ABSTRACT

REININGA, JENNIFER MARGARET. Evolutionary Inferences from Genomic Patterns
of Polymorphism in Arabidopsis and Rice. (Under the direction of Michael D.
Purugganan.)

Understanding the genetic basis of adaptation isamajor goal of modern
evolutionary biology and partitioning the effects of the evolutionary forces that shape
levels and patterns of nucleotide variation is an essential component of both disease locus
mapping and the identification of functionally important genetic variants in organismal
genomes. Describing the effects of natural selection on patterns of genomic variability is
an important aspect of each of these efforts. In line with these objectives, we used
molecular population genetics to investigate the potential role of selection in shaping
nucleotide diversity in high-diversity regions of the Arabidopsis genome and across a
non-recombining region of arice centromere.

We conducted a preliminary genome-wide scan for high-diversity genesin the A.
thaliana genome to identify chromosomal regions with levels and patterns of nucleotide
polymorphism that were consistent with the action of balancing selection. Detailed
investigations of linked loci across multiple high-diversity regions revealed several
candidate genes that might harbor balanced polymorphisms. These genes include
SOLUBLE STARCH SYNTHASE | (SS), PLASTID TRANSCRIPTIONALLY ACTIVE 7
(PTACY7), and BELL LIKE HOMEODOMAIN 10 (BLH10). To investigate possible
functional differences that might be maintained by aternate alleles of these loci we tested
for allele specific expression differences and examined the distribution of
nonsynonymous polymorphism across each gene. We observe multiple replacement

polymorphisms within and in the 32 amino acids just upstream of the protein-protein



interacting BELL domain at the BLH10 locus and allele-specific expression differences at
both SS and PTACY.

To investigate the relationship between recombination and diversity and to
examine centromere evolutionary dynamics we sequenced fragments from ~18 expressed
single copy genes distributed across a~3.3 Mb region encompassing rice centromere 8 in
~ 20 individuals each of three domesticated O. sativa varieties (indica, temperate
japonica, and tropical japonica) as well as from the wild progenitor, O. rufipogon.
Theory predicts that diversity might be low in this non-recombining region due to
hitchhiking with selected variants. We find that both temper ate japonica and tropical
japonica centromere 8 regions possess significantly elevated levels of nucleotide
variation when compared to an empirical genome-wide distribution while indica and O.
rufipogon show decreased diversity. HKA tests do not support the hypothesis that
natural selection isacting at loci in thisregion. Demography and selective interference

might best explain patterns of diversity and divergence at rice centromere 8.
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CHAPTER ONE

I ntroduction



|. Overview

A major goal of modern evolutionary biology is to identify the specific genetic
changes that are selected during adaptation, and providing evidence for the molecular
basis of adaptation may help elucidate important genotype/phenotype relationships
including those related to human disease or traits of agronomical importance. One
powerful approach has been to use DNA sequence variability to identify cases of natural
selection that have occurred at specific loci in the genome. However, patterns of genetic
variation across organismal genomes are shaped by a variety of evolutionary processes
including those with ubiquitous affects across the whole genome (e.g. demography) and
those which occur more variably throughout (e.g. mutation, recombination, and natural
selection). It is therefore important to disentangle the effects of these different
evolutionary processes on genetic diversity so that specific footprints of natural selection
can be detected.

Here, | discuss the evolutionary forces that act in conjunction to shape levels and
patterns of intraspecific diversity and describe how signatures of selection can be
detected in local genomic regions. | consider two empirical datasets from two model
plant species to investigate the role of natural selection in shaping patterns of genetic
variation: (1) in high-diversity regions & thalianaand (2) across the non-recombining

region encompassing rice centromere 8.

II. The evolutionary forces shaping genetic diveristy
Mutation provides the raw material for heritable differences within a species and

adaptation. Heritable genetic changes that have direct fitness consequences will be



visible to natural selection, which should act to remove deleterious mutations that arise in
populations of a species (negative or purifying selection) and to preserve adaptive
variants (positive selection) AsHAD and WOODING 2003). According to the neutral
theory of molecular evolution (MURA 1968) most mutations segregating in a population
(or a species) should have effects equal to the best fit allele in that population, with their
allele frequencies governed by the random process of genetic ddf4[z). Although
the neutral model accounts for the presence of strongly deleterious mutations, it is
assumed that they are immediately removed by negative selection and will therefore not
usually be observed (KURA 1968). Positive selection, however, is considered rare, and
is thought to have little impact on levels of genomic variability. Ever since the
development of the neutral theory, the relative roles of drift and selection have been
debated and, as a consequence, great efforts have gone towards describing instances
where natural selection has shaped genomic diversity in order to assess the extent to
which positive selection explains both intra- and inter-species variatians@ 2005).
Neutral theory predictions are woven throughout the body of theoretical
population genetics and tests of neutrality (also called tests of selection) are often
conducted to identify regions of the genome with patterns of polymorphism that are
inconsistent with a null neutral hypothesisg$EN 2001). Since neutral predictions can
be violated by evolutionary forces outside of selection, characterizing patterns of genetic
variation within and between populations requires an understanding of the species’
natural history or demography. Events such as population bottlenecks, subdivision, and
expansion all have predictable effects on the level and distribution of polymorphism

within a species. For example, subdivided populations accumulate genetic differences in



isolation from one another and diverge over time at a rate dependent on the level of
migration, thereby increasing species-wide diversigoi@viTT and GIAKRABORTY

1980; TasiMA 1993). Population (or domestication) bottlenecks, on the other hand, result
in a reduction of genetic diversity since variation is lost due to an abrupt decrease in
population size (A3MA 1989). Finally, population expansion is characterized by an
excess of low frequency varianta ASKIN and HUDSON 1991). These historical events

can result in deviations from the standard neutral model in ways that are indistinguishable
from natural selection and must be taken into account if selection is to be inferred.

A primary difference between demography and selection is that demographic
events affect the entire genome while selection should target only specific sites. Because
of this, it has become commonplace to test for selection at a candidate locus using multi-
locus comparisons to assess the fit of the data as a whole to the standard neutral
equilibrium model. If most loci fit neutral expectations, while a candidate adaptive trait
locus shows strong statistical evidence against it, then this is usually considered
reasonable evidence that the gene has indeed been seleetsgNI2001). We have
now entered an era of unprecedented genomic capability and empirical genome-wide
distributions for various population summary statistics (see Table 1) are easily compiled
to provide a basis for comparison against which candidate targets of selection (outliers)
can be identified (NRDBORGet al. 2005; SHMID et al. 2005). Several recent studies
have exploited genome-wide data to generate lists of candidate adaptive traikioci (A
et al. 2002; KRR et al. 2002; MLSEN et al. 2005; #/ANSON et al. 2001; VRIGHT et al.

2005) and maps of selection in the genomeIGHT et al. 2006; W.LIAMSON et al.

2007).



