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Abstract

Plants show a wide range of variation in mating system, ploidy level, and
demographic history, allowing for unique opportunities to investigate the
evolutionary and genetic factors affecting genome-wide patterns of positive
and negative selection. In this review, we highlight recent progress in our
understanding of the extent and nature of selection on plant genomes. We
discuss differences in selection as they relate to variation in demography,
recombination, mating system, and ploidy. We focus on the population ge-
netic consequences of these factors and argue that, although variation in the
magnitude of purifying selection is well documented, quantifying rates of
positive selection and disentangling the relative importance of recombina-
tion, demography, and ploidy are ongoing challenges. Large-scale compara-
tive studies that examine the relative and joint importance of these processes,
combined with explicit models of population history and selection, are key
and feasible goals for future work.
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Effective population
size (N,): the size of
an otherwise ideal
population
experiencing the same
amount of genetic drift
as the population in
question

Negative selection:
selection of alleles that
have deleterious effects
on the fitness of their
carriers (i.e., selection
against deleterious
alleles)

Positive selection:
selection of alleles that
confer fitness benefits
to their carriers (i.e.,
selection on beneficial

alleles)

Purifying selection:
also termed negative
selection; the selective
removal of deleterious
alleles

INTRODUCTION

Population genetics theory suggests that several key factors should be important in influencing
patterns of genome-wide selection, including effective population size (N,), population structure,
recombination, and ploidy. The extent to which variation in these factors can drive variation in
selection within and between species is an important issue that connects diverse study systems
and research questions into a unifying framework. Although our understanding of the causes of
variation in genome-wide selection is limited, recent developments in genomics have started to
shed light on this issue.

Plants, with their unique life-cycle characteristics and diversity of mating systems, ploidy levels,
and demographic histories, provide an ideal testing ground for exploring empirically the impor-
tance of different population genetic processes in shaping patterns of selection. For example, the
frequent occurrence of mating system transitions in plants makes it possible to test how changes
in effective population size and recombination rates can affect the extent and efficacy of selection
across the genome (Haudry et al. 2008, Hazzouri et al. 2012), how elevated homozygosity can
influence the genetics of adaptive evolution (Glémin & Ronfort 2013), and how self-fertilization
can affect population structure and demographic patterns (Platts et al. 2010). In addition, the
prevalence of ploidy transitions in plants (Otto & Whitton 2000) enables investigations into the
effects of genome duplication and genetic redundancy on the rates of fixation of deleterious and
advantageous alleles (Otto & Yong 2002), and results to date highlight the importance of gene
dosage and dominance as evolutionary factors affecting patterns of selection in polyploid lineages
(Otto 2007). Finally, widespread gene expression and selection during the haploid stage of plant
life cycles (Walbot & Evans 2003, Borg et al. 2009) offer insight into the unique characteristics of
plants and may explain some of the differences between plant and animal species in the patterns
of genome-wide variation and selection.

Here, we review recent developments in our understanding of the extent and nature of selection
in plant genomes. We begin by documenting recent results regarding the extent of selection in
both coding and noncoding DNA and by discussing how and why the patterns in plants differ
from those in other organisms. We then review the expected and observed differences in the
patterns of selection in plants as they relate to differences in effective population size and structure,
recombination rate, mating system, and ploidy level.

GENOME-WIDE SELECTION IN MODEL SYSTEMS

With the increasing availability of whole-genome sequence data, several methods have been ap-
plied to infer the genome-wide extent of positive and negative selection. These methods involve a
variety of approaches, including analyses of selective constraint across species (Siepel et al. 2005),
comparisons of polymorphism and divergence at selected and neutral sites (McDonald & Kreitman
1991, Boyko et al. 2008, Eyre-Walker & Keightley 2009), and measurements of levels of neutral
diversity surrounding fixed functional mutations (Sattath et al. 2011). These methods have been
reviewed recently (Sella et al. 2009, Zhen & Andolfatto 2012), and here we focus on the patterns
that have emerged when they have been applied to estimate the extent and strength of positive
and negative selection.

In Drosophila, two particular results have emerged from recent studies that are in marked
contrast to previously held views about the nature of molecular evolution (Sella et al. 2009).
First, comparative and population genomics analyses of selective constraint have found that a
large fraction of the Drosophila genome, including noncoding regions, is subject to purifying
selection (Andolfatto 2005, Sella et al. 2009). Second, analyses of genome-wide polymorphism
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Figure 1

Estimates of the percent of the genome under selective constraint (b/ue) and the percent of selectively
constrained bases that are noncoding (red) in model species from comparative genomics approaches (analysis
of between-species constraint). Species are shown in decreasing order of genome size. For humans and
Drosophila, light bars indicate the increase in the estimates when population genomics approaches (analysis of
within-species diversity and allele frequencies) were used. Comparative genomics estimates were obtained
for humans (Lindblad-Toh et al. 2011), Drosophila melanogaster, Caenorbabditis elegans, Saccharomyces cerevisiae
(Siepel et al. 2005), Arabidopsis thaliana, and Arabidopsis lyrata (Haudry et al. 2013); population genomics
estimates were obtained for humans (Ward & Kellis 2012) and Drosophila (Sella et al. 2009).

