantageous
allele at locus 6 would increase in frequency due to selection, but so would all of
the other nine genes, even though they do not influence host adaptation. If all of
the polymorphic sites within the Adh gene failed to recombine then investigators
would not have been able to determine which polymorphisms were associated with
clinal variation (19).
Another useful way of thinking about independent evolution among genes or
substitutions within genes is that extensive and continuous recombination creates
a natural linkage-mapping experiment. In most mapping studies, recombination
occurs in a single round of meioses in heterozygous parents and is detected among
F2 offspring. If we extend the family into F3, F4 . . . Fn generations, then opportunities arise for additional recombination among individual genes. As the number
of generations approaches infinity, recombination eventually occurs between individual nucleotides. In principle, this should allow one to associate a particular
phenotype not only with a particular gene but also with a particular segregating
site within that gene.
A large number of studies in D. melanogaster have now validated this assumption of independence among loci (2, 13, 19, 29, 39, 61, 71, 74, 76, 82, 95, 101, 108,
117, 132). In many of these studies, the authors plotted the linkage disequilibrium
coefficient (D) for all possible pairwise combinations of segregating sites as a
function of physical distance between sites in a gene. The linkage disequilibrium
coefficient measures the degree to which a pair of nucleotide substitutions at two
polymorphic sites is observed together in individuals. The observed frequency is
compared with the expected frequency based on the independent frequencies of
those substitutions in a population. In general, investigators in the above studies
found independent segregation of substitutions, even those <50 nucleotides apart,
which suggests that recombination is sufficiently common to maintain independent evolution among polymorphic sites, even at the level of substitutions within
a gene.
Several circumstances may, however, preclude independent evolution of loci.
First, recombination rates are not uniformly distributed across chromosomes and,
in general, are much lower among genes located within or near centromeres and
telomeres than among genes in other chromosome regions (59). This observation alone would not affect the assumption of independent evolution. However,
a number of studies in Drosophila spp. have demonstrated that DNA variation
is positively correlated with the amount of recombination (17, 20, 75). This correlation was formally evaluated in terms of three alternative models (57). (a) A
selective-sweep model considers the outcome of a gene with a large positive impact on fitness that is closely linked to one or more genes that are neutral or nearly
neutral in their effects on fitness. The model predicts that, if a locus is subjected
to rapid positive selection, then proximal neutral genes will also be carried along
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(will be “swept” or will “hitchhike”) to fixation if selection is rapid enough that
recombination cannot independently assort the proximal genes. For example, in
the evolution of insecticide resistance, we would expect that genes linked to an
insecticide resistance allele would have lower genetic variability than genes that
assort independently of the resistance gene. (b) Background selection is a corollary
model in which a gene with a negative impact on fitness is closely linked to one or
many neutral genes. As the locus under selection is rapidly swept to extinction, so
are the linked neutral genes. We would expect the genes linked to an insecticide
susceptibility allele to have lower genetic variability after extinction of the original
susceptibility alleles. A neutral model was also explored to explain this observation. The study concluded that, in general, patterns of nucleotide substitutions in
regions of low recombination are best supported by the selective-sweep model and
the background selection model to a lesser degree (24, 57, 124).
An assumption of independent evolution may also be invalid among genes
located within chromosomal inversions, because inversions eliminate or severely
suppress recombination (78, 146). Inversions can be identified in some insects
by cytogenetic analysis of polytene chromosomes in the ovarian nurse cells of
partially gravid females or in the salivary glands of 4th-instar larvae. Polytene
chromosomes arise as a consequence of endomitosis [chromosome replication
without nuclear or cytoplasmic fission (146)]. After endomitosis, somatic pairing
of homologous chromosomes [seen only in Collembola and Diptera (146)] results
in thick, ropy structures with distinct “bands and puffs” that correspond to different
densities and conformations of euchromatin and heterochromatin. Somatically
paired chromosomes in insects bearing an inversion are seen to form loop structures
as homologous regions align.
Recombination among loci within inversions is reduced or eliminated during
meiosis. A possible advantage of inversions may lie in their ability to maintain favorable (epistatic) groups of alleles at loci contained in the inversion (34, 37, 140).
