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Abstract

Evolutionary conservation has been an accurate predictor of functional el-
ements across the first decade of metazoan genomics. More recently, there
has been a move to define functional elements instead from biochemical an-
notations. Evolutionary methods are, however, more comprehensive than
biochemical approaches can be and can assess quantitatively, especially for
subtle effects, how biologically important—how injurious after mutation—
different types of elements are. Evolutionary methods are thus critical for
understanding the large fraction (up to 10%) of the human genome that
does not encode proteins and yet might convey function. These methods
can also capture the ephemeral nature of much noncoding functional se-
quence, with large numbers of functional elements having been gained and
lost rapidly along each mammalian lineage. Here, we review how different
strengths of purifying selection have impacted on protein-coding and non-
protein-coding loci and on transcription factor binding sites in mammalian
and fruit fly genomes.
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1. INTRODUCTION

Nothing makes sense in biology except in the light of evolution.
—Theodosius Dobzhansky (25)

Functional regions—coding exons, regulatory elements, and others—are sparsely distributed in
mammalian genomes, scattered widely in a sea of apparently inert sequence. We understand much
about the functions of protein-coding genes but little about the molecular mechanisms, locations,
and properties of mammalian non-protein-coding functional elements. The approach adopted
by the Encyclopedia of DNA Elements (ENCODE) project to shed light on this genomic “dark
matter” detected and categorized regions that participate in one or more biochemical processes
(32). However, this approach could not be comprehensive because it investigated only a limited
subset of cell types and could not consider all developmental stages. Moreover, it could not
effectively distinguish between functional sites and inconsequential sites, such as those involved
in low-occupancy transcription factor interactions (39), and it conflated epiphenomena (such as
random transcription events) with primary causes (biological function). Current experimental
approaches thus are unable to predict comprehensively or accurately how important particular
regulatory elements are to organismal biology. Experimental targeting of mutations in vivo can
reveal deleterious effects, but formally it is still necessary to demonstrate that these have effects in
natural settings, something that current protocols rarely cover.

An alternative approach to predict the biological importance and locations of noncoding func-
tional elements is to recognize the telltale signatures written over time into genomes by the sieving
of mutations by natural selection. This approach has the advantages of being comprehensive (be-
cause the scrutiny of selection extends to any element that is functional in any cell type and at
any developmental stage) and inexpensive (because of the availability of genome sequences and of
cheap sequencing technologies). Selection also will not have regarded as functional any sequence
that, despite being bound by a factor or being transcribed, remains of no biological consequence.
Finally, unlike biochemical assays, evolutionary analyses can predict an element’s biological im-
portance by estimating the strength of selection that acted on its sequence. This approach can
indicate the extent to which fitness has been affected by ancient mutations that landed in single
elements, and more generally in classes of functional elements, and thus can rank elements by
their proposed biological importance.

Here, we review the relative contributions to human biology of different classes of functional el-
ements inferred from comparisons of recently sequenced mammalian and human genomes. Owing
to space limitations, we mostly restrict the discussion to classes of functional elements rather than
individual examples, and we focus on conservation and constraint as opposed to positive selection
and adaptation, which have been reviewed elsewhere (41). As a consequence, the review focuses
on the approximately 10% of the human genome that is under significant selective constraints and
not on the vast majority that evolves neutrally (101, 103). The review is structured around three
counterpoints (Figure 1): (#) selection that acted on either non-protein-coding or protein-coding
sequence; (b) selection that acted on either the genomes of humans (or other mammals) or those
of other, more distantly related metazoans, such as Drosophila (fruit flies); and (¢) selection that
was either ancient or more contemporary.

2. MUTATION AND SELECTION, CONSERVATION AND CONSTRAINT

Imagine if we could train a time-lapse camera on a single nucleotide position in your genome and,
by winding back time, watch how it changed by chance mutations as it was passed back through
the generations (and along the germline) over hundreds of millions of years. If this nucleotide
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Figure 1

Schematic illustration of the differing extents to which selection has acted on exonic sequences of genes. These genes have been
grouped according to the threefold organizational principle of the review: Comparisons are made between (#) selection acting on
non-protein-coding versus protein-coding genes; (b) selection acting on protein-coding genes in species such as Drosophila (fruit flies)
versus those in humans; and (c) selection acting on human protein-coding genes during ancient versus more contemporary evolution.
On average, selection has been weakest on transcribed non-protein-coding sequence and strongest on protein-coding sequence from
species (such as fruit flies) that have high effective population sizes.

was functional, we would observe it to have changed only very rarely. This is because change
would be mostly deleterious and thus would be negatively selected and less likely to have been
propagated to subsequent generations. For example, three-fourths of the coding bases of human
histone H4, a protein of crucial importance in packaging DNA, have remained unaltered since
we last shared an ancestor with plants. However, if the scrutinized nucleotide was not functional,
changes would not have been selected against and thus would have occurred more frequently. At
the end of these very long time periods, a neutrally evolving sequence would have experienced so
many changes that little trace of its ancestral sequence would remain in extant species. After this
amount of divergence time, alignment of DNA sequence has often become so inaccurate as to be
uninformative.