and divergence suggest that positive selection in coding and noncoding DNA is occurring at
a remarkably high rate (Eyre-Walker & Keightley 2009, Sella et al. 2009, Sattath et al. 2011).
In contrast, and more in line with expectations of neutral theory, such high rates of species-wide
positive selection from new mutations have not been detected in the human genome (Eyre-Walker
& Keightley 2009, Hernandez et al. 2011), which also appears to contain a larger proportion of
DNA subject to little or no selective constraint (Eory et al. 2009, Eyre-Walker & Keightley 2009,
Lindblad-Toh et al. 2011) (Figure 1). This latter result is in apparent contrast to recent results
from the ENCODE project (ENCODE Project Consortium 2013), which suggest that a very
high proportion of sites are involved in biochemical activity. However, although the integration
of ENCODE results with population genetics approaches has resulted in increased estimates of
contemporary constraint that was undetected from comparative approaches (Ward & Kellis 2012)
(Figure 1), many sites falling under the ENCODE definition of function may not be subject
to purifying selection (Graur et al. 2013). This does not imply that the human genome has few
functional noncoding regions, however, as it may simply contain more neutral or nearly neutral
DNA. Indeed, estimates of the amount of functional noncoding sequence in humans are higher
than those in Drosophila (Figure 1). Nevertheless, analyses of protein-coding and noncoding
sequences indicate weaker purifying selection, more neutral sites, and lower rates of positive
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Figure 2

Estimate of the proportion of effectively neutral sites (IN,s < 1) in various plant taxa calculated using the methods of Eyre-Walker &
Keightley (2009) plotted against estimates of their effective population size (N,): Symbols indicate (filled symbols) predominant
outcrossers, (enpty symbols) predominantly selfing, (squares) species with a recent whole-genome duplication (synonymous substitution
rate among duplicates K; < 0.3), (triangles) species with ancient whole-genome duplications (K, > 0.3), (circles) species for which the age
of the last whole-genome duplication is unknown, and (gray symbols) species in which « (the proportion of fixations driven by positive
selection) is significantly greater than zero. The regression line shown was calculated excluding the data from Medicago trunculata (not
expressed). Estimates of the proportion of effectively neutral sites are from the following for the various species indicated: Paape et al.
(2013) for M. trunculata; Slotte et al. (2010) for Capsella grandiflora and Arabidopsis thaliana; Eckert et al. (submitted manuscript; see end
of caption for details regarding the submitted manuscript referenced here) for Pinus spp.; Strasburg et al. (2011) for all Helianthus; and
Gossmann et al. (2010) for the remaining species. Estimates of N, were obtained from Gossmann et al. (2010), Gossmann et al. (2012),
and Strasburg et al. 2011), with the following exceptions: N, estimates for Pinus species were calculated using the diversity levels
reported in Eckert et al. (submitted manuscript), a per-year mutation rate of 1077 (Willyard et al. 2007), and assuming a generation
time of 75 years [based on arguments in Eckert et al. (submitted manuscript)]. For Arabidopsis lyrata and Boechera stricta, N, estimates
were updated using direct estimates of the per-generation substitution rate in Arabidopsis thaliana following Gossmann et al. (2012). For
M. truncatula, we used the estimate of per-generation substitution rate from Young et al. (2011) and synonymous diversity estimates
from Branca et al. (2011). M. trunculata (not expressed) reflect data from sites in genes that were not expressed in any of six tissues
sampled, whereas M. trunculata (expressed) reflect data in genes that were expressed in at least one tissue (Paape et al. 2013).
Duplication-age estimates were obtained from Blanc & Wolfe (2004), Barker et al. (2008), and Sterck et al. (2005). Submitted
manuscript: (Eckert et al.) A.J. Eckert, A.D. Bower, K.D. Jermstad, J.L. Wegrzyn, B.J. Knaus, J.V. Syring & D.B. Neale.

selection in the human genome than in Drosophila (Eory et al. 2009, Eyre-Walker & Keightley
2009, Hernandez et al. 2011).

In plants, early analyses of protein-coding sequences in Arabidopsis found little evidence of
positive selection on amino acid substitutions but did indicate a large proportion of slightly dele-
terious amino acid substitutions segregating in populations (Bustamante et al. 2002). More recent
larger-scale analyses have confirmed these results (Foxe et al. 2008, Gossmann et al. 2010, Slotte
et al. 2011). Indeed, approximately 20% of new amino acid mutations are effectively neutral in
Arabidopsis thaliana (Figure 2), and estimates of species-wide positive selection on amino acid
variants are approximately zero.
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Although evidence for purifying selection on noncoding sites has been obtained from several
plant genomes (Wright & Andolfatto 2008), the first studies of conservation in such regions
suggested that there are considerably fewer conserved noncoding sites in plant than in animal
genomes (Lockton & Gaut 2005). This initial conclusion has been confirmed by a recent study of
genome-wide constraint in Arabidopsis (Haudry et al. 2013) (Figure 1). This suggests that plant
genomes in the Brassicaceae contain many fewer selectively constrained noncoding sites than the
genomes of mammals (Lindblad-Toh et al. 2011), Drosophila (Andolfatto 2005, Sella et al. 2009),
and nematodes (Siepel et al. 2005), though estimates are higher in plants than in yeast (Siepel
et al. 2005) (Figure 1). If low amounts of functional noncoding sequence are generally found in
plant genomes, plants may have fewer (or smaller) regulatory regions or selection may be weaker
in these regions compared with animals. If so, modulation of gene expression in plants may occur
less often through complex noncoding regulatory mechanisms and more often through gene
duplication (see Lockton & Gaut 2005).