A number of recent studies have investigated the distribution of nucleotide diversity within and between chromosomal arrangements at loci closely linked to the
inversion breakpoints in Drosophila spp. (9, 10, 144). These studies arrived at
different conclusions regarding the level of exchange between arrangements, suggesting that the rate may vary by genome location, the age of the inversion, and the
genes located in proximity to the breakpoints. However, these studies suggest that
genetic exchange between genes contained in inversions is suppressed at inversion
breakpoints relative to other genomic regions. In general these studies found an
absence of shared polymorphism between arrangements, a low diversity of alleles
at the junction region, and little evidence for genetic exchange between karyotypic
classes.
Finally, an assumption of independent evolution may be invalid within the many
insect groups for which recombination rates are slow. Sexual reproduction occurs
only once annually in many aphid species, and some species or strains of aphids
have lost the ability to sexually reproduce (i.e. are anholocyclic). In coccids and cecidomyiids, sexual reproduction may be facultative (146). In haplodiploid species
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and in D. melanogaster and many other dipteran species, meiosis occurs in only
one sex. In these cases, the degree of independent evolution among genes may be
reduced (22). In parthenogenetic species, loci will not evolve independently within
a matriarchal lineage because no recombination occurs. In these cases, population
genomic analysis can be accomplished only among different matriarchal lineages,
and, even among these, we would expect limited recombination.

Assumption 2: Genome-Wide Effects Influence
All Parts of the Genome Equally
The extent to which locus-specific effects can be accurately detected depends
greatly on the assumption that migration, drift, and inbreeding homogeneously
influence variation throughout a genome. Genome-wide processes should affect all
loci in a similar way on average, but it should be remembered that the “on average”
is just that, in the statistical sense. Although genome-wide processes affect all
loci similarly, every population statistic is subject to sampling error. Even loci
subject to identical evolutionary processes will vary in their statistical properties
because of the stochastic nature of insect populations affected by environmental
and demographic variability (14, 99, 109, 110).
A priori, we would expect that (a) genetic variation should be uniformly distributed among populations with high gene flow, (b) genetic drift will cause populations to differentiate when they are maintained or established by one or a few
individuals, and (c) inbreeding will cause individuals to become homozygous at
the majority of loci throughout their genomes. Although evolutionary processes
can in theory be unambiguously classified as either genome-wide or locus-specific,
in practice the two are not always easy to disentangle.
Consider the fate of a new allele arising in a population. A novel neutral
mutation might enter a population with frequency 1/2Ne, where Ne is the effective
population size (66). Remember that many new alleles enter a population through
migration and mutation in every generation. The rate with which neutral mutations
become fixed in a population is proportional to 4Nes, where s is the magnitude of
selection acting on the new allele (66). If the allele is neutral then s equals 0, but
alleles with an s that is small relative to Ne are defined as nearly neutral, and their
ultimate fate is determined largely by genetic drift. A general expectation is that
genetic load due to many alleles with small negative-s values can progressively
increase in populations with reduced Ne. In contrast, alleles with an equivalent
small s but that occur in much larger populations may be under almost exclusive
control of selection because drift will have no effect. The implication is that the influence of s (a locus-specific effect) is not independent of Ne, which is proportional
to genetic drift (a genome-wide effect). Some alleles may act as if they are neutral
(i.e. not under selection) when they occur or have occurred in small populations
(67, 84).
Also consider that, when a new mutation arises in a population, it is in complete
disequilibrium with all other segregating sites on the same chromosome. The extent
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to which disequilibrium is disrupted is a function of meiosis, generation length,
and the physical locations of markers. Any factors that reduce recombination will
confound locus-specific and genome-wide effects. Again, locus-specific effects
(selective sweeps and background selection) acting on the new allele and associated
loci are confounded by genome-wide processes (52).
It is well known that homozygotes become common under inbreeding and drift.