Comparisons of sequences of extant species whose common ancestors lived in this long-ago
time period often reveal short regions that are alignable and well conserved, separated by long
stretches that are unalignable and poorly conserved. For example, only 2.5% of nucleotides align
in the genomes of chickens and humans, species that last shared a common ancestor a little
over 300 million years ago (52). When an accurate alignment can be obtained, it permits an
evolutionary change to be assigned, usually unambiguously, to a lineage in a phylogeny. When
two such alignments are compared, different numbers of changes assigned to this lineage can
indicate differences in these two regions’ evolutionary rates. A region whose evolutionary rate
significantly exceeds that of another region, chosen specifically because it is believed to have
evolved neutrally (Table 1), is likely to have experienced episodes of positive selection, perhaps
owing to adaptive evolution. A region whose evolutionary rate is significantly lower than that of
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Table 1 Genomic elements used as neutrally evolving sequences

Neutral background Advantages Disadvantages References
Fourfold degenerate sites Interdigitated Codon usage bias, regulatory 22,33,71,74
elements
Small introns Neutral Applicable only in Drosophila species | 96
Ancestral repeats Neutral Neutrally assessed only in 79
mouse-human
Unannotated nonconserved Widespread Background selection, hitchhiking 124
sites across the genome
Sampling within flanking Control for background Not necessarily fully neutral 5,48
sequences selection

the putatively neutrally evolved region has been subject to constraint—in other words, negative

Purifying selection: (or purifying) selection. Conserved sequence is not necessarily constrained: Human and great ape
the process by which
deleterious mutations
are preferentially

removed from the

genomes are highly conserved because of their relatively recent common ancestry, yet most of their
sequence is not constrained. Conversely, constrained sequence is not necessarily conserved if its
function has arisen only recently and thus is not shared with the other species under consideration.
Metazoan genomes differ substantially in their fractions of constrained sequence, depending on

population ) ; i ;
their gene content and the size and extent of their regulatory sequence (103) (Figure 2).
Constrained
A
4 N\
Coding Noncoding Unconstrained s(i;ze:?nr,:f) Prot;l:r-‘cezdmg
H. sapiens . 3,102 20,806
M. musculus . 2,731 23,158
G. gallus - 1,047 15,508
T. rubripes - 393 18,523
D. melanogaster _ 169 13,937
L | | | | ]
0 0.2 0.4 0.6 0.8 1.0

Proportion of the genome

Figure 2

Proportion of the genome identified as being under constraint (purifying selection) when using the neutral indel model (79, 84).
Alignments between Hormo sapiens and Macaca mulatta, Mus musculus and Rattus norvegicus, Gallus gallus and Taeniopygia guttata, Takifugu
rubripes and Tetraodon nigroviridis, and Drosophila melanogaster and Drosophila simulans were used to produce the fraction of the genome
under constraint. The proportions of sequence under constraint depend on the species pair analyzed and the alignment-quality
processing. Data from Meader et al. (84).
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Detecting species-specific functional sequence that has only recently become constrained re-
quires comparisons not between species whose lineages have long been separated but rather within
a population—for example, that of modern humans. Over the several hundred thousand years since
the ancestral population of modern humans arose, mutations have risen and fallen in population
frequency: Those that are advantageous tend to rise in frequency because of positive selection,
whereas those that are substantially deleterious tend toward extinction because of negative selec-
tion. Approaches to identify the imprint of selection thus compare the population frequencies of
alleles in the regions of interest against those in putatively neutrally evolved sequence: Higher
frequencies might reflect episodes of positive selection, whereas lower frequencies might reflect
purifying selection. Importantly, even if a coding sequence region shows a signature of constraint,
it is not possible to infer definitively whether this discriminative sieve of selection has acted on
DNA or RNA or on protein molecular functions.

3. BETWEEN-SPECIES COMPARISONS

3.1. Spectrum of Selection Across Protein-Coding Gene Sequence

Winding back time by approximately 100 million years takes us to the Cretaceous period, just
before the separation of lineages thatled to either modern primates (including humans) or rodents
(such as mice). The protein-coding DNA of humans and mice has been subject mostly to strong
purifying selection over this long time period, with approximately 85% of bases remaining the
same as they were in their last common ancestor (87, 109). Aligned non-protein-coding DNA,
however, has in the meantime changed considerably, with approximately twice as many bases
differing between the two species as compared with protein-coding sequence.