Similar to humans, but in contrast with Drosophila, a significant proportion of sites in plant
genomes appears to evolve effectively neutrally. In particular, only 6% of the Arabidopsis noncod-
ing sequence is estimated to be under purifying selection (Haudry et al. 2013). This proportion
of constraint is expected to decrease in larger plant genomes with more repetitive elements
(Tenaillon et al. 2002). Indeed, the Arabidopsis lyrata genome has considerably more repetitive
elements (Hu et al. 2011), and estimates of the proportion of constrained sites are lower than in
A. thaliana (Figure 1). In contrast, approximately two-thirds of the Drosophila noncoding
sequence is estimated to be under purifying selection, implying a much lower proportion of
selectively neutral sites in this group (Andolfatto 2005, Sella et al. 2009).

POSITIVE AND NEGATIVE SELECTION IN PLANTS

With many data sets from a variety of plant species now available, it is becoming possible to assess
the extent to which the patterns of selection in Arabidopsis are representative of other species.
In Figure 2, we show estimates of the proportion of effectively neutral amino acid mutations
and indicate those species with significantly positive estimates of the proportion of amino acid
divergence fixed by positive selection (o). Estimates of « and the proportion of effectively neutral
sites are also shown in Supplemental Table 1 (Follow the Supplemental Material link in the
online version of this article or at http://www.annualreviews.org/). These estimates are based on
extensions of the McDonald-Kreitman test (McDonald & Kreitman 1991), and we have restricted
our data set to include only results obtained using the likelihood-based approach of Eyre-Walker
& Keightley (2009).

Although parameter estimates in many of these species are similar to those in Arabidopsis, there
is considerable variation in the proportion of neutral amino acid sites across species (Figure 2),
ranging from ~5% to ~30%. In addition, three species, Helianthus annuus (Strasburg et al. 2011),
Capsella grandiflora (Slotte et al. 2010), and Helianthus petiolaris (Strasburg et al. 2011), show
evidence for significant genome-wide positive selection (Figure 2). Interestingly, estimates of the
proportion of selectively neutral sites are in some cases strongly divergent across close relatives
(e.g., in Populus). This highlights the significant variation that exists across plant species in the
patterns and strength of selection.

Do differences in estimates of selection across plant species reflect biological differences or
statistical noise? In some cases, uncertainty in parameter estimates can be very high, particularly
in systems with relatively small numbers of sampled loci, and differences in the choice of loci can
also contribute to this uncertainty if selection parameters vary strongly across genes. For example,
recent population genomic comparisons of genes with and without evidence of gene expression
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in Medicago truncatula have shown strong heterogeneity in the strength of purifying selection
(Figure 2) (Paape et al. 2013). Furthermore, differences in divergence time from the outgroup
used can also affect estimates of positive selection (Keightley & Eyre-Walker 2012). However,
comparisons among species at identical (Strasburg et al. 2011) or comparable (Slotte et al. 2010)
loci, and with similar divergence times, have shown significant between-species differences in
positive and negative selection. We now consider several possible factors that may contribute to
this variation.

EFFECTIVE POPULATION SIZE

Effective population size (N,) is a key parameter involved in determining between-species differ-
ences in the strength of selection. In particular, N, describes the extent to which evolutionary
change is caused by genetic drift; a lower N, implies a greater effect of drift (Charlesworth 2009).
Smaller populations will thus experience greater effects of drift relative to selection, and if a signif-
icant proportion of sites are subject to weak selection, as predicted by nearly neutral theory (Ohta
1992), slightly deleterious mutations will be more likely to segregate at higher frequencies and fix
in small populations (Akashi et al. 2012). In addition, populations with small N, are expected to
have a lower probability of fixing beneficial mutations (Gossmann et al. 2011, Akashi et al. 2012,
Gossmann et al. 2012). Differences in N, have thus been suggested to have had important effects
on the strength of positive and negative selection in many genomes, including humans, Drosopbila,
and mice (Eyre-Walker & Keightley 2009, Langley et al. 2012). In plants, there is considerable
variation in levels of neutral diversity (Leffler et al. 2012), range size (Brown et al. 1996), and
census population size (Ness et al. 2010). This suggests that there is also variation in N,, which
may have important effects on patterns of selection in this group.