Consequently, selection against recessive deleterious mutations also becomes more
common (36, 85, 130) as does fixation of slightly deleterious alleles. In these cases,
drift and inbreeding may generate locus-specific effects. Numerous studies have
documented the large genetic loads that insect genomes carry, including recessive
alleles that are lethal or deleterious when homozygous (30, 84). Suppose that lethal
or deleterious alleles at several loci reach a high frequency in a new population by
genetic drift. A period of rapid purifying selection would occur in the population
as individuals homozygous for these recessive alleles died. Proximal genomic
regions would be subject to strong background selection, and heterozygosity in
that genomic region would be greatly reduced.
Similarly, if an allele is uncommon (<5%) in a natural population, then homozygotes for that allele will be very rare (<0.25%). Suppose again that uncommon
alleles at one or several loci reach high frequency in a new population by genetic
drift. Homozygotes may have an unusually high fitness in the new population,
and the uncommon allele will become fixed through positive selection, causing
associated alleles at linked loci to hitchhike to high frequency. The implication for
population genomics is that many loci and proximal genomic regions with high
loads of deleterious and lethal alleles may be much more susceptible to reduced
heterozygosity during inbreeding or population bottlenecks. In practice this could
be difficult to distinguish from a general reduction in heterozygosity caused by increased drift. In fact, the interaction between the purifying selection of deleterious
alleles and directional selection on favored alleles under conditions that promote
inbreeding is thought to form the genetic basis of mating-system evolution (12).
Another important caveat to an assumption of genome-wide effects concerns
epistatic interactions among alleles at different loci. In the shifting-balance model,
Wright (149) argued that rapid adaptive evolution may result from beneficial combinations of epistatically acting alleles that drift to high frequency in small, subdivided populations. This occurs because normally rare or uncommon alleles may
suddenly reach high frequencies, which in turn gives rise to new combinations of
multilocus genotypes in individual organisms that encode a novel array of phenotypes. Thus, although we would expect genetic variability to decrease when
a population is founded by few individuals, genetic variance caused by epistasis
may actually increase genotypic and phenotypic variance after a severe population bottleneck (43, 139). In support of this scenario, Bryant & Meffert (25)
and Meffert & Bryant (92, 93) detected increased additive genetic variance after a severe population bottleneck in the common housefly Musca domestica.
Similar results were achieved in a laboratory simulation of the shifting-balance
model among populations of the flour beetle Tribolium castaneum (139). The
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implications of these results for population genomics are that novel epistatic interactions may cause correlated (nonindependent) shifts among multiple parts of
a genome and that proximal genomic regions could be subject to selective sweeps
and background selection. Although this has yet to be documented at the level of
individual nucleotides, epistasis would be manifested as significant disequilibrium
among substitutions at different loci.

Assumption 3: Analysis of Single-Nucleotide
Polymorphisms at Many Loci
A wide variety of techniques is available for identification of SNPs. These include
restriction fragment length polymorphism analysis, single-strand conformation
polymorphism (SSCP) (106), heteroduplex analysis (145), denaturing gradient gel
electrophoresis (97), and allele-specific oligonucleotide hybridization (116). In
our experience, SSCP analysis is the least expensive, fastest, and most reproducible
and sensitive of all of these techniques (23, 53).
Population genomics studies have generally analyzed variation at scnDNA
(65, 107) or cDNA loci. The advantage of cDNA markers is that the investigator can often infer the structure and function of that gene by performing a BLAST
search on the national databank. Insect cDNA sequences are becoming increasingly common in genetic databases. With the publication of the Drosophila genome
sequence (1), insect geneticists now have access to a large amount of information
on individual genes. We routinely use the BLASTX algorithm available at the National Center for Bioinformatics (NCBI) website to translate our cDNA sequences
and compare these to sequences in the Drosophila genome. In our work with the
mosquitoes Aedes aegypti, Aedes albopictus, and Aedes triseriatus, most cDNA
sequences (60%) match with a Drosophila gene of known function; however, for
the remainder of sequences, BLASTX will not find a gene of similar function or
will find a match to a Drosophila gene of unknown function.