The variable impression left across coding sequence from the selective purging of deleterious
alleles is evident from a classic image of early vertebrate genomics, which Jim Kent produced by
sampling alignments between human and mouse genes (87, figure 254). Instead of using pair-
wise sequence identity, as he did, we have recalculated the profile of purifying selection across
mammalian genes using conservation (phastCons) scores estimated across vertebrate evolution
(109) (Figure 3). Sequence conservation here directly indicates the relative importance of differ-
ent nucleotide positions along a generic gene model. Sites in exons, particularly those near exon
boundaries (Figure 3), tend to be the least changeable without impairing gene function, whereas
the bulk of intronic sequence is more accepting of changes because it contains a much lower pro-
portion of functional sequence; mammalian 5" and 3’ untranslated regions (UTRs) show levels of
conservation that are intermediate between these two extremes.

The discriminative impact of selection is most apparent within codons. Owing to the three-
fold degeneracy of the genetic code, some nucleotide substitutions fail to alter the amino acid
and are therefore synonymous. Many such substitutions occur in the third codon position, and
there are eight amino acids whose third site—termed a fourfold degenerate (4D) site—is en-
tirely degenerate; substitutions at these sites are always synonymous. Purifying selection thus
acts discriminately on these different sites, with stronger selection on the first and second sites
than on the third (and thus 4D) site (Figure 3 insets). Nucleotide substitutions in codons that
alter the amino acid (nonsynonymous changes) are usually fixed far less frequently than synony-
mous changes, and under an assumption—challenged below—that synonymous changes are free
from selection, the strength of selection acting on amino acid sites can be inferred. More for-
mally, the ratio of dx (or Ky, the number of nonsynonymous substitutions per nonsynonymous
site) to ds (or Ks, the number of synonymous substitutions per synonymous site) is expected
to be 0 when amino acids are essential, 1 when the codons evolve neutrally, and significantly
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Average nucleotide conservation (phastCons) score sampled across 5" untranslated region (UTR), coding DNA sequence (CDS), and
3/ UTR exons and introns in Hormo sapiens and Drosophila melanogaster at the first (orange), second (dark red), and third (dark blue) codon
positions and fourfold degenerate sites (dark aqua). Only exons and introns that were at least 200 nucleotides long and did not overlap
other annotated features were used. The high conservation values observed for the intermediate 3’ UTR exons in D. melanogaster are
likely stochastic noise, a consequence of their low number (20 exons larger than 200 nucleotides). The red and light blue shaded areas
represent the range of nucleotide conservation across long noncoding RNA gene models in H. sapiens and D. melanogaster, respectively.
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BACKGROUND SELECTION

The local environment (background) of a variant can affect whether it is purged from a population. For example,

neutral variation in a UTR will be reduced because of its linkage with genomically proximal coding sequence that is

under negative selection. This is due to neutral changes propagating in a population for an extended period of time
only when gametes are free of deleterious alleles (19). Recombination disrupts genetic linkage and thus diminishes

background selection.

greater than 1 when positive selection has acted to preferentially fix amino acid changes in the
population (56). Selective pressure on synonymous sites, however, is not negligible. This is be-
cause for many species there is selection on codon usage and for the preservation of splicing
regulatory elements (18, 37). In mammals, approximately 20% of 4D sites are subject to a non-
negligible degree of selective constraint (33). Consequently, the use of 4D sites to model neu-
tral evolution in tests for selection can lead to significant biases (Table 1). Splicing regulatory
elements tend to lie near intron—exon boundaries (within 50 base pairs), and it is their conserva-
tion that appears to underlie the peak of conservation scores close to these boundaries (95, 125)
(Figure 3). The heterogeneity of conservation within and between coding exons (Figure 3) in-
dicates that a substantial amount of selection occurs not because of changes in protein function
but because of RNA and/or DNA function. This is important because ignoring selection on nu-
cleotide function in coding sequence leads to underestimation of neutral rates, which then leads
to higher rates of false predictions of positive selection and more false negatives for purifying
selection.

As we have observed, noncoding exonic bases of UTRs are better conserved than noncoding
intronic bases (Figure 3). This higher degree of conservation is due to its content of various types of
functional elements, such as G-quadruplex sequences, internal ribosome entry sites, and upstream
open reading frames (7, 33, 54, 94, 109); conservation may also reflect background selection (see
sidebar, Background Selection). Many mammalian 5 UTRs also contain spliced exons whose
intronic boundaries, similarly to those in coding sequence, show elevated nucleotide conservation
(107) (Figure 3), presumably reflecting the high density of splicing regulatory elements lying
near exon junctions. The increased sequence conservation of 3’ UTRs over introns is attributable
at least in part to purifying selection acting to preserve or avoid microRNA (miRNA) binding
sites, also called miRINA response elements (MREs) (20, 112, 129). Mammalian miRINA seed
sequences bind via base-pairing with imperfectly complementary MREs within mRNAs, leading
to translational repression or target degradation (8). Based on the conservation of at least 45,000
miRNA target sites within human 3’ UTRs, the majority of human genes appear to have been
under selective pressure to maintain pairing to miRNAs (40). Mutations that create MREs can
also be under negative selection because of their deleterious effect on gene expression regulation
(20, 112).