Estimates of N, from neutral polymorphism data negatively correlate with estimates of the
proportion of unconstrained sites across diverse organisms, including comparisons across plant
species (Figure 2) (Wright & Andolfatto 2008, Gossmann et al. 2010, Akashi et al. 2012). This
implies that species with larger N, generally experience stronger purifying selection. Although
broad-scale comparisons may be complicated by changes in the strength of selection and assump-
tions about mutation rates and generation times used to estimate N, [particularly for trees such as
Pinus and Populus (Figure 2)], comparisons across species within genera have also demonstrated
that N, affects the strength of purifying selection in sunflowers (Strasburg et al. 2011) and soft
pines (A.J. Eckert, A.D. Bower, K.D. Jermstad, J.L. Wegrzyn, B.J. Knaus, J.V. Syring & D.B.
Neale, submitted manuscript) (Figure 2). In addition, comparisons of different 4. thaliana pop-
ulations have shown that major-effect amino acid changes occur at a high frequency in smaller
populations, consistent with the effect of increased genetic drift (Cao et al. 2011). Although the
number of species investigated is still small, the general pattern emerging from these studies is
that variation in N, has a considerable effect on the strength of purifying selection (Figure 2).

Similarly, studies have assessed the effects of N, on the extent of positive selection (as estimated
by o). Evidence for more positive selection in species with large N, was found, for example, in
pairwise comparisons in Capsella and Arabidopsis (Slotte et al. 2010), across six sunflower and four
lettuce species (Strasburg et al. 2011), and across seven diverse plant taxa (Gossmann et al. 2012).
In contrast, no signs of positive selection and no correlation with N, were found in soft pine species
(AJ. Eckert, A.D. Bower, K.D. Jermstad, J.L. Wegrzyn, B.J. Knaus, J.V. Syring & D.B. Neale,
submitted manuscript).

Despite growing evidence for a significant effect of IV, on patterns of positive selection, there
are several concerns regarding the interpretation of the N,-« correlation. First, the vast majority
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of point estimates of positive selection («) are negative, counterintuitively implying fewer than
zero positively selected substitutions. However, « is estimated by fitting a model of purifying
selection to polymorphism data and calculating the excess nonsynonymous divergence above the
model’s expectations (Eyre-Walker & Keightley 2009). A negative value indicates that fewer than
expected amino acid mutations have fixed, which could be caused by various factors including local
adaptation on amino acids, balancing selection, and/or an inaccurate account of purifying selection
assuming either an incorrect distribution of selective effects (Kousathanas & Keightley 2013) or
an inaccurate demographic history. Given the large number of negative estimates, part of the
correlation between o and N, could result from model misspecification (A.J. Eckert, A.D. Bower,
K.D. Jermstad, J.L. Wegrzyn, B.J. Knaus, J.V. Syring & D.B. Neale, submitted manuscript).

Second, species in which there is evidence for genome-wide positive selection have the lowest
proportions of effectively neutral sites (Figure 2). Although this is expected if both are governed
by differences in N,, there is also an automatic effect from the measurement of «; populations with
more effectively neutral mutations will experience a higher fixation rate of nonadaptive mutations,
bringing down the proportion of positively selected fixations without necessarily changing the rate
of positive selection (Gossmann et al. 2010). However, studies that correct for this by measuring
the rate of positive selection, rather than «, have made similar conclusions (Strasburg et al. 2011,
Gossmann et al. 2012). Nevertheless, the signal of positive selection can be still be masked by high
numbers of slightly deleterious mutations (Eyre-Walker & Keightley 2009, Gossmann etal. 2012)
because the signal of excess between-species divergence due to positive selection can be “swamped
out” by neutral and nearly neutral fixations. Thus, there is an unfortunate anticonservative loss of
power to detect positive selection with decreasing N.,.

"Third, estimates of positive selection using methods such as that of Eyre-Walker and Keightley
(2009) are dependent on assumptions of constant population size since species divergence
(McDonald & Kreitman 1991, Eyre-Walker 2002). Smaller past population sizes could have led
to greater amino acid divergence than expected, possibly inflating estimates of « in species with
large present-day N,. However, evidence for greater signals of selective sweeps in genomic regions
experiencing higher rates of protein evolution in C. grandiflora provides independent support for
genome-wide positive selection (E. Josephs, R. Williamson & S. Wright, unpublished results).

Thus, consistent evidence indicates an effect of N, on the strength of purifying selection.
There is also evidence that some species with large N, experience high rates of positive selection
(Figure 2). However, inferences regarding the role of N, on rates of positive selection should
be treated with caution, as they have been limited by our ability to quantify adaptive substitution
rates, particularly in species with small N,.

POPULATION STRUCTURE, SELECTION ON STANDING
VARIATION, AND POLYGENIC ADAPTATION

Another important contributor to selection variation in plant populations is population subdi-
vision. Plants vary widely in their extent of between-population and between-species gene flow
(Morjan & Rieseberg 2004, Renaut et al. 2013); this variation in gene flow can have several impor-
tant effects on selection. In addition to effects on N, (Whitlock 2003), strong subdivision can slow
the spread of advantageous mutations, thereby weakening the effects of selective sweeps (Barton
2000, Kim & Maruki 2011). With strong subdivision, adaptive mutations may also be more likely
to occur independently across distinct geographic locations, even when there is a global selection
pressure (Ralph & Coop 2010). With environmental heterogeneity, adaptation may also often be
local, as shown repeatedly through reciprocal transplant experiments in plants (Kawecki & Ebert
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2004). Thus, we expect that species with more subdivided populations will have lower rates of
range-wide positive selection.