Assumption 4: Relative Locations of Genetic Markers
The last assumption is unnecessary when examining segregating sites in candidate
genes (70, 79, 80, 87). In this case, all that is needed is sequence information along
the gene of interest.
For genome-wide analyses, information on the physical distances (in base pairs)
among genes can be used, but this information has been determined in only the
few arthropods with completed or ongoing genome projects. Otherwise, a formal
linkage analysis is required. Modern statistical algorithms that analyze recombination frequencies simultaneously among many loci generally require information
on the segregation of alleles in a defined pedigree in which only the four alleles
arising from each of the P1 parents segregate throughout the cross. The four most
common pedigrees used for this purpose are an F1 intercross, a recombinant inbred
line, a back cross to a recurrent parent, or a backcross to a parent from an inbred
line.
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A series of necessary biological conditions must apply to perform any of these
four crossing designs. First, genotypes of the P1 and F1 parents must be known,
which generally requires single-pair matings among P1 parents. Many insect
species mate only in swarms or under unknown field conditions, but, if the genotype
of one P1 (usually the female) is known, it will be possible to infer the genotypes
of the other P1 parent from a collection of F1 progeny. For the same reasons, it
may be necessary to infer F1 parental genotypes by examining the genotypes of
F2 (intercross or back-cross) progeny. Back-cross designs depend on the ability
to mate an F1 individual to its actual (recurrent) P1 parent or to any (nonrecurrent)
P1 individual from an inbred line. In most insect species, females store the sperm
in the spermathecae so that a recurrent back cross is possible only between an F1
daughter and her P1 father (e.g. 55). Assuming that these conditions have been
met, the genotypes in the P1 and F1 parents and F2 offspring can be determined. The
number of loci is limited only by the amount of DNA that can be extracted from
an individual insect. As genotypes are determined at each genetic marker, they are
entered into a locus × F2 or BC offspring matrix. MAPMAKER and JOINMAP
are two programs that utilize this format to (a) identify loci arising on a common
linkage group, (b) estimate pairwise recombination frequencies in centimorgans
among these loci, and (c) determine the optimal linear order of markers along a
linkage group (73, 123). These results provide sufficient information on the relative
linkage relationships of markers for a population genomics project.

INITIATING POPULATION GENOMIC STUDIES
Data Collection
Most of the Drosophila population genomics studies cited above analyzed variations in isochromosomal lines extracted from natural populations by using balancer
chromosomes. However, balancer chromosomes are available for very few other
insect species (15). We are discovering that this is not a major impediment. Once
we have designed a primer pair and determined the conditions that will reliably
amplify all or part of a gene in individual insects, we examine the SSCP patterns in
several insects from different, often geographically distinct populations. In very
few cases do we find no variation. Alternatively, in a few loci, there is so much
variation that no two individuals show the same SSCP genotype. In general, we
select loci with an intermediate amount of variability that exhibit a finite
number of distinct SSCP genotype patterns. The PCR products from each SSCP
genotype are sequenced directly. DNA sequences are then aligned (63) to identify
segregating sites.
Because in most cases we examine PCR products from diploid, potentially
heterozygous individuals, we carefully inspect the DNA ladder (for manual sequencing) or the chromatographic scan (for automated sequencing) for mixed
(heterozygous) sites (in haplodiploid species, it is possible to identify individual
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alleles in haploid males, and these precautions are not necessary). Heterozygotes
are manifested as bands of equal intensity in one ladder position or as overlapping
(or nearly overlapping) peaks in the chromatograph. We score each heterozygous
position as R = A and G, Y = C and T, W = A and T, K = G and T, M =
A and C, or S = G and C. Sequences from several different individuals with the
same SSCP genotype are obtained to confirm the sensitivity and reproducibility of
our technique. We then survey, by SSCP, the genotypes of all individuals sampled
in a population. The sequences associated with an SSCP pattern are then entered
into an individual × nucleotide position data matrix. A label at the beginning of
each row identifies individuals and the collection to which they belong.