Some investigators consider intronic sequences to have evolved neutrally and thus to provide a
useful neutral proxy against which selection on coding sequences can be assessed (Table 1). How-
ever, in addition to sequences flanking splice acceptor and donor sites and other splicing regulatory
motifs that occur within 200 base pairs of exons, introns contain diverse and numerous functional
elements that all contribute to lower evolutionary rates (17, 81). Kim & Pritchard (63) reported
that approximately 37,000 conserved noncoding elements fall within introns, representing ap-
proximately 4.6 Mb, although a more recent estimate of intronic functional elements numbers
these at nearly 1.5 million by counting all DNase I-hypersensitive sites (118). Evolutionary rates
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also vary depending on the position of an intron within a gene (45). For example, relative to other
introns within a gene, first introns tend to be better conserved, are on average twice as long, and
differ in their nucleotide composition (17, 45).

3.2. Spectrum of Selection Across Noncoding RINA Loci

In mammals, thousands of multi-exonic long noncoding RNA (IncRINA) genes have been identified
(12,24, 51) for which cellular functions and molecular mechanisms remain largely unknown (104,
120). Sequence conservation levels of mammalian intergenic IncRNAs are low, much lower than
those of protein-coding sequences and only marginally higher than those of putatively neutral
sequences (82, 100). The variable impression that purifying selection has made on these exons
and introns of noncoding loci, however, is qualitatively similar to that on protein-coding genes
(Figures 3 and 4). Nevertheless, across mammalian evolution the strength of this selection on
mature IncRNA sequences has been only modest, and sequence conservation only marginally
exceeds that seen for intronic and untranscribed intergenic sequences (Figure 4). Indeed, based
on evidence for purifying selection on inserted or deleted sequences, only 5% of all bases in mouse
RNA transcripts are estimated to be functional (100).

This low level of conservation might imply that such IncRNAs are rarely functional. Instead,
they could be associated with transcriptional noise (114), perhaps emanating from transcription at
a neighboring locus (27). If biologically relevant, the lack of sequence conservation of transcribed
intergenic noncoding loci is likely to reflect the presence in RNA transcripts of only short patches of
functional sequence involved in base-pairing or protein interactions, similar to the limited MREs in
3" UTRs of protein-coding genes (13, 16). The observed low nucleotide conservation of IncRNAs
could also be associated with functional redundancy (24, 108). In contrast, rapid divergence could
result from compensatory mutations that are rapidly fixed when they mitigate the deleterious effect
of a second mutation at a functional site. This mechanism has been proposed to explain both the
accumulation of potentially deleterious mutations within protein-coding sequences or regulatory
elements (67, 130) and the maintenance of RNA secondary structures (98).

3.3. Spectrum of Selection Across Other Noncoding Sequence

Protein-coding sequence is thus the principal substrate of negative selection. However, a significant
minority of intergenic noncoding sequence is also subject to purifying selection (Figure 2). When
the mouse genome was first sequenced and compared with the human genome, investigators
realized that most of the constrained sequence lay outside of the protein-coding sequence. In
addition to the 1.2% of the human genome that encodes proteins, nearly 4% was estimated to be
constrained (78, 87, 109) (Figure 2). An analysis of 29 placental mammal genomes showed that
approximately 39% of the 3.6 million constrained elements lie within intergenic sequences, more
than 2 kb away from annotated gene models (78). Experiments in zebrafish and mice indicate that
many of these sequences are biologically functional, with potential roles as enhancers, insulators,
or promoters (78, 97, 122, 128).

Purifying selection on noncoding sequence acts most stringently on bases adjacent to transcrip-
tion start sites and rapidly declines in strength for approximately 200 nucleotides farther upstream
(14, 115) (Figure 3). These upstream regions of protein-coding genes have experienced unusually
high levels of nucleotide substitutions, short insertions and deletions, and transposable element
insertions during primate evolution (115, 126). Rather than being the result of pervasive positive
selection, this likely reflects elevated mutation rates in sequence that is made accessible and more
mutable by the act of transcription initiation. A higher mutability for the upstream regions of
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Average nucleotide conservation (phastCons) scores sampled across intergenic long noncoding RNA loci in Hormzo sapiens and Drosophila
melanogaster.

genes that are frequently transcribed in the germline also likely explains the otherwise curious
observation that promoters of non-protein-coding RNA genes tend to be better conserved than
promoters of protein-coding genes (3, 82, 100). At the 3" termini of genes, sequence in the vicinity
of the polyadenylation site (motif AWUAAA) also exhibits a trend for more stringent purifying
selection, presumably owing to its requirement by cleavage and polyadenylation specificity factors
(23, 90).