Given that the estimates of positive and negative selection shown in Figure 2 have been
obtained primarily using scattered samples across populations, there could be considerable
undetected local positive selection due to population subdivision (Keller et al. 2012). In addition,
local adaptive events may be wrongly inferred to be slightly deleterious variants in scattered
population samples, because they will generate an excess of nonsynonymous polymorphism
(Gossmann et al. 2010). One way to assess this is to apply McDonald-Kreitman tests to local pop-
ulation samples. Such tests have typically found estimates of positive and negative selection that
are similar to those of species-wide samples (Foxe et al. 2008, Gossmann et al. 2010). However,
migration events from other populations may continue to erode the signal of positive selection
and inflate estimates of slightly deleterious mutations in within-population samples using this
approach.

A more powerful approach is to examine the distribution of between-population differentiation
across genes, with the expectation that loci subject to local adaptation will have elevated between-
population differentiation. Such studies have successfully identified loci and genomic regions
involved in local adaptation, and the results have highlighted that signals of local adaptation can
be considerably stronger than signals of species-wide selection (Turner et al. 2010, Chen et al.
2012, Hufford etal. 2012, Keller et al. 2012). However, these studies typically rely on comparisons
of candidate loci with assumed neutral loci or take an outlier approach. Thus, they are typically
more useful for identifying underlying candidate targets of selection, such as flowering time genes
(Chen etal. 2012, Keller et al. 2012) and genes important for heavy metal tolerance (Turner et al.
2010), than for quantifying and comparing rates of local adaptation.

Another possible source of undetected positive selection is adaptation involving many loci each
with small effects on a phenotype and other forms of selection from standing genetic variation
(“soft selective sweeps”) (Chevin & Hospital 2008, Pritchard et al. 2010). Under such scenarios,
the footprint of positive selection on neutral variation can be weak or absent even within popu-
lations and may involve subtle allele frequency changes across many loci rather than high rates
of differentiation and strong selective sweeps (Pritchard & Di Rienzo 2010, Le Corre & Kremer
2012). Such selection may be much more predominant than species-wide selection from new
mutations and may be the predominant source of adaptive evolution in humans (Pritchard et al.
2010).

A potentially powerful approach for assessing signals of local adaptation that may arise from
standing variation or polygenic selection is to test for correlations of single nucleotide polymor-
phism frequencies with environment, under the prediction that consistent environmental changes
will drive significant allele frequency changes (Coop et al. 2010). This has recently been ap-
plied to whole-genome polymorphism data from worldwide 4. thaliana samples (Hancock et al.
2011), and correlations with several environmental variables were found. Additional recent find-
ings show that loci with signals of environmental adaptation exhibit excess neutral diversity, as
expected if environmental heterogeneity is maintaining variation across the geographic range (Lee
& Mitchell-Olds 2012). Significant environmental correlations have also been recently observed
in other systems, including black spruce (Prunier et al. 2012) and loblolly pine (Eckert et al.
2010). Thus, for several plants showing little sign of species-wide selective sweeps, the poten-
tial for considerable local adaptation remains, although estimation and comparison of genome-
wide rates of local adaptation is difficult partly because of possible residual confounding effects
of population history (Coop et al. 2009) and because it is unlikely that highly polygenic adap-
tation will show sufficient allele frequency differentiation to be detected (Le Corre & Kremer

2012).

Hough o Williamson o Wright



RECOMBINATION RATE

Recombination rate variation within and between species is another well-recognized factor
influencing selection (Nachman 2002). High recombination rates are expected to cause selection
to act more independently across sites in the genome, whereas low recombination can cause
interference between both selected and neutral sites owing to increased linkage (Hill & Robertson
1966). Neutral diversity and the efficacy of selection are thus expected to be reduced when
recombination is low; this reduction can be caused by the fixation of beneficial mutations
(selective sweeps) (Maynard Smith & Haigh 1974) and the elimination of deleterious mutations
(background selection) (Charlesworth et al. 1993).

The effects of selective sweeps and background selection depend strongly on the rate of
recombination and are expected to generate a positive correlation between recombination
rate and both nucleotide diversity and the efficacy of natural selection. In agreement with this
expectation, diversity is significantly reduced in genomic regions with low rates of recombination,
including centromeres (Carneiro et al. 2008), telomeres (Savage et al. 2005), and Y chromosomes
in animals (Bachtrog & Charlesworth 2002, Hellborg 2003). Indeed, variation in the rate of
recombination is probably a major determinant of diversity throughout Drosophila genomes, and
there is evidence that polymorphism increases with crossover rates in D. melanogaster (Andolfatto
2007), D. simulans (Begun et al. 2007), and D. pseudoobscura (Noor 2008). Similarly, there is
evidence for a positive correlation between recombination rate and nucleotide diversity across
the human genome (Lercher & Hurst 2002). Furthermore, several studies in Drosophila have
provided evidence for a reduced efficacy of both purifying and positive selection in regions of low
recombination, as expected if these regions experience more selective interference (Betancourt
& Presgraves 2002, Campos et al. 2012).