Most statistical methods and computer programs (114, 120, 126) use this data
structure. However, many methods do not accept R, Y, W, K, M, or S as codes
for heterozygotes because they assume complete knowledge of the sequence of
an allele or haplotype. Note that, with the SSCP approach, the actual phase
of nucleotides at segregating sites are unknown. We have attempted cloning of
PCR products from individuals with distinct genotypes to recover the sequences
of individual alleles. However, this effort has generally failed because of the appearance of sporadic substitutions during the cloning process. These substitutions
are frequently manifested as singletons. We know that most of these are errors
because they do not appear in our sequences obtained directly from PCR products,
and we find >2 alleles per individual.

Data Analysis
The same statistics traditionally used in population-genetic studies to analyze one
or several loci are appropriate in the population genomics approach. Derivation
of the sampling distribution of population-genetic statistics requires nothing more
than plotting the frequency histograms of estimates from each locus or segregating
site within a gene. We also recommend that each statistic be plotted in relation
to the physical or linkage position to determine whether extreme values cluster in
specific regions in the genome.
It is also important that there have been recent advances in statistical approaches
based on inferences and data present in gene genealogies (16, 21, 40, 64, 13, 134,
136, 147). However, these approaches are beyond the scope of this review.
Tests of Recombination and Independence To test our first assumption, it is
important to test for evidence of independent evolution among loci or among
nucleotide sites. Linkage disequilibrium is frequently analyzed between pairs of
variable sites. A χ 2 test is used to detect significant linkage disequilibrium, and a
Bonferroni procedure can be used to correct for multiple tests (143). In addition,
the sign test on the linkage disequilibrium coefficient D (77) can be applied to
search for overall evidence of linkage disequilibrium in the complete data set.
Recombination events between polymorphic sites are usually analyzed by the
four-gamete test (59). Finally, it is common to plot D as a function of physical
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distance between all pairwise combinations of polymorphic sites. A Mantel test
can be used to test the correlation between recombination and physical distance.
While the correlation is expected to be weak, extreme values of D may indicate
sites that interact epistatically. If evidence of epistasis is found, these substitutions
should no longer be treated as independent. The authors have written a FORTRAN
program (LGENOME) that analyzes linkage disequilibrium at pairs of segregating
sites in a gene. The program does not assume knowledge of allele sequences but
rather analyzes disequilibrium among genotypes within individuals and among
populations using the methods of Ohta (102, 103, 143).

Nucleotide Polymorphisms
As indicated above, patterns of nucleotide variation within and between alleles can
leave traces of selection. Five different statistics are commonly used to estimate
and report nucleotide polymorphism (44). These are (a) the number of segregating sites (S), (b) the average number of pairwise nucleotide differences (k), (c)
the nucleotide diversity (π) or average number of nucleotide differences per site
(98), and (d) the heterozygosity per site (µ) expected under the neutral model at
mutation-drift equilibrium (141). Frequently the pairwise nucleotide difference
distribution or mismatch distribution is also analyzed. According to the neutral
model with no recombination, this distribution is Poisson-like in growing populations, but it follows a geometric distribution in constant-size populations (122).
The shape of the mismatch distribution can be characterized by the raggedness (r)
statistic (48, 49). This statistic measures the smoothness of the observed mismatch
distribution, which is smaller in expanding than in constant-size populations. The
computer program DnaSP (114) estimates nucleotide polymorphism, linkage disequilibrium, recombination, the raggedness statistic, and genetic differentiation
between alleles. The spatial distribution of substitutions along a coding sequence
can also be examined (128). This test compares the difference between the observed cumulative distribution of distances between substitutions and a theoretical,
homogeneous distribution. Critical values of the test statistic for significance tests
are derived by Monte Carlo simulations of the null model, and clumping of substitutions within a gene may indicate selection acting in this region.
Population Structure A number of approaches have been used to compare levels of genetic diversity among sequences within and between populations. The
level of genetic differentiation is commonly estimated as the average number of
nucleotide substitutions per site (dxy) (98). Genetic differentiation between alleles can be compared by using the permutation test proposed previously (58, 62).