The effects of mutations in noncoding sequence can sometimes be predicted only by the
scrutiny of purifying selection and are not corroborated by the scrutiny of laboratory experiments.
For example, the deletion of long intergenic sequences containing more than 1,000 noncoding
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elements, each conserved between human and rodents (>70% sequence identity over 100 base
pairs), in laboratory mice has failed to reveal phenotypic effects with respect to litter size, body
weight, or longevity (3). Similarly, the deletion of elements that are completely conserved in
sequence between humans, mice, and rats or the deletion of a conserved enhancer region involved
in limb patterning leads to viable and fertile mice lacking overt phenotypes (3, 23). Knockout
mutant mice for three intergenic IncRNA loci (Hotair, Malat1, and Neatl) also show no overt
phenotype, even though these loci are among the most highly expressed and most highly conserved
of all intergenic IncRNAs (29, 89, 90, 108, 132).

How can the absence of overt phenotypes be reconciled with the deep phylogenetic conser-
vation of these elements? Different hypotheses have been proposed to resolve this conundrum.
First, phenotypes not observable under laboratory conditions may be revealed under more natural
conditions. Knockout mutants for the BCI locus, for example, showed no phenotypic changes
except when assayed in natural conditions (75). Second, changes may be missed owing to shallow
phenotyping. Fewer than one-fifth of genes in either Caenorhabditis elegans or Saccharomyces cere-
visiae initially yielded phenotypic effects when disrupted, yet upon more extensive investigation,
larger proportions (42-60% and 97 % of genes, respectively) were found to yield significant effects
(55, 105). Natural selection is thus better able to discriminate deleterious from neutral variants
than are laboratory experiments.

3.4. Evolutionary Turnover of Functional Sequence

Most analyses described thus far successfully associate deep phylogenetic conservation with se-
quence functionality (78, 87). However, methods that identify genomic regions by their reduced
rates of substitution sacrifice sensitivity for specificity, leading to a relatively high rate of false-
negative predictions. Sequences of regulatory regions that have been subject to weak selective
pressure or lineage-specific evolution will diverge rapidly (9, 38, 83). This may explain, in part,
why the pilot ENCODE project found that nearly half of all annotated functional elements were
not conserved across species (30).

A sequence may be constrained in one species yet not conserved in others if it has gained
functionality only recently; another sequence may be relatively well conserved yet be without
constraint if it has recently lost its functionality. These events represent turnover, occurring
either when environmental changes or sequence mutations alter the functionality of the locus,
or when a functional element is lost through genetic drift or gained when (for example) such an
element is acquired that compensates for prior losses. Turnover will occur most frequently for
elements that are subject to low constraint and for species or sequences that are associated with
relatively low effective population sizes. New functional elements will emerge most frequently
from previously functionally inert sequence when their lengths are short (57, 66). Consequently,
relatively long and highly constrained protein-coding sequence is only rarely turned over, whereas
short noncoding elements, such as transcription factor binding sites (TFBSs) and enhancers, turn
over rapidly.

Half of all functional noncoding sequence is predicted to have turned over in approximately
the past 130 million years of mammalian evolution (106). Experimental studies of TFBSs support
these evolutionary predictions, with 41-89% of such events not being conserved between humans
and mice for four liver transcription factors (91) and almost half of all intergenic IncRNA loci
having been gained or lost in the interval since the last common ancestor of mice and rats (72).
Target sites of miRINA have turned over more slowly, with 20% of such sites turning over among
diverse mammals (129). A prominent example of a sequence that has been the frequent substrate
of functional loss and gain is human HARIF (99), a IncRINA that has gained 18 substitutions in
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118 nucleotides since humans’ last common ancestor with chimpanzees. These substitutions are
very strongly biased toward G or C bases, indicating that, rather than being adaptive changes, they
are the consequences of a mutational process, specifically recombination-associated GC-biased
gene conversion (44).

3.5. Selection on Other Metazoan Genomes

The sequencing of the genomes of 12 Drosophila species enabled an assessment of whether the
signatures of selection found for mammalian genes and genomes are also evident for these inver-
tebrates (21, 47). In the main, the patterns of selection seen for D. melanogaster genes mirror well
those found for mammalian gene models: Their protein-coding exons are the most conserved,
and their introns are the least (21, 86) (Figure 3); a similar proportion (22%) of fruit fly genes’ 4D
sites appear to have been subject to selective constraints (22, 74); and sequences upstream of their
transcription start sites are diverged, a likely consequence of a lower degree of selection relative
to transcribed regions (80). Additionally, TFBSs, insulator sites, and RNA polymerase II binding
sites all exhibit moderately strong conservation patterns across these drosophilids, as (to a lesser
extent) do UTRs (86).