Unlike in animals, a major effect of recombination rate on sequence diversity was initially dif-
ficult to establish in plants, despite much interest and study (Baudry et al. 2001, Tenaillon et al.
2002, Nordborg et al. 2005, Wright et al. 2006, Haudry et al. 2008). For example, there is little
evidence for a correlation between recombination rate and neutral diversity in A. thaliana or its
outcrossing relatives, and low-recombining regions close to centromeres show evidence for ele-
vated diversity (Nordborg et al. 2005, Wright et al. 2006). In wild tomato, there is some evidence
for a positive correlation between recombination and polymorphism, although the relationship
is weak (Baudry et al. 2001). Although early work in maize did not indicate a positive correla-
tion between recombination and diversity (Tenaillon et al. 2002), more recent whole-genome
polymorphism studies found a significant positive correlation (Gore et al. 2009). Diversity is also
significantly positively correlated with recombination rates in M. #runcatula (Branca et al. 2011).
Finally, recombination correlates positively with the efficacy of purifying selection in the Triticeae
(Escobar et al. 2010), and strongly reduced diversity and relaxed selection have been observed in
the young Y chromosomes of a few plant species (Bergero & Charlesworth 2011, Chibalina &
Filatov 2011).

Thus, although a growing number of studies have shown an effect of recombination rate on
diversity and selection, this pattern is not universal. There are several possible explanations for the
lack of association between recombination and diversity in some plant genomes, and an emerging
picture is that gene density plays an important role. For example, in self-fertilizing 4. thaliana,
both recombination rates and gene density vary across chromosomes (Singer et al. 2006). Although
there is little evidence that diversity correlates with recombination rate (Nordborg et al. 2005,
Wright et al. 2006), it does correlate significantly with gene density (Schmid 2004, Nordborg
et al. 2005). Similarly, using single-nucleotide polymorphism data from domesticated and wild
rice, Flowers et al. (2012) did not find a positive correlation between nucleotide diversity and
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recombination rate, but they did find a significant negative correlation between diversity and
gene density. Evidence for lower recovery of polymorphism following domestication in gene-
rich regions of maize (Hufford et al. 2012) is also consistent with this effect. Finally, whereas
recombination and diversity are significantly correlated in Medicago, there is a stronger negative
correlation with gene density (Branca et al. 2011).

The studies above highlight that, in addition to recombination rate, the density of selected
mutations has importanteffects on the strength of interference. Accordingly, linked selective effects
should most strongly affect diversity in regions with both high gene density and low recombination.
Consistent with this, recent studies in Caenorbabditis have found strongly reduced diversity in
regions with both low recombination and high gene density (Cutter & Choi 2010). In contrast,
regions of low recombination in Arabidopsis are particularly gene poor, which likely erodes the
correlation between recombination and diversity (Nordborg et al. 2005, Wright et al. 2006).

MATING SYSTEM

In addition to recombination rate heterogeneity across the genome, the extensive mating system
variability in plants (Barrett 2002) can lead to important between-species differences in effective
rates of recombination. In particular, inbreeding populations are expected to have higher homozy-
gosity and, therefore, lower effective rates of recombination (Nordborg 2000). As a result, levels
of linkage disequilibrium are elevated, which should, in turn, reduce genetic diversity and the
efficacy of selection (reviewed by Glémin et al. 2006).

An effective way to study the consequences of inbreeding on selection and diversity patterns
is to compare DNA sequences from closely related species that differ in rates of self-fertilization.
Studies using this approach have shown clear evidence for reduced nucleotide diversity in selfing
species such as Arabidopsis (Nordborg et al. 2005, Ross-Ibarra et al. 2008), Capsella (Foxe et al.
2009), Leavenworthia (Charlesworth & Yang 1998, Liu et al. 1998), Eichhornia (Ness et al. 2010),
Mimulus (Sweigart & Willis 2003), Lycopersicum (Baudry et al. 2001, Roselius 2005), Collinsia
(Hazzouri etal. 2012), and Clarkia (Pettengill & Moeller 2012). The patterns that emerge generally
suggest a reduction in diversity greater than can be explained simply by including high levels of
inbreeding in a neutral model, indicating that selective interference may play an important role,
although demographic factors also likely contribute.

In contrast with patterns of diversity, early studies using small numbers of loci and compar-
isons of relative rates of nucleotide substitution provided few signs of reduced efficacy of natural
selection in selfing species (Wright et al. 2002, Haudry et al. 2008, Escobar et al. 2010). However,
more recent genome-wide studies have found evidence for reduced efficacy of selection on non-
synonymous sites in selfing Capsella (Slotte et al. 2013), Eichbornia (Ness et al. 2012), and Collinsia
(Hazzouri et al. 2012). Furthermore, recent analyses have suggested a decline in the efficacy of
selection on codon usage bias in selfing Arabidopsis and Capsella compared with their outcrossing
congeners (Qiu et al. 2011). Given that these comparisons include very recently derived selfing
lineages (e.g., in Eichhornia and Capsella), detectable shifts in the efficacy of selection may happen
rapidly.