In addition to mutation, selection and demography, the distribution of
polymorphism within organismal genomes is also shaped by recombination, which
promotes the mixing of genetic variants during sexual reproduction. Through this
process, beneficial mutations that arise in different individuals can be placed together in
novel combinations on the same chromosomea@and BARTON 1997). Therefore, one
consequence of recombination is that linked genetic variants share common evolutionary
histories that are independent from those of other genomic region®pALA 2003).
Because of their common histories, non-random associations of polymorphic sites, or
linkage disequilibrium (LD), is often observed among variants in linked genomic regions.
This LD will persist until recombination sufficiently acts to break associations among
linked sites. Since the probability of a recombination event increases with distance, the
extent of linkage disequilibrium can be used as a proxy for evaluating levels of
recombination. Recent studies have revealed that rates of recombination vary greatly
among different regions of the genome&A@/FORD et al. 2004; MVEAN et al. 2004)
and that this variance is greater in plants than animalsT@t al. 2007). One
consequence of this heterogeneous recombination landscape is that the extent of LD will
also vary accordingly, due to chance events.

Empirical observations of positive correlations between rates of recombination
and diversity, but not divergence,lmosophila melanogaster UADE et al. 1994,

AGUADE et al. 1989; BGUN and AQUADRO 1992; SEPHAN and LANGLEY 1989) gained
attention by demonstrating that the responsible mechanisms must act at the population
level (LANGLEY et al. 2000). These findings suggested that selection might be quite

prevalent throughout the genome@N and AQUADRO 1992). As a result,



investigations of reduced variation in regions of low crossing over, such as centromeres
and telomeres, have been subject to much theoretical scrutiny and models incorporating
the action of both positive (directional hitchhiking)a@{aN et al. 1989) and negative
selection (background selection)HARLESWORTHet al. 1993) have been proposed.

Depending on the recombination rate, strength of selection, and local mutation
rate, selection acting on a specific functional variant can have profound affects on levels
and patterns of neutral polymorphism segregating in the linked chromosomal region
through the process of hitchhiking. During directional hitchhiking (also called a
selective sweep), a beneficial mutation experiencing positive selection will rapidly
increase in frequency in a population or a species, dragging along with it all of the neutral
variation in the linked chromosomal regiona AN et al. 1989; MYNARD SMITH and
HaiGH 1974). Directional hitchhiking should therefore initially increase linkage
disequilibrium while decreasing nucleotide diversity. Often chromosomal regions that
have recently experienced directional selection are further characterized by an excess of
low frequency mutations, which gradually re-accumulate in the regiangiBAD and
WOoODING 2003). In regions of the genome with low rates of crossing over per physical
distance, such as centromeres and telomeres, hitchhiking should have more pronounced
effects, with this signal of selection extending across a broader portion of the
chromosome (KPLAN et al. 1989).

Background selection was proposed as an alternative to directional hitchhiking
and is based on the theoretical prediction that selection against deleterious alleles
introduced into a population by mutation should also cause a reduction in the level of

genetic diversity at linked neutral sitesHERLESWORTHet al. 1993) .Since neutral



mutations will be rapidly removed from the population if they are associated with
deleterious alleles, only gametes that remain free from deleterious mutation will persist
for long periods of time. As with directional selection, background selection is expected
to produce its most extreme effects in expansive regions of low recombination. One
important distinction, however, is that background selection can produce milder
reductions in diversity than directional selection and tests of neutrality may not always
indicate significant deviations from the null hypothesisARLESWORTH1996; LANGLEY
et al. 2000).

Diversity can also be selectivatyaintainedwithin a population or a species
through the process of balancing selection through mechanisms such as frequency
dependant selection (#aDALLA and GHARLESWORTH 1999), heterozygote advantange
(overdominance) (0o et al. 2002; TSHKOFF et al. 2001), and spatial-temporal
selection (TaN et al. 2003). Population genetic theory predicts a characteristic molecular
footprint of elevated diversity for regions of the genome experiencing strong balancing
selection, including increased peaks of nucleotide diversity that decrease somewhat
symmetrically with distance to either side of the selected site(£)6N and KaPLAN
1988). As with other forms of selection, the strength and breadth of this signal depend
strongly on local rate of recombination, time since the selective event, strength of
selection, and the local mutation rate. Balanced polymorphisms commonly segregate at
intermediate frequency in a the population or species and can result in trans-specific
polymorphism if alleles are maintained over evolutionary times that predate the ages of

species, a finding that is highly unlikely under neutrality{i&RupPet al. 2001). Thus,



one common effect of balancing selection is to deflate divergence while increasing
diversity (BamsHAD and WOODING 2003).

Statistical tests of selective neutrality have been developed and employed to
identify genomic regions of adaptive and functional importance. Each test is sensitive to
different patterns of variability in the data. For example, tests can be based on the
mutational frequency spectrum, comparisons across multiple loci or species, or levels of
variability among different categories of mutation. Table 1 includes a description of

several common measures of genetic diversity and tests of neutrality.

[11. Adaptation in model plant species

Plant species possess diverse morphological and functional phenotypes, many of
which are thought to be adaptive. If the genes and molecular mechanisms responsible for
naturally occurring variation among individuals of a species are to be understood, the
availability of genomic resources, such as whole genome sequence data, is essential.
These resources allow for the development of tools to aid in determining gene functions
and the genetic mechanisms that underlie adaptive phenotypes and have helped to make
model plant species lik&rabidopsis thalianand rice powerful systems for the study of

evolutionary and population genetics.

a. Arabidopsis thaliana and balanced polymor phisms
Arabidopsis thalianas a member of the mustard (Brassicaceae) family and has
become the major plant model system, partly owing to its small genome (125Mb over 5

chromosomes), fast generation time (6 weeks), and inbreeding nature (~99% inbreeding)



(ABBOT AND GOMEZ 1989). Since the sequencing of the Col-0 accession genome, a
variety of molecular and bioinformatic tools have been developed and applied to help
elucidate gene function including knockout mutant linesoi#so et al. 2003) ,
expression databases/resourcesyBikset al. 2004), and efforts to generate a species
wide hapotype map (BRDBORGet al. 2005). These provide valuable resources for the
study of evolutionary and ecologically relevant traits and have helped to reveal candidate
adaptive trait loci on the basis of function and homology.

Demographic effects including inbreeding and a weedy life history are likely to
affect levels and patterns of diversity in A. thaliar&elfing organisms have low
effective rates of recombination and more extensive LD (up to ~50 kb) relative to
outcrossing organisms (&DBORGet al. 2005). Moreover, the weedy nature of this
speciegneans extinction, recolonization and population expansion may be quite common
(GAUT et al. 2007). Indeed, the mutational frequency spectrum in A. thatiask@wed
towards rare variants, a finding that has been interpreted as evidence of a recent
population expansion (RGELSONet al. 1998). One key point is that the neutral
equilibrium model assumes constant population size and random mating, both of which
are violated by A. thalianaFurthermore, recent data have revealed significant
population structure and isolation by distancegNBoRGet al. 2005; SHMID et al.
2005; $1ARBEL et al. 2000), and geographic patterns of genetic differentiation among
naturally occurring accessions have led to the suggestion that A. thejpeadenced a
population expansion following a period of isolation in Pleistocene glacial refugia on the

Iberian peninsula and in the BalkansiASBEL et al. 2000).