Nonetheless, several important differences are apparent. In contrast to mammalian coding se-
quence, codon usage is under selection in fruit flies, which strongly modulates protein sequence
evolution (53, 110). Moreover, introns in Drosophila species are subject to a substantial degree of
selection (46), excepting those that are short (<86 nucleotides) (22, 74) (Table 1). Perhaps the
most striking difference with mammalian sequence is that fruit fly IncRNA loci are moderately well
conserved across fly species (86, 131), particularly in their exons (48) (Figure 4). This could reflect
a more central functional role of these noncoding genes in fruit fly evolution and biology. Never-
theless, such differences are best explained through the application of the theoretical framework
provided by population genetics. Indeed, more generally, the ability to distinguish between tran-
scriptional noise and signal, or between random and consequential binding events, or between
ephemeral or long-lasting functional sequences requires methods that go beyond species-level
conservation. To achieve these distinctions requires evidence of constraint among individuals of
a species.

4. CONTEMPORARY SELECTION: POPULATION-BASED ESTIMATES

Comparisons between mammalian genomes can only infer the strength of selection that occurred
over long time periods, often tens of millions of years, that separate these species from their
last common ancestor. Moreover, interspecies analyses produce results that average across the
phylogenetic scope of the study and may not hold true for individual lineages or for extant species.
If the species being compared are too distant phylogenetically, then only the most conserved
elements will be detected, at the cost of low sensitivity (high false-negative rate). By contrast, if
the selected species are too closely related, regions that are neutral may wrongly be considered to
evolve under selective constraints, owing to selection acting at linked sites (see sidebar, Background
Selection), leading to a high false-positive discovery rate (10, 28, 113). Finally, sequencing and
alignment errors can also significantly inflate the neutral evolutionary rate for closely related
species.

The strength of selection can instead be inferred using population genetic approaches that
consider a shorter, more recent timescale, such as the past 35,000-45,000 years, which is the
average age of a new (i.e., derived) variant in the human population (42). Deleterious mutations
are expected to segregate ata lower population frequency than mutations occurring at neutral sites.
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The converse is expected for advantageous mutations: They should become fixed or segregate at a
higher frequency than neutral mutations. Accordingly, the recent 1000 Genomes Project analysis
as well as an analysis of 6,515 exomes demonstrated a negative correlation between the age of a
mutation and its deleterious effect, with most deleterious mutations within the human populations
having arisen only within the past 5,000 years (2, 42, 62).

Population-based studies initially investigated the density of polymorphic sites in different se-
quence categories, based on the idea that polymorphisms in functional sites will have been more
frequently purged if they are deleterious and more rapidly fixed if they are advantageous. For
example, both 5" and 3’ sequences flanking genes show an excess of low-frequency polymorphisms
relative to intergenic sites, presumably owing to a combination of background selection origi-
nating from linked protein-coding sequence and their ¢is-regulatory element content (73, 119).
Furthermore, within human populations, both 5" and 3" UTRs exhibit a significantly lower den-
sity of polymorphic sites than do introns or putatively neutral sequences (pseudogenes, ancestral
repeats) (73, 88). Although polymorphic sites tend to be evenly distributed across 3' UTRs, single-
nucleotide polymorphism (SNP) density is significantly lower at the UTR boundaries (and, more
specifically, at the polyadenylation sites) and within miRNA binding sites (20, 117).

Analyses of the site frequency spectrum, in particular minor allele frequencies or derived allele
frequencies (DAFs), can infer selection not for single functional elements but for many such
elements when they are considered together as a class. Low frequencies of alleles could reflect the
purging of deleterious variants from the population but could also reflect population structure or
past demographic events. Consequently, selection is best inferred by comparing allele frequencies
in the sequence class of interest to frequencies in a set of presumed neutrally evolving sequences
(Table 1). The strength of purifying selection acting on recently arisen deleterious variants can
be estimated from the excess density of low-frequency derived alleles in a sequence class (e.g.,
IncRNA exons) compared with such alleles within putatively neutral sequences (Table 1).

As expected, the different strengths of selection at various genomic elements, estimated using
this DAF test, mirror those derived from cross-species comparisons. In humans, the skew toward
rarer derived alleles, and thus stronger selective constraints, is strongest for variants within both
nonsynonymous and splice sites. In contrast, lower selective constraints act on variants in UTRs,
introns, and intergenic regions (1, 2, 88). Only 6% of synonymous substitutions are predicted
to be deleterious in humans (116), a lower proportion than the 20% inferred from cross-species
comparisons (33). As it does not rely on interspecies sequence conservation, the DAF test can
identify constraint that has arisen recently. For example, it was used to predict that 30-50% of
nonconserved MREs are functional when their mRNA and cognate miRNA are coexpressed (20).
The method has also been used in an important demonstration that sets of human noncoding
sequences are conserved not because they are subject to low mutation rates but rather because
mutations within them have been preferentially purged from the human population (6, 26, 58,
119).