There is less evidence for a reduced efficacy of positive selection in selfing lineages, however.
Such a finding may not be expected if a large proportion of beneficial mutations are recessive,
which can fix more rapidly in selfing populations (Glémin 2007), as discussed below. Nevertheless,
plant species providing evidence for positive selection are all highly outcrossing (Figure 2), and
a pairwise comparison of A. thaliana with the closely related obligately outcrossing C. grandiflora
indicates a significant decline in the efficacy of positive selection in selfing species (Slotte et al.

2010).
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The above patterns suggest that recombination rate variation caused by mating system evolu-
tion plays an important role in driving heterogeneity in diversity and selection, but it is difficult to
distinguish the roles of linked selection from demographic history and population structure. For
example, in colonizing selfing species such as A. thaliana and Eichhornia paniculata, population bot-
tlenecks and increased subdivision associated with mating system differences may be a major cause
of reduced effective population sizes (Ness et al. 2010). Furthermore, founder events associated
with shifts to selfing (Foxe et al. 2009) can also be important factors reducing diversity and the
efficacy of selection. Although genetic hitchhiking may still play an important role, demographic
effects may also be major contributors to patterns of selection in selfing species.

In addition to the effects of selfing on recombination rate and demographic history, the dynam-
ics of positive selection in selfers are also expected to be influenced by high levels of homozygosity
(Glémin & Ronfort 2013). In particular, selfers are more likely to fix recessive beneficial mutations
and less likely to experience selection on standing variation (Charlesworth 1992, Glémin 2007,
Glémin & Ronfort 2013). Recent evidence that self-fertilizing crops have higher numbers of reces-
sive quantitative trait loci contributing to phenotypic evolution is consistent with this prediction
(Ronfort & Glémin 2013).

PLOIDY

Another major source of variation expected to have important consequences for both positive and
negative selection is differences in ploidy across species and the genome. Because of changes in
both the effective population size and the extent of masking of mutations, differences in ploidy are
predicted to have important effects on rates of positive selection, the efficacy of purifying selection,
and the mutation load, as discussed by Otto & Whitton (2000). For example, species with higher
ploidy levels may have lower mutation loads following polyploidization, but over time, deleterious
mutations in their genomes may reach higher frequencies owing to the greater effects of masking.
Similarly, if most beneficial mutations are recessive, masking can cause the rate of positive selection
to be reduced in species with higher ploidy levels. By contrast, dominant beneficial mutations and
selection from standing variation could lead to a greater extent of positive selection. The effects
of ploidy on positive and negative selection thus depend in important ways on parameters such as
dominance coefficients and the time since changes in ploidy.

In plants, gene-level differences in ploidy are likely to be important factors driving differences
in selection. In particular, extensive gametophytic expression (Borg et al. 2009) means that a
subset of genes will be expressed in the haploid phase, potentially contributing to differences in
the efficacy of positive and negative selection across the genome. Evidence for greater selection on
intron length in genes expressed in pollen (Seoighe et al. 2005) is consistent with this hypothesis.
Furthermore, there is evidence that Y-chromosome degeneration may be significantly reduced at
genes expressed in the haploid phase, perhaps contributing to a lower extent of relaxed selection
in plants compared with that of animal Y chromosomes (Chibalina & Filatov 2011). Similarly,
recent genome-wide estimates of positive and negative selection in C. grandiflora suggest that
pollen-expressed genes show higher rates of both positive and negative selection (R. Arunkumar,
E. Josephs, R. Williamson & S. Wright, unpublished results).

Transitions to higher ploidy levels are also common in plants (Bowers et al. 2003) and are
associated with 15% of angiosperm and 30% of fern speciation events (Wood et al. 2009). Indeed,
many of the model plant groups that have been used to study selection at the molecular level have
undergone ancient polyploidization at various time points (Jiao et al. 2011), including Arabidopsis
(Arabidopsis Genome Initiative 2000, Ku et al. 2000), wheat (Brenchley et al. 2012), maize (Messing
2009), and several species in the grass family (Levy & Feldman 2002). Furthermore, patterns of
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duplicate gene divergence suggest that most plants have undergone multiple rounds of whole-
genome duplication in their past (Blanc & Wolfe 2004). This means that differences in the extent
and timing of polyploidization events may be important contributors to differences in the efficacy
of selection among species.

To date, most studies examining selection associated with polyploidization have focused on
cases of disomic inheritance caused by ancient allopolyploidization between species. In this case,
polyploidization has led to gene duplication across the entire genome. In these systems, one signal
of relaxed purifying selection following polyploidization is the ongoing silencing and loss of gene
duplicates (Lynch & Conery 2000). Evidence from several systems suggests that gene duplicate
retention and loss are not random with respect to biological function. In particular, retained gene
duplicates are often dosage dependent and involved in transcription and signal transduction. This
pattern is seen across independent polyploidization events, including Arabidopsis (Blanc & Wolfe
2004), yeast (Seoighe & Wolfe 1999), and Paramecium (Aury et al. 2006), indicating that gene
dosage is an important factor determining the extent to which genes experience relaxed selection
following duplication (Veitia 2004, Freeling & Thomas 2006, Hakes et al. 2007, Birchler & Veitia
2009; but see Barker et al. 2008).