The hypergeometric distribution is used to test whether the number of detected,
shared silent polymorphisms (sites segregating for the same two nucleotides) can
be explained by parallel mutations or whether the mutations were inherited from
a common ancestor (113, 115). The authors have written a FORTRAN program
(GENOMEST) that calculates Fis and Fst (as well as Weir and Cockerham’s f
and θ) at each segregating site in a gene.
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Detecting Selection
Neutrality tests are performed to determine whether the observed data conform
to the predictions of the neutral model of molecular evolution. Tajima’s test
(127), based on intraspecific data, compares the observed polymorphism frequency spectrum with that expected under neutrality. Negative values of Tajima’s
D statistic indicate an excess of polymorphisms segregating at low frequency in the
data set. The frequency distributions of silent and replacement polymorphisms in
populations can be used to detect effects of weak selection (5, 6, 8). This is done
by cataloging the silent substitutions that change a codon from a preferred to
an unpreferred one or vice versa. Codons are then classified into preferred and
unpreferred codons according to methods described previously (3, 7). Next, the
frequency distributions of preferred, unpreferred, and replacement substitutions
are determined (4) and compared by Mann-Whitney U tests. There are two different variants of this test: the fdMWU test (8), in which only polymorphisms
are included in calculating the frequency distribution of the different mutational
classes, and the fddMWU test, which includes fixed differences.
The Fu & Li tests compare independent estimates of µ assuming neutrality
(41). Their D statistic is based on the number of mutations in the internal and
external branches of the gene genealogy, whereas the F statistic compares the
average number of pairwise differences (k) and the number of mutations in external
branches of the genealogy. An outgroup species is needed to estimate the number
of mutations in external branches. In the Fu & Li test without an outgroup (D ∗ and
F ∗ statistics), the numbers of mutations in the external branches are inferred from
the numbers of singletons or polymorphic variants that are present only once in the
sample. Negative values of the different Fu & Li statistics (41) indicate an excess
of unique polymorphisms in the data set. A drawback of Tajima’s (127) and Fu &
Li’s tests (41) is that they make the unrealistic assumption of no recombination
between sites.
The Hudson-Kreitman-Aguade test (60) requires data from two genomic regions on the intraspecific variation in at least one species and on the amount of
interspecific divergence. This test determines whether the level of polymorphism
and the level of divergence are proportional in both regions as expected from
neutral predictions. The test assumes free recombination between both genomic
regions and no recombination between sites of the same region; however, the test is
conservative when these assumptions do not hold. The permutation test for genetic
differentiation (58, 62) can be performed with the PERMTEST program provided
by the authors.
McDonald’s statistical test (89) contrasts the heterogeneity in the distribution of
polymorphism and divergence across a DNA region. Putative heterogeneity is analyzed by the number of runs detected in the sample, where a run is defined as a set
of one or more polymorphic (or fixed) sites preceded and followed by at least one
fixed (or polymorphic) site. Positive and balancing selections cause the number
of runs detected in the sample to be smaller than that expected under neutrality,
which is tested by Monte Carlo simulations. The McDonald & Kreitman (90)
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test determines whether the ratio of nonsynonymous to synonymous polymorphisms within species is the same as the ratio of nonsynonymous to synonymous
substitutions between species, as expected from neutral predictions.
The Fs test statistic (41) is based on the probability of having no fewer haplotypes or alleles than those observed in the data set. An excess of rare alleles
relative to the number expected under neutral predictions is reflected by large
negative values of the Fs statistics. Critical values of the observed Fs statistics
can be obtained by Monte Carlo simulations. Phylogenetic analysis to reconstruct
the gene genealogy of the studied lines can be performed with MEGA or PAUP
programs (69, 126).

Sample Size and Design Are Critical in Population Genomics
Most of the tests described above critically depend upon an assumption of neutral
evolution among polymorphic characters. However, nucleotide polymorphisms
in surveyed loci frequently vary significantly among different populations and
therefore invalidate tests of neutrality that assume a mutation-drift equilibrium.
Recent papers demonstrate that the ways in which individuals and populations are
sampled can severely invalidate assumptions of neutral evolution.
Schmid et al (119) sought to determine whether variation in amino acids sequences observed in three rapidly evolving nuclear genes between Drosophila
melanogaster and D. simulans also exists within populations of these species.