The intersection of human sequence variation (2) and functional annotations (32) permits
population-based estimation of selection acting on open chromatin, transcription factor binding,
or more generally transcribed sequence (5, 48, 118). TFBSs, such as those for POU-, HOX-,
or FOX-domain-containing transcription factors, include both a lower density of SNPs and
an excess of low-frequency SNPs relative to putatively neutral sites or similar sequences in the
genome that are without evidence of binding (5, 111, 121). Using a more rigorous approach that
better corrects for selection’s effect of distorting the pattern of polymorphism at neutral sites
(background selection, genetic hitchhiking), Arbiza et al. (5) estimated that, on average, 33% of
the nucleotides in a set of high-confidence TFBSs are under selection. They also reported that
patterns of selection identified in TFBSs varied greatly depending on the transcription factor
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(5, 88) and that the strength of selection depended on both the size of the binding site and the
number of degenerate positions in the consensus motif.

It is striking that applying the DAF test to sequences and populations from other species yields
results that contrast with those obtained from the human population. Drosophila conserved non-
coding sequences, for example, appear to be under greater purifying selection than such sequences
in humans (15). This is most evident for intergenic IncRNAs, which in fruit flies, but not in hu-
mans, exhibit a clear excess of low-frequency alleles (48) (Figure 5). These differences extend to
other mammals because selective constraints on conserved noncoding sequences, including pro-
moters, in rodents appear to be almost twice as strong as those in the human population (0.53 +
0.01 and 0.29 £ 0.02, respectively) (60, 115). These differences are explained below as a direct
effect of these species’ contrasting effective population sizes.

Comparison of DAF test results between species is complicated by their population size histories
and structures. The human population underwent multiple bottlenecks of various constrictions
that reduced its effective population size to approximately 1,200 individuals and were then followed
by demographic expansion (76). These changes strongly bias allele frequencies at neutral sites
and, if not properly accounted for, lead to false inferences of selection. This is because there is an
enrichment of rare variants at neutral sites in cases of population expansion (43) and an increased
frequency of intermediate variants in cases of population contraction or bottlenecks (123, 127).
Additionally, population range expansions associated with founder effects at the margin of the
population spatial distribution can lead to a strong bias in allele frequency that mimics the action
of positive selection (also called allele surfing) (65).

Methods that correct for the otherwise confounding demographic effects have been developed
thatinfer the distribution of fitness effects from allele frequencies (127). Three methods, developed
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by Eyre-Walker et al. (36), Boyko et al. (11), and Keightley & Eyre-Walker (59), estimate demo-
graphic parameters from user-provided putatively neutral sites to correct the frequency spectrum
of sites of interest (11, 34, 36, 59, 127). Each of these methods is based on predictions from the
nearly neutral theory of evolution (64, 92, 93) together with assumptions that adaptive polymor-
phisms should be very rare, because they are fixed rapidly, and that the majority of nonneutral
mutations are deleterious. Consequently, based on the product of the effective population size
(N.) and the selection coefficient, mutations are classified as being effectively neutral (I Nesl < 1),
weakly deleterious (1 < INs| < 10), deleterious (10 < INs| < 100), or strongly deleterious
(INes! > 100). These algorithms have been applied to polymorphism data in humans, mice, and
fruit flies to assess the variable strength of selection at both coding and putatively functional non-
coding sites (Figure 6). In humans, 27-38% of mutations at nonsynonymous sites were deemed
effectively neutral, 21-30% were weakly deleterious, and the remainder were strongly deleterious
(11, 34). By comparison, the DAF spectrum of SNPs within intergenic IncRNAs was not different
from putatively neutrally evolving neighboring sequences, providing no evidence for the action
of purifying selection acting contemporarily on human IncRINAs. Nevertheless, the same anal-
ysis applied to intergenic IncRNAs from D. melanogaster predicted that approximately 30% of
mutations within these loci are weakly deleterious (48) (Figure 6).

5. EFFECTIVE POPULATION SIZE AND RELAXATION OF
SELECTION WITHIN THE PRIMATE LINEAGE

Many more substitutions at nonsynonymous sites are predicted to be deleterious in Mus musculus
castaneus or D. melanogaster (59, 68) than in humans. Similarly, there appears to be a greater strength
of purifying selection on codon usage, IncRNAs, UTRs, and conserved noncoding sequence in
fruit flies than in humans (48, 49, 61, 70, 111). These observations are likely to reflect the low value
of N, for humans (1,200-15,000) (76) relative to D. melanogaster (1,450,000) (35) or M. musculus
castaneus (290,000-580,000) (49). This is because N, conditions the probability that a mutation
under selection will be fixed. Any newly arising mutation can be neutral (selection coefficient s =
0), deleterious (s < 0), or advantageous (s > 1). Ohta (92, 93) and Kimura (64) showed that the
probability 6 that a mutation with s # 0 will be fixed is & = N, us, where u is the mutation rate. If
[ Nes! > 1, the mutation will be effectively selected, whereas if | Nesl < 1, it will evolve effectively
neutrally, under genetic drift. Consequently, the same mutation whose evolution is nearly neutral
in a species of low N, would have been effectively selected (positively or negatively) in a species
with a much larger N..