The extent of gene retention and loss in polyploid lineages is expected to be an ongoing process
reflecting the timing of genome duplication. For example, approximately 72% of duplicate genes
have been retained over the 11 Ma following polyploid formation in maize (Gaut & Doebley 1997).
In contrast, in Arabidopsis, three older rounds of whole-genome duplication events have occurred
(>50 Mya) (Beilstein et al. 2010), with considerably fewer retained duplicates (less than 17%)
(Maere etal. 2005). Accordingly, the maize genome may still be in the early stages of diploidization,
with many duplicate genes experiencing relaxed selection prior to loss. Thus, differences across
species in the timing of the most recent polyploidization event can have major effects on the
proportion of effectively neutral substitutions and on rates of positive selection. Such effects could
contribute to a lack of evidence for positive selection and less purifying selection in maize than in
other outcrossing species with large N, (Figure 2).

In addition to the direct effects of dominance, rates of beneficial mutation are also likely
affected by changes in ploidy. Following polyploidization, extensive genome-wide structural re-
arrangements can occur (Song et al. 1995), potentially leading to changes in gene expression and
increased genomic variability in polyploid populations (Osborn et al. 2003). With the relaxed
selective constraint following genome duplication combined with a greater mutational input of
beneficial mutations, positive selection for novel functions in gene duplicates may be increased
(Walsh 1995, Otto & Whitton 2000, Otto & Yong 2002). In A. thaliana, there is evidence for
extensive divergence and asymmetric rates of protein sequence evolution among ancient duplicate
gene pairs (Blanc & Wolfe 2004, Hu et al. 2012), suggesting selection has been involved in driving
functional divergence. Some studies have also identified a significant signal of positive selection
on duplicates (Wendel 2000, Ho-Huu et al. 2012), and these results are consistent with a model
in which the initial relaxation of selection caused by gene duplication is followed by functional
divergence driven by positive selection (Innan & Kondrashov 2010, Ho-Huu et al. 2012).

Much less has been documented about the dynamics of positive and negative selection in
autotetraploids with tetrasomic inheritance. In tetraploid maize, no effect of ploidy on either
the effective population size or selection was found (Tiffin & Gaut 2001). In the autotetraploid
Arabidopsis arenosa, the effective population size and the efficiency of selection appear to be higher
than those of its diploid relatives (Hazzouri et al. 2008, Hollister et al. 2012). This species also
appears to have experienced high rates of positive selection on genes involved in meiosis, possibly
as a consequence of the genetic challenges associated with the shift in ploidy (Hollister et al.

2012).
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CONCLUSIONS AND FUTURE DIRECTIONS

The results to date suggest that plant populations vary greatly in the strength and genetic basis of
positive and negative selection and that differences in effective population size, subdivision, mat-
ing system, recombination, and ploidy are playing important roles in determining this variation.
However, recent results have also highlighted the difficulty of empirically distinguishing between
the effects of different population genetic parameters in driving patterns of selection. In particu-
lar, the strongest signals of purifying and positive selection in plant genomes have been found in
predominantly outcrossing species that have large effective population sizes, limited population
subdivision, and no recent whole-genome duplication events, making the relative importance of
each of these factors unclear. Furthermore, characterizing rates of positive selection in species
with small N, and strong population subdivision remains challenging.

To address some of these concerns, future large-scale genus and family-wide studies of positive
and negative selection will be important. By acquiring a rich comparative data set of closely related
species, researchers will be able to examine more quantitatively the relative and joint importance
of changes in mating system, effective population size, ploidy, and subdivision. Of particular
importance will be the examination of how changes such as shifts to selfing and polyploidy influence
the strength of selection as a function of time since the transition. Future studies utilizing model-
based approaches that integrate phylogenetics and population genomics will be important to
quantify and compare changes in positive and negative selection across different lineages. Although
such comparisons of selection across species are currently difficult to generate, recent work suggests
that progress may be made by integrating large-scale comparative population genomics data sets
with models that incorporate the effects of changes in demography, ploidy, and recombination.

SUMMARY POINTS

1. The increased availability of genomic data has enabled broad-scale comparisons of the
extent and strength of natural selection, and a growing number of such comparisons are
being done in plant species. These studies indicate extensive heterogeneity across species
in the strength of positive and negative selection.

2. Compared with animals, plants have fewer functional noncoding sites and a relatively
low proportion of selectively constrained sites across their genomes.

3. Plant population structure and effective population size are recognized as key factors
affecting the strength and nature of selection, though they can also complicate our ability
to make inferences about selective processes.

4. Insights from closely related, self-fertilizing, and outcrossing plant populations suggest
that variation in the degree of inbreeding can have significant and detectable conse-
quences on patterns of selection.

5. Both recombination and the density of selected mutations affect the efficacy of selec-
tion and are important for determining the effects of selective sweeps and background
selection on surrounding sites.

6. Ploidy differences are common in plants, and the effects of whole-genome duplications
in polyploid species can have significant consequences on the extent of both positive and
negative selection. Studies of polyploid genomes suggest that gene retention and loss
of gene duplicates are often nonrandom and that the timing of polyploidization events
influences differences among species in the efficacy of selection.
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