Many genes are reported to have experienced positive selection in A. thaliana
(reviewed in Wright and Gaut 20p4However, until recently, population structure and
demography have been largely ignored in Arabidopsisilation genetics, primarily due
to a lack of a complete understanding of how these processes affect patterns of diversity
in this model plant system. Because both population expansion and directional selection
are expected to produce common molecular signatures characterized by an excess of rare
variants, claims for directional selection in this species should be interpreted
conservatively. A. thaliandowever, is thought to be much better suited for identifying
balanced polymorphisms iGN et al. 2002). The species’ low effective recombination
rate and extensive LD means that this signature should be maintained over larger
stretches of the chromosome, easing the detection of selected genomic regions. Thus,
one caveat is that the identification of the responsible functional polymorphisms might be
a difficult challenge.

Strong cases for balancing selection have been made for several genes in A.
thaliana The best examples come from genes with roles in disease resistexrae €5
al. 1999; TaN et al. 2003) and protection against herbivorg MANN et al. 2003); in
both cases presence/absence polymorphisms are thought to be maintained due to fitness
trade-offs. For example, a strong molecular signature of balancing selection has been
identified in the ~3kb genomic region flanking the RRI&®ase resistance locus and 250
bp sliding window estimates of levels of nucleotide diversity reach ~ 0.12, 17 fold above
the genome average, at the insertion/deletion (indel) junctipwm(Set al. 1999). In the
absence of the Pseudomomaghogen individuals possessing the gene have been shown

to have decreased fitness relative to those lacking a functional copy. These data have



been interpreted to reflect the maintenance of alleles due to fluctuating selection pressure
across space and time (spatial-temporal selection), depending on the occurrence of the
pathogen (TaN et al. 2002; TaN et al. 2003). Similarly, the chromosomal region

flanking theMAMZ2 herbivory locus also displays increased levels of diversity, consistent
with the maintenance of a balanced polymorphism. In this case, however, fitness
tradeoffs are thought to result from differences in allelic performance against specialist
vS. generalist herbivores OYMANN et al. 2003).

Genome scanning approaches based on identifying patterns of molecular
evolution that deviate from the neutral equilibrium model or from empirical distributions
have implicated the action of natural selection at many loci across a variety of species
(HARR et al. 2002; MeLSEN et al. 2005; #/ANSON et al. 2001; WIGHT et al. 2006;
WILLIAMSON et al. 2007; VRIGHT et al. 2005). Interestingly, most genome scanning
efforts have focused on identifying loci subject to directional selection, while balancing
selection has received much less attention (but see Bubb et al. 2006). Arabidopsis
thalianais especially well suited for the identification of novel targets of balancing
selection via genome scanning due to its inbreeding nature and low effective rate of
recombination. The arrival of single pass shotgun sequence data from the A. thaliana
accession Landsbergecta(Ler-0) (JANDER et al. 2002) has made possible large scale
intraspecific comparisons of diversity by which genes with elevated levels of
polymorphism consistent with the maintenance of balanced polymorphisms can be
readily detected.

The identification of novel targets of balancing selection is of great importance

since the relative contribution of this form of selection to the maintenance genomic



diversity is not well understood. Herein | present the results of a genome-wide scan for
candidate balanced polymorphisms in A. thaliaB&veral interesting chromosomal

regions are investigated using molecular population genetics to assess the hypothesis that
selection has acted at loci in these regions (see chapter 1). Novel candidate balanced
polymorphisms are identified and naturally occurring variation among alleles at candidate
loci is associated with potential functional differences, thereby providing a putative

functional basis for the selective maintenance of alleles (see chapter 2).

b. Centromere evolution in rice

The Asian cultivated rice, Oryza satilkg is grown world-wide under many
different environmental conditions, highlighting the importance of this crop as the
primary staple food for more than half of theman population (NDO et al. 2006). O.
sativais comprised of multiple cultivars which possess a large amount of phenotypic
diversity, reflecting the preferences of humans during artificial selech@x$dN 1997;
TAKAHASHI et al. 1997). Two main sub-speci€X, sativa indicaand O. sativa japonica
exist, although the japonica classification is further categorized into both tropical and
temperate varieties. Indicie is distributed across lowland tropical Asia while tropical
and temperate japonicaarieties grow in upland tropical and in temperate regions
respectively. The agronomical importance of this plant species and its small genome size
(relative to other domestic grains) has helped establish a role for rice a genetic model for
the study of plant domestication. To this end, the 420 Mb Oryza 4atssp. japonica

(Nipponbare ecotype) genome was shotgun sequenced resulting in 6-fold coverage with



98% confidence on all base callsgi et al. 2002). Whole genome sequencing of the
indica cultivar has been undertaken too, albeit with lesser coveraget(&d. 2002).

Both inbreeding and domestication bottlenecks should affect levels and patterns
of diversity across loci in th@. sativa genome. Two independent domestication events
from the wild progenitor, O. rufipogon, are thought to have occurred ~12,000 years ago
during the Neolithic revolution (BRMILE 1997) to give rise to separate indiad
tropical japonicavarieties (VTTE et al. 2004), whileemperate japonicaare thought to
be the result of a second domestication from the tropical japonica group. The
demographic effects of both selfing and domestication should reduce levels of genetic
diversity in O. sativa and empirical observations provide support for these theoretical
expectations with average genomic diversity for indica and tropical japd@icey
approximately half that of the partially outcrossing ancestor O. rufipagdrwith
temperate japonic@ossessing approximately half the diversity of tropical japonica
(CAICEDO et al. submitted).

Recently, rice has emerged as a model for centromere structure, function and
evolution (YaN and JaNG 2007). This is largely a consequence of the completion of full
length O. sativgNipponbare) centromere sequences for chromosomes 4, 5 and 8
(MATsumMOTO et al. 2005; MGAKI et al. 2004; W et al. 2004; BANG et al. 2004), a
task accomplished due to the diminished occurrence of repetitive elements in these
centromeres relative to other centromeres in rice and other taxat(d. 2007).

Although initially perceived as entirely heterochromatic, recent work has shown that the
functional centromere, or kinetochore, may also possess euchromatic or other distinctive

methylation features (@1 et al. 2005; BLLIVAN and KaRPEN 2004; WONG et al. 2006;



YAN and JaNG 2007). Consistent with these observations, expressed genes have been
identified in the kinetochore of rice centromere 8, a region thought to be transcriptionally
inert until this demonstration @&AKI et al. 2004). This finding has led to suggestions
that centromere 8 represents an early stage of centromere formatemxk (Nt al. 2004;

YAN and JaNG 2007).

Centromeres are known to have reduced levels of meiotic recombination, a
characteristic that has typically been attributed to the repetitive nature of these regions
and their associated heterochromatin, but may also be epigenetically requkatest (Y
al. 2005). In this context, centromeres represent the extreme and hence simplest example
of regions in which the relationship between recombination, selection and diversity can
be explored. Moreover, the existence of actively expressed genes in the centromere 8
region permits investigations into the evolutionary mechanisms shaping variation at
functional genes as neocentromeres morph into fully mature centromeres.

In chapter three | present a molecular population genetic study of diversity at loci
across rice centromere 8, and the first population data from genes located within a
functioning kinetochore. Patterns of polymorphism and divergence are compared among
three major domesticated rice varietigslica, temperatend tropical japonicpand the
wild progenitor O. rufipogomising O. meridionalisis an outgroup. We show contrasting
patterns of variation between rice groups across the region and discuss possible
explanations for empirical deviations from theoretical expectations of models based on

hitchhiking and background selection.



Table 1. Population genetic parameters and tests of neutrality.

Parameter or Statistic Basis Description
Population mutation
par ameter
b Estimator of 4Nu? Estimates the probability of polymorphism per nucleotide site fronmign number of nucleotide
(Tajima 1983) differences between two sequences that are randomly chosen from a common sample.
W Estimator of 4Nu? Estimates the probability of polymorphism per nucleotide site from the proportion of segregating sites in
(Watterson 1975) a sample.

Linkage disequilibrium
A measure of LD based on the difference between the observed frequency of a two-locus haplotype and
D Measure of association the expected haplotype frequency assuming the random segregation of alleles.

A measure of LD obtained by standardizibdy its maximum possible value, given the allele

frequencies at the two loci. Values range between 0 and 1 reaching 1 (complete LD) only when there has
Measure of association been no historical recombination between considered sites. Intermediate values of |D’| are highly

affected by sample size.

IO’
(Lewontin 1964)

The statistical correlation between two variablessitbtainedby dividingD? by the product of the four
r2 Measure of association allele frequencies at the two loc¥alues range between 0 and 1, reaching a valuépgriect LD) if no
(Hill and Robertson 1966) recombination has occurred between the considered sites and if they have a common allele frequency.
Intermediate values of are easily interpreted.

Recombination

(Hudson ang Kaplan 1985) Estimate of 41\° A measure of how much recombination would be requioegenerate observed levels of LD.

Tests of neutrality

('I:;?iJ:}Taals9%3) Frequency distribution A test based on the difference bettygandr that is sensitive to a skew in allele frequency.
Zns . . I The average standardized linkage disequilibrium across all pairwise comparisons among informative
Linkage disequilibrium . L ; . - sk - 3
(Kelly 1997) sites at a common locus. Significant elevations in the statistic are indicative of positive selection.
HKA

(Hudsonet al. 1987) Multilocus comparison A test based on comparisons among levels of polymorphism and divergence at two or more loci.

McDonald-Kreitman

(McDonald and Kreitman 1991 Site category comparison A test based on comparisons among the ratios of synonymous and non-synonymous nucleotide

substitution among loci within and between species.

)
dy/ds (or K/Ky) A conservative test based on the variability and divergence of the rate of mutation among non-

(Li 1981) Site category comparison synonymous sites (§land synonymous sitesg{dn protein coding regions of the genome.

&Where Nis the effective population size and p is the néutigtation rate per generation.
®Where N.is the effective population size antb the rate of recombination.
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ABSTRACT

High-diversity genes represent an important class of loci in organismal genomes. Since elevated levels
of nucleotide variation are a key component of the molecular signature for balancing selection or local
adaptation, high-diversity genes may represent loci whose alleles are selectively maintained as balanced
polymorphisms. Comparison of 4300 random shotgun sequence fragments of the Arabidopsis thaliana Ler
ecotype genome with the whole genomic sequence of the Col-0 ecotype identified 60 genes with putatively
high levels of intraspecific variability. Eleven of these genes were sequenced in multiple A. thaliana
accessions, 3 of which were found to display elevated levels of nucleotide polymorphism. These genes
encode the myblike transcription factor MYBI03, a putative soluble starch synthase I, and a homeodomain-
leucine zipper transcription factor. Analysis of these genes and 4-7 flanking genes in 14-20 A. thaliana
ecotypes revealed that two of these loci show other characteristics of balanced polymorphisms, including
broad peaks of nucleotide diversity spanning multiple linked genes and an excess of intermediate-frequency
polymorphisms. Scanning genomes for high-diversity genomic regions may be useful in approaches to

adaptive trait locus mapping for uncovering candidate balanced polymorphisms.

NCOVERING the genetic basis of adaptation has
been a central goal of evolutionary genetics for
nearly a century (ORR and CovyNE 1992), and recent
advances in genetic analysis have permitted the ident-
fication and isolation of loci responsible for speciation
(GREENBERG ¢t al. 2003; BARBASH et al. 2004), species
differences (DOEBLEY et al. 1997; GOMPEL and CARROLL
2003), and adaptive intraspecific variation (JOHANSON
et al. 2000; KROYMANN ¢t al. 2003). Several approaches
based on patterns of molecular evolution have been pro-
posed to scan genomes for genes associated with adapta-
tion (NIELSEN 2001; SWANSON et al. 2001a,b; SCHLOTTERER
2002; BamsHAD and WOODING 2003; BARRIER et al.
2003). These methods provide opportunities to analyze
evolutionary diversification at both molecular genetic
and phenotypic levels.

Approaches for mapping adaptive trait loci are based
on detecting regions of the genome in which intraspe-
cific sequence variation and/or interspecific divergence
deviate either from predictions of a neutral-equilibrium
model (NIELSEN 2001) or from the norm of a genome-
wide distribution (OTTO0 2000; LUIRART et al. 2003). Evolu-
tonary expressed sequence tag (EST) (SwANsON et al.
2001a,b; BARRIER et al. 2003) and comparative genomic
approaches (CLARK et al. 2003), for example, use inter-

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under accession nos. DQ132063-
DQ132370.
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specific patterns of nonsynonymous/synonynmous sub-
stitution ratios (K,/K,) to identify candidate adaptive
genes on the basis of accelerated rates of protein evolu-
tion (K,/ K, > 1). Genes and genomic regions associated
with directional selection have also been identified by
scanning dense sets of genome-wide molecular markers
for reduced levels of variation (HARR et al. 2002; Pay-
SEUR ef al. 2002; SCHLOTTERER 2002; VIGOUROUX ¢ al.
2002; WoOoTTON et al. 2002; STORZ et al. 2004). The latter
approach, referred to as hitchhiking mapping, is based
on the premise that a beneficial mutation that rapidly
spreads in a population will also reduce nucleotide varia-
tion at linked neutral loci. Hitchhiking mapping has
successfully identified several genomic regions con-
taining putative adaptive trait loci that were thought to
contribute to the worldwide colonization of Drosophila
melanogaster out of Africa ~10,000 years ago (HARR et al.
2002). Although genome scanning for putative adaptive
trait loci on the basis of levels of molecular diversity
has focused largely on identifying genes associated with
directional selection, this approach could also be em-
ployed in identifying genes and/or genomic regions that
harbor balanced polymorphisms. This could complement
other genome-scanning approaches, such as screens for
elevated Fyr estimates in marker loci between two popula-
tions (AKEY e al. 2002), in identifying genes under this
selective regime.

Balanced polymorphisms are characterized by two or
more alleles that are selectively maintained at intermedi-
ate frequencies within populations or species. Frequency-
dependent selection (CHARLESWORTH and AWADALLA
1998; BERGELSON ¢t al. 2001), heterozygote advantage
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(BamMsuap and WoobING 2003), and local adaptation
(KOHN et al. 2000; SCHULTE ¢t al. 2000; GiLAD et al. 2002;
HARR ¢t al. 2002; KoHN et al. 2003; STORZ et al. 2004)
are some of the major selective mechanisms that can
maintain balanced polymorphisms. These polymorphisms
are also associated with specific levels and patterns of
nucleotide variation at the selective target and in linked
genomic regions (STROBECK 1983; Hunson and KAPLAN
1988) and thus provide a molecular signature of adapta-
tion that can aid in their identification. This signature
can include increased levels of within-species diversity
as well as intermediate-frequency polymorphisms (BAM-
sHAD and WoobING 2003), which, when maintained for
long periods of time, are thought to result in trans
specific polymorphism (ScHiErUP ef al. 1998). Models
of balancing or spatially heterogeneous selection also
predict peaks of increased nucleotide diversity centered
on a balanced polymorphism, which decrease symmetri-
cally with distance (HupsoN and Karran 1988; Norp-
BORG 1997). Additional, less definitive features of a bal-
anced polymorphism include high levels of linkage
disequilibrium and a deficiency in the number of ob-
served haplotypes (CHARLESWORTH 2003), which result
from selective hitchhiking. These characteristics of the
signature of a balanced polymorphism have been ob-
served in studies of several genes and/or gene regions
in diverse species, including the human class I and II
MHC (GarricaN and HEDRICK 2003), Drosophila Adh
(KrREITMAN and AGUADE 1986; KRerTMAN and Hupson
1991), Fundulus Ldh (SCHULTE et al. 2000), Arabidopsis
thaliana MAM (KROYMANN et al. 2003), and disease resis-
tance loci in plants (STAHL et al. 1999; BERGELSON et al.
2001; TIAN e al. 2002; CHARLESWORTH ¢t al. 2003).

Although balanced polymorphisms have been observed
in various organisms, highly self-fertilizing species, like the
model organism A. thaliana, are thought to be especially
well suited for the identification and analysis of genes
subject to balancing selection (NORDBORG 1997; TiaN
et al. 2002; SHEPARD and PURUGGANAN 2003). A. thaliana
outcrosses at a rate of ~1%, resulting in a low effective
rate of recombination (ABBOT and Gowmes 1989), and
linkage disequilibrium that can extend over genomic
regions spanning ~50~250 kb (NORDBORG et al. 2002).
This reduced effective recombination rate in A. thaliana
should maintain correlations between nucleotide poly-
morphisms over larger distances and longer persistence
times and facilitate the discovery of balanced polymor-
phisms.

The pattern of nucleotide variation associated with a
balanced polymorphism in A. thaliana is illustrated by
the RPS5 disease resistance locus (TIAN et al. 2002). A
genomic area centered on RPS5 ~5.8 kb in length shows
increased sequence variability, with silentsite levels of
nucleotide diversity (7) at 0.025. In this instance, the
balanced polymorphism appears to result in persistent
haplotype dimorphism across this genomic region, al-
though the dimorphic allele classes of closely linked
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genes are no longer associated with particular disease
resistance alleles. Several of the features of the balanced
polymorphism at RPS5 are also shared with the genomic
region of CLAVATAZ, a gene encoding a leucine-rich
repeat involved in A. thaliana shoot meristem develop-
ment (SHEPARD and PURUGGANAN 2003), which also
may be subject to balancing selection.

The predominantly selfing nature of A. thaliana, the
availability of large-scale genome sequences from two
Arabidopsis ecotypes, Columbia (Col-0) (ArRABIDOPSIS
GeNOME INITIATIVE 2000) and Landsberg erecta (Ler)
(JANDER et al. 2002), and current efforts to develop
a species-wide haplotype map (http:/walnut.usc.edu/
2010/) provide a unique opportunity to scan the whole
genome of this model plant for high-diversity genes that
may arise from balanced polymorphisms. It is unclear,
however, whether such an approach can identify these
adaptive polymorphisms, since other evolutionary forces
such as mutation, gene duplication, and population struc-
turing could also result in high-diversity genes. Disentan-
gling these alternative possibilities and determining the
utility of a genome-scanning approach for identifying bai-
anced polymorphisms requires a better understanding of
the levels and patterns of nucleotide variation for high-
diversity genes and their associated genomic regions.

In this article we report on a molecular population
genetic analysis of high-diversity genes and genomic
regions in the model genetic organism A. thaliana. From
a comparison of genome sequence data between the
Col-0 and Ler A. thaliana ecotypes, we have identified
three gene fragments that show divergence between
these two ecotypes of >5%. The levels and patterns
of nucleotide polymorphism in the genomic regions
spanning these high-diversity gene fragments were also
ascertained, thereby providing the foundation for de-
termining the utility of large-scale intraspecific genome
scans in identifying candidate genes that may harbor
balanced polymorphisms.

MATERIALS AND METHODS

Identification of genes for analysis: Approximately 4300
genome-wide shotgun sequence fragments from the A. thali-
ana Ler ecotype (JANDER et al. 2002) were compared to the
Col0 ecotype full-genome sequence (ARABIDOPSIS GENOME
INITIATIVE  2000) through a largescale BLAST analysis
(ALTSCHUL ¢t al. 1990). Sequences that were 2-10% divergent
between these two ecotypes were identified. Transposable ele-
ments, genes producing proteins <150 amino acids in length,
pseudogenes, and duplicate gene copies were excluded from
this sequence list. Eleven of these high-diversity gene frag-
ments were sequenced in five to six additional A. thaliana
ecotypes to confirm the high levels of within-species polymor-
phism at these loci. Genes were included in further analysis
if elevated levels of nucleotide diversity were validated and if
the gene fragments displayed significantly positive Tajima’s D
or Fu and Li’s D* value.

Isolation and sequencing of alleles: Genomic DNA was isolated
from young leaves of 21 A. thaliana accessions (supplementary
Table S1 at http:/www.genetics.org/supplemental/) and from
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one to three A. lyrata plants using the plant DNeasy mini kit
(QIAGEN, Valencia, CA). The A. thaliana accessions primarily
span the geographic range of this species in Europe, although
some Asian and North African accessions are included (see
supplementary Table S1 at http:/www.genetics.org/supple
mental/). A. lyrataseed from a Karhumaki, Russia, population
was provided by O. Savolainen (University of Oulu) and Helmi
Kuittinen (University of Barcelona). PCR primers were de-
signed from Col-0 genomic BAC sequences using Primer3
(RozeN and SRALETSKY 2000). Primers were designed to am-
plify ~1-kb regions of the three confirmed high-diversity genes
identified by our BLAST analysis (AT1G63910, AT5G24300,
AT1G19700) (Table 1 and supplementary Tables S2 and S3 at
http:/www.genetics.org/supplemental/). Primers were also
designed to amplify 0.5- to 1-kb regions of genes flanking each
of our identified genes to assess the extent to which elevated
levels of polymorphism reach into the flanking chromosomal
region. Flanking genes were sampled from each side of our
identified gene until levels of nucleotide diversity dropped
near the A. thaliana mean.

PCR of A. thaliana and A. lyrata samples was performed using
cither Tag DNA polymerase (Roche, Indianapolis) or ExTag
DNA polymerase (Takara, Madison, WI). Amplified DNA frag-
ments were purified using QIAquick PCR purification or gel
extraction kits (QIAGEN). A, thaliana PCR products were cycle
sequenced directly with Big Dye terminators and run on Prism
8700 96 capillary automated sequencers (Applied Biosystems,
Foster City, CA) at the North Carolina State University Ge-
nome Research Laboratory. Amplified A. lyrata products were
cloned using the TOPO TA PCR cloning kit (Invitrogen, San
Diego), and plasmid DNA was isolated using the QlAaprep
spin miniprep (QIAGEN). The presence of inserts in plasmid
clones was confirmed by restriction digests using EcoRI and
five to six independent clones were identified for sequencing.
The PHRED and PHRAP functions (EwiNG and GREEN 1998;
EwING et al. 1998) of Biolign (Tom Hall, North Carolina State
University) were used in base calling and creating sequence
contigs. All polymorphisms were visually confirmed, and ques-
tionable polymorphisms were rechecked through PCR ream-
plification and sequencing. Nucleotide sequence alignments
and tables of polymorphic sites are available upon request.

Molecular population genetic analysis: Sequences were visu-
ally aligned using the A. thaliana Col-) sequence as a reference.
DnaSP 3.99 (Rozas e al. 2003) was used for intraspecific analysis
of polymorphism data. Nucleotide diversity was estimated for
silentsites as both 7 (TAjiMA 1983) and 6, (WATTERSON 1975).
MEGA2.0 (KUMAR et al. 2001) was used to calculate interspe-
cific silentsite nucleotide divergence (K) between Col-0 and
one A. lyrata individual for each gene, using the Kimura two-
parameter model. Tajima’s D (TAjiMA 1993) and both Fu and
Li’s D and D* (with and without outgroup, respectively) (Fu
and L1 1993), haplotype number, and the intragenic linkage
disequilibrium statistic Z5 (KELLY 1997) were also estimated
for each gene. Statistical significance of these estimates was
determined by coalescent simulations with 10,000 runs, condi-
tioning on the number of segregating sites and under the
conservative assumption of no recombination. Levels of linkage
disequilibrium both within and between genes in a region were
estimated using the 7 statistic based on informative sites (HrL.
and RoBERTsON 1968), and significant associations were deter-
mined using Fisher’s exact test.

The HKA (HupsoN et al. 1987) test of selection was applied
using the multilocus HKA program available from Jody Hey
(http: /lifesci.rutgers.edu/~heylab/HeylabSoftware.html). Only
exon sequences were used in HKA tests for the expressed
protein-encoding gene AT5G24310 since, for this gene, intron
sequences between species were difficult to align with confi-
dence. Complete sequences were analyzed in all other cases.
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Tests were based on silent sites and comparisons were made
between each of our sequenced genes and a set of three
neutral reference genes. These three reference loci, PI, API,
and FAH, all have 6 vs. K values that fall within the 95%
confidence limit of the regression of genome-wide nucleotide
diversity on interspecific divergence (SCHMID et al. 2005; R. C.
Moore and P. AwapALLA, personal communication). Bonfer-
roni corrections for multiple testing were applied for all tests
of selection that were conducted across multiple linked genes
in a given region. Allelic relationships were inferred using the
neighbor-joining algorithm in MEGA 2.0 under the Kimura
two-parameter substitution model and handling gaps and miss-
ing data as pairwise deletions.

Estimation of local recombination rates: Genetic markers
were obtained from the Lister and Dean Col X Ler recombi-
nant inbred map (LIsTER and DeAn 1993), and marker physi-
cal distances were obtained from the The Arabidopsis Informa-
tion Resource database (ftp:/tairpub:tairpub@ftp.arabidosis.
org/home/tair/Maps/mapviewer_data). Markers with known
genetic and physical map positions were ordered according
to their physical positions and noncollinear markers were re-
moved. Recombination rates were calculated between each
pair of adjacent markers. Local recombination rate estimates
were taken as the estimated rate between the two closest mark-
ers flanking the region of interest.

RESULTS

Genome scanning for high-diversity genes in A, thaliana:
A largescale comparison of ~2.5 Mb of Ler genomic
shotgun sequence fragments against the Col-0 whole-
genome sequence provides a preliminary scan for high-
diversity genes in the A. thaliana genome. In this species,
silentsite nucleotide diversity has been estimated to be
~0.7% (YosHIDA et al. 2003). On the basis of this consid-
eration, we chose gene fragments with an interecotype
divergence range of 2-10% as representing putative
high-diversity loci. The low end of this range is compara-
ble to the nucleotide diversity estimate for the RPS5
disease resistance gene (7 = 2.5%), which has been shown
to be under balancing selection (TIAN et al 2002). The
high end of the range is slightly less than the interspe-
cific divergence estimate (K= 12%) between A. thaliana
and its sister species, A. lyrata (BARRIER et al. 2003). We
also removed repetitive sequences (e.g., transposable
elements, duplicate genes), pseudogenes, and short, hy-
pothetical genes from the list of putative high-diversity
loci.

We identified a list of 60 functionally annotated genes
ranging from 2-10% divergence between Col and Ler.
From this list we chose 11 genes that spanned the speci-
fied range of divergence; these were arbitrarily chosen
on the basis of functional annotation (e.g., transcription
factor genes). Since the divergence estimates are based
on raw shotgun genome sequence data from Ler, it
is possible that several of these putative high-diversity
estimates arose from sequencing errors or the presence
of a rare divergent allele. We conducted another round
of screening to confirm which genes truly represent
high-diversity loci that could be candidates for further
study. Fragments of ~0.5-1.0 kb in length were se-
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quenced in each of the 11 putative high-diversity genes
in five to six additional ecotypes to confirm the observed
elevated levels of polymorphism for these loci. Silent-
site nucleotide diversity and Tajima’s Dand Fu and Li’s
D* were estimated for the genes in this second screen.
Genes were included for further analysis if they had (i)
silent-site nucleotide diversity (7) >3% and (ii) positive
Tajima’s D or Fu and Li’s D* that were significantly
higher than neutral-equilibrium expectations.

Of the 11 genes examined in the secondary screen,
3 were confirmed to have high levels of silent-site nucle-
otide diversity and significantly positive Tajima’s Dand/
orFuand Li’s D* test statistics. These three genes are: (i)
AT1G63910, which encodes the myblike transcription
factor MYB103; (ii) AT5G24300, which encodes a putative
soluble starch synthase I enzyme; and (jii) AT1G19700,
which encodes a member of the homeobox-leucine zip-
per transcription factor gene family.

High-diversity genomic regions: One known signature
of a balanced polymorphism is a peak of elevated nucle-
otide diversity centered on the target of selection (T1AN
et al. 2002). The high-diversity gene fragments identified
in this study may represent this peak of elevated nucleo-
tide diversity or may represent the effect of genetic hitch-
hiking with the target of selection at a linked locus. Alterna-
tively, the observed high diversity may not be due to a
balanced polymorphism, but may arise from alternative
genetic/genomic or demographic factors. Discriminat-
ing among these alternatives requires a detailed exami-
nation of the levels and patterns of nucleotide variation
not only in the three high-diversity genes identified in the
genome scan, but also in an extended genomic region
surrounding these loci. If these high-diversity genes are
associated with balanced polymorphisms, one might ex-
pect a broad region of elevated nucleotide polymor-
phism spanning several genes, given the reduced effec-
tive recombination rate in the predominantly selfing
A. thaliana. We thus isolated and sequenced ~0.5- to
1:2-kb fragments from these high-diversity genes and
from five to eight flanking loci in 14-20 A. thaliana
accessions across each of these genomic regions (Table
1). The orthologous gene fragments in the sister species
A. lyrata were also isolated and sequenced to serve as
an outgroup for comparison.

Our genome scan initially identified the gene MYBI103
(L et al. 1999), located in the middle of the bottom arm
of chromosome I, as a high-diversity locus. We have desig-
nated a 44.2.kb genomic region associated with MYB103
(AT1G63910) as high-diversity region 1. This region con-
tains 12 annotated loci, and, aside from MYB103, we se-
quenced and analyzed genes encoding a putative monode-
hydroascorbate reductase (AT1G63940), two C3HC4-type
zincfinger proteins (AT1G68900 and AT1G63840), and
a PRLLinteracting factor-related protein (AT1G63850)
that together span this region. One striking feature of
this genomic region is the presence of two putative
TIR-NBS-LRR-type disease-resistance genes that encode
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proteins with Toll and interleukin-1 receptor (TIR),
nucleotide-binding site (NBS), and leucine-rich repeat
(LRR) domains and one discase-resistance pseudogene
tandemly located together in a gene block in the Col-
0 accession. PCR primers designed from the Col-0 se-
quence to amplify the second TIR-NBS-LRR putative
disease resistance gene were successful in only 9 of the
19 ecotypes attempted. Previous work has suggested that
balancing selection can act on the presence/absence of
alleles of disease resistance genes; our results suggest
that this TIR-NBS-LRR cluster may be a target of selec-
tion, and the elevated nucleotide variation in this geno-
mic region may result from genetic hitchhiking.

Elevated nucleotide diversity at a putative soluble
starch synthase I gene on chromosome V was used to
identify high-diversity region 2. The region we analyzed
encompasses 59.5 kb and includes 12 annotated loci.
We examined an additional seven genes in this region,
including five annotated genes that have no known func-
tion, but which all show evidence of being transcription-
ally expressed. EST analyses indicate that two of these
genes are associated with full-length cDNAs (AT5G24280
and AT5G24214); one gene is supported by a near full-
length cDNA, which lacks only the first 20 bases of
sequence (MOP9.15), and the remaining two genes are
associated with an EST hit at least 500 bp in length
(AT5G24210 and AT5G24250). Other genes in high-
diversity region 2 that were sequenced include one en-
coding an integral membrane family protein (AT5G
24290) and a protein containing a 3'-5’ exonuclease
domain (AT5G24340).

High-diversity region 3, in the middle of the top arm
of chromosome I, was identified in the genome scan by
elevated nucleotide polymorphism in a gene encoding
a homeobox-leucine zipper family protein. We analyzed
this region, which spans 21.3 kb and includes five anno-
tated loci. Other sequenced genes in this region include
a jacalin lectin family protein (AT1G19715), a glycosyl
transferase family 1 protein (AT1G19710), and two other
expressed proteins of unknown function (AT1G19690 and
AT1G19680).

Silent-site nucleotide variation across high-diversity
genomic regions: Increased nucleotide variation in high-
diversity genomic regions 1 and 2 was not confined to
the initially identified high-diversity gene. In both of
these genomic regions, other genes also displayed ele-
vated levels of nucleotide polymorphism. In high-diver-
sity region 1, which spans 44.2 kb, we sequenced a total
of 3441 nucleotide sites, including 1559 silent sites. A
total of 195 single nucleotide polymorphisms (SNPs)
were identified by the analysis, including 164 silent-site
polymorphisms. Four of the five genes surveyed in high-
diversity region 1 have silentsite nucleotide diversity
levels (w) ranging from 0.022 to 0.089 (Table 2), which
is 3- to 12fold higher than the mean level of 0.007
observed from previously studied A. thaliana nuclear
genes (YOSHIDA et al, 2003).
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TABLE 1

Genes contained in each of the three identified high-diversity regions listed

in 5'-3' order from top to bottom

Locus Gene product description
High-diversity region 1

AT1G63940° Monodehydroascorbate reductase (putative)

AT1G63930 Expressed protein

AT1G63920 Pseudogene, similar to putative AP endonuclease/reverse transcriptase

AT1G63910° MYB family transcription factor (MYB103)

AT1G63900° Zincfinger (C3HC4-type RING finger) family protein

AT1G63880 Disease resistance protein (TIR-NBS-LRR class) (putative)

AT1G63870 Disease resistance protein (TIR-NBS-LRR class) (putative)

AT1G63860 Pseudogene, disease resistance protein

AT1G63857 Expressed protein

AT1G63855 Expressed protein

AT1G63850° PRLIHHnteracting factor related

AT1G63840° Zinc-finger (C3HC4-type RING finger) family protein
High diversity region 2

AT5(G24280° Expressed protein

AT5G24290° Integral membrane family protein

AT5G24300° Starch synthase (putative)

AT5G24310° Expressed protein

AT5HG 24313 Expressed protein

AT5G24314° Expressed protein

AT5G24316 Proline-rich family protein

MOP9.15 Expressed protein

AT5G24320 ‘WD-40 repeat family protein

AT5G24330 PHD finger family protein/SET domain-containing protein

AT5G24340° 3'-5" exonuclease domain-containing protein

AT5G24350° Expressed protein
High diversity region 3

AT1G19715° Jacalin lectin family protein

AT1G19710° Glycosyl transferase family 1 protein

AT1G19700° Homeobox-leucine zipper family protein

AT1G19690° Expressed protein

AT1G19680° Expressed protein

* Genes included in analysis.

»BAC locus annotation for a predicted gene with EST support.

This increased intraspecific nucleotide diversity could
reflect increased neutral mutation rates for these loci.
Variation in neutral mutation rates should be mirrored
by differences in interspecific nucleotide substitution
rates, and we therefore examined the silent-site nucleo-
tide divergence (K) between these A. thaliana genes
and their A. lyrata orthologs. Silentssite interspecific nu-
cleotide divergence (K) estimates for these genes range
from 0.09 to 0.24; the mean K between A. thaliana and
A. lyrata is 0.12 (BARRIER et al. 2003). Figure 1 depicts
the ratio of 8/K across this region; the mean value for
previously studied A. thaliana genes is ~0.06 (BARRIER
et al. 2003). The ratio 6/K is three- to sevenfold higher
than the mean for A. thaliana nuclear genes, and there
appears to be a peak of diversity surrounding the puta-
tive disease resistance genes.

High-diversity region 2 contains the putative soluble
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starch synthase I gene (AT5G24300), and nucleotide
variation in this region is also elevated across multiple
linked loci. We sequenced 6528 nucleotide sites from
eight genes, including 3861 silent sites across the 59.5-
kb region. A total of 265 SNPs were identified by the
analysis, including 240 silent-site polymorphisms. Values
of silent site 7 for the putative soluble starch synthase
I gene and the three loci immediately downstream
(which all encode expressed proteins of unknown func-
tion) are all high. Estimates of 7 for these genes range
from 0.024 to 0.056, values three- to eightfold higher
than the mean for A. thaliana (Table 2). Interspecific
nucleotide divergence estimates for the genes in this
region range from 0.07 and 0.18, and the ratio of 8/K
is shown in Figure 2. Like high-diversity region 1, a peak
of elevated nucleotide polymorphism is also observed
in this genomic region. An expressed protein gene



1902

J. M. Cork and M. D. Purugganan

TABLE 2

Measures of diversity for the sampled genes in each high-diversity region

No. of
Gene n*  Length (bp)®  silent sites S S (silent)* e 0, K/
High-diversity region 1
AT1G63940 16 919 642.17 34 34 0.022  0.016  0.094 * 0.012
AT1G63910 18 411 82.18 54 24 0.089  0.085  0.236 * 0.049
AT1G63900 14 846 483.69 80 80 0.068  0.052  0.130 % 0.017
AT1G63850 18 863 258.46 24 23 0.024  0.026 0.122 = 0.021
AT1G63840 19 402 92.50 3 3 0.005  0.009  0.149 * 0.036
High-diversity region 2
AT5G24280 17 711 340.2 6 2 0.002  0.001  0.173 = 0.024
AT5G24290 18 704 341.7 5 4 0.002  0.003 0.122 + 0.019
AT5G24300 18 1240 793.6 63 62 0.035  0.023  0.071 = 0.008
AT5G24310 18 681 395.61 23 22 0.024 0016 0.179 * 0.027
AT5G24314 17 827 728.6 107 104 0.056  0.042  0.151 * 0.017
MOP9.15# 15 761 250.89 45 29 0.044  0.036  0.143 * 0.024
AT5G24340 15 797 416.38 3 1 0.001  0.001  0.086 * 0.015
AT5G24350 16 807 594.24 18 16 0.006 0.008 0.124 * 0.015
High-diversity region 3
AT1G19715 18 646 237.4 7 5 0.002  0.006 0.132 + 0.023
AT1G19710 18 896 339.9 5 4 0.003  0.003 0.134 + 0.019
AT1G19700 20 990 411.3 50 43 0.051 0082 0.124 * 0.017
AT1G19690 17 576 425.6 13 12 0.006 0.008 0.112 £ 0.017
AT1G19680 17 542 127.3 5 2 0.002  0.005 0.114 * 0.027

“ Number of samples.

¢ Length of sequenced region.

‘ Number of segregating sites in the sample.
“Number of segregating silent sites in the sample.
* Estimates are based on silent sites.

I Divergence between the A. thaliana Colombia-0 accession and A. lyrata based on silent sites including

standard errors,

£BAC locus annotation for a predicted gene with EST support.

(AT5G24310) within this putative diversity peak also
has elevated levels of intraspecific nucleotide variation
(silent site 7 = 0.024, 6 = 0.016), but an elevated inter-
specific divergence estimate for this locus (silent site
K = 0.179) results in a low level of 8/K. The four genes
immediately upstream and downstream of this diversity
peak, however, have 8/ K ratios similar to or lower than
the mean for A. thaliana. Both high-diversity genomic
regions 1 and 2 share the pattern of multiple linked
genes of elevated nucleotide polymorphism.

The pattern of nucleotide variation in high-diversity
region 3, which includes the homeobox-leucine zipper
transcription factor gene (AT1G19700) identified in the
genome scan, differs from that observed in the other
two regions. We sequenced 3650 nucleotide sites from
five genes in this 21.3-kb region, including 1542 silent
sites. A total of 80 SNPs were identified by the analysis,
including 66 silentsite nucleotide polymorphisms. In
high-diversity region 3, only the homeobox-leucine zip-
per gene has elevated levels of nucleotide diversity (si-
lent site @ = 0.05); this increased diversity is still evident
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in the 0/K ratio for this locus (Figure 3 and Table
2). The four other genes in this region have levels of
nucleotide variation ranging from 0.002 to 0.006, which
are all lower than the mean for A. thaliana nuclear genes
(Figure 3 and Table 2).

Nonsynonymous nucleotide variation across high-
diversity gene regions: Increased levels of nonsynony-
mous variation can be associated with balanced poly-
morphisms, and this pattern is exemplified by plant
disease resistance and self-incompatibility loci (BERGEL-
SON et al. 2001; CHARLESWORTH et al. 2003). Nonsynony-
mous polymorphism, however, is not generally high
across the three high-diversity regions {Table 2). In high-
diversity region 1, only the MYBI103 gene (AT1G63910)
shows elevated levels of nonsynonymous polymorphism;
30 nonsynonymous polymorphisms exist in our se-
quenced portion of this gene, resulting in nonsynony-
mous nucleotide diversity of ~2.7%. Similarly, only one
gene in high-diversity region 2, the expressed protein
encoding gene MOP9.15, shows elevated nonsynony-
mous polymorphism with 16 replacement polymorphisms
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FiGURE 1.—Nucleotide diver-
sity and neighborjoining trees
of