This implies that the human population has accumulated weakly deleterious variants faster
than species with larger N, values. Such a relaxation of selection likely explains the greater-than-
expected divergence in functional elements. A greater extent of positive selection in primates
would also be consistent with this increased divergence in functional elements (99). Nevertheless,
this is not a parsimonious explanation, because it requires positive selection to have acted relatively
indiscriminately on very large numbers of elements that in other species are under the greatest
constraint. As a consequence, functional elements are expected to turn over rapidly in species with
low N, values, such as primates. Functional elements in species with high N, values, in contrast, are
predicted to persist over longer evolutionary time and thus to have a greater chance of acquiring
more fundamental functions.

The evolutionary analyses described above compare the decreased divergence or diversity of
sequences of interest to others whose evolution is proposed to have been neutral. Whether these
neutral proxy sequences have always escaped selection thus affects quantitatively, although rarely
qualitatively, these analyses’ results. Of all the commonly used neutral proxies (Table 1), 4D
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sites, particularly in high-N, species, will be the least applicable. Ancestral repeats, defined as
transposable element sequences that inserted prior to the last common ancestor of two species
(often humans and mice), are proposed to be the most reliable neutral proxy because virtually all
of them have been demonstrated to have evolved neutrally (79, 102). Only 0.2% and 1% of bases
in rat-mouse and human-mouse ancestral repeat sequences, respectively, depart from neutrality
(84).

Neutral sites are commonly collated across the whole genome, thereby forming a putatively
neutral reference against which test sequence is compared. However, this overlooks important
confounding issues. First, because test and neutral sites are most often not fully interdigitated,
they are likely to not share the same genealogical history (4, 85, 133), and comparisons will
not necessarily account for mutation rates, which vary greatly across the genome (31). Second,
selection acting at linked sites, via either background selection (see sidebar, Background Selection)
or hitchhiking, will distort polymorphism patterns at neutral proxy sites.

The optimal choice of neutral proxy is sequence that has escaped selection and is interdigi-
tated or that lies adjacent to and is compositionally equivalent to sites of interest (for example,
nonsynonymous sites, MREs, and IncRNAs) (4, 133). These requirements are met by matching
candidate neutral sequence that lies in close physical proximity, and is compositionally similar,
to each test sequence. Nevertheless, matches are often not possible when, for example, ancestral
repeats of the required composition are absent from the genomic vicinity of the test sequence.
Consequently, a compromise procedure, adopted by Halligan et al. (50), Haerty & Ponting (48),
and Arbiza et al. (5), is to employ proxy neutral sequence that is noncoding and not conserved
in diverse species and that lies outside of annotations such as TFBSs or DNase I-hypersensitive
sites. Such sequence constitutes the majority of the reference human genome but only a small
proportion of the fruit fly genome.

SUMMARY POINTS

1. Sequences that have long retained functionality are characterized by an increased inter-
species sequence conservation that derives from the past purging of mutations that had
a deleterious impact on fitness.

2. Purifying selection is strongest on protein-coding sequences, more moderate on flank-
ing noncoding functional sequences (5" and 3" untranslated regions), and very weak on
intergenic transcribed or bound functional elements that tend to turn over rapidly in
evolution.

3. The most powerful approach to assess the current biological relevance of these rapidly
evolving elements is to analyze variants’ site frequency spectra.

4. Because a species’ effective population size directly affects the efficacy of natural selection
on mutations, classes of elements identified as evolving under selective constraints in one
species may be effectively neutral in another species of smaller effective population size.

5. The observation of a biochemical event at a locus is necessary but not sufficient to infer
that it is functional. Instead, indication of biochemical activity, such as transcription or
transcription factor binding, combined with the inference of selective constraint between
or within species provides the most compelling evidence for the functionality of elements
that can then be prioritized for subsequent experimental validation.
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FUTURE ISSUES

1.

With decreasing sequencing costs of large numbers of samples, population genomic ap-
proaches that assess the functionality of elements within the genome will spread. This will
allow the in silico assessment of the biological relevance of a locus that draws upon both
evolutionary and functional (for example, transcription or transcription factor binding)
evidence.

. Not all transcriptional or binding events will be biologically relevant. However, we do

not have a clear understanding of the expected background levels of such biological
noise when interpreting functional genomic data. The use of more quantitative methods
to investigate the strength of transcription factor binding (77) will also greatly help to
identify genomic regions in which binding is only transient and likely inconsequential.

. Many tests for selection were initially developed for protein-coding sequence and only

later adapted for non-protein-coding sequence. There is a considerable need for new tests
that consider the deleterious effects of mutation and are tailored specifically to functional
noncoding elements, because these are the primary substrate of rapid turnover along
different evolutionary lineages.

. We know almost nothing about the relative impacts that disruption of classes of func-

tional noncoding sequence—including microRINA response elements, transcription fac-
tor binding sites, and long noncoding RNA loci—have on fitness and phenotypes. There
is thus a pressing need for large-scale in vivo and cellular mutagenesis and phenotyping
projects.
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