They did this by comparing sequences of the three genes sampled from flies collected across the whole geographic distribution of the species. However, they
sequenced only small numbers of alleles from a single population or from populations in proximity to one another. They demonstrated that this sample design does
not allow an analysis of the geographic population structure of species or identification of different patterns of selection in local populations. Alleles or substitutions
detected in small samples from diverse geographic locations do not indicate the
relative abundance of these alleles in local populations. This is of concern because
population-specific selective sweeps for certain loci were detected in a study of
microsatellite variation in separate populations across the world (118). Detailed
population genomic analyses of populations of D. melanogaster and D. simulans
have revealed that both species exhibit a considerable amount of local population
structure (18, 46, 47). In a study of the Gld locus in D. melanogaster, the ratio
of replacement to silent substitutions was significantly elevated in a Chinese collection (90), but not in two samples from Africa or a third sample from North
America (45). These studies point to the need for careful analysis of sequence
polymorphisms in local populations or a nested hierarchical approach rather than
continued analyses among diverse populations or among species.
The tests of neutral evolution listed above are useful for detecting strong positive
selection, but they do not reject the null hypothesis of neutral evolution if selection
coefficients are small. Power analyses showed that Tajima’s D and Fu & Li’s D
fail to detect an ancient or very recent selective sweep and that their power is
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low with small sample sizes (121). Similar results probably apply to most of the
tests listed above. Furthermore, weak and episodic selection can provide patterns
of nucleotide substitutions that are indistinguishable from neutral evolution (42).
The existence of weak selection and the problems associated with detecting it are
now widely acknowledged (4, 104, 105, 142).

CONCLUSION
We have shown how the population genomics paradigm can and is being used
to identify adaptive variation in genes or among segregating sites within genes.
We echo the findings of a comprehensive review of molecular evolution of
D. melanogaster by Akashi & Kreitman (7), who concluded that a mosaic of
patterns was present in the fly genome. No single population genetic model explained all of the results, and, although most results could be explained by either
neutral evolution or purifying selection, some nucleotide variation was consistent with adaptation. Unfortunately, adaptive variation could be equally explained
by directional selection for adaptive alleles, purifying selection against deleterious alleles, or balancing selection for different alleles in different environments.
Akashi & Kreitman (7) stressed that patterns of variation can be understood only
if examined in reference to the form of selection acting on the individual loci
under consideration, and they also expressed the need for a priori models based
on gene function and the natural history of the organisms. In fact, many of the
tests for balancing and directional selection outlined above critically depend on
knowledge of phenotypic, environmental, or seasonal factors that are the source
of selection. The study described earlier that identified the precise nucleotide
substitutions in the D. melanogaster Adh gene associated with latitudinal clines
(19) illustrates this point perfectly. The segregating sites correlated with latitudinal clines were only identified by partitioning the variation in substitution
frequencies with respect to the latitude at which flies were collected. If the variation was not partitioned or was partitioned according to other effects, then Fst
was uniformly distributed across all segregating sites and no sign of selection was
evident.
In this regard, population genomics provides a novel and necessary interface
between population genetics and molecular biology. A priori hypotheses concerning the adaptive significance of a segregating site require knowledge of the basic
biochemistry and physiology of the gene product. Population geneticists can study
variation in individual genes (38) and identify genes and regions of genes that are
apparently subject to selection. However without an understanding of the molecular structure, function, and interaction of amino acids and a clear picture of how
a gene influences the metabolism or development of an organism, the adaptive
significance of a segregating site will remain obscure. Conversely, although the
molecular biologist may understand in detail the structure, function, and physiology of a gene product, only insights gained through population genomics can
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indicate whether variation found in a gene is subject to natural selection, which
parts of a gene or protein are subject to selection, and the mode of selection acting
on that gene. Ultimately, this interface will yield a means for predicting mechanisms of molecular adaptation. In turn this will lead to more rational design of
insecticides or transgenic host plant immunity, thereby reducing the chances of
adaptation to future pest control strategies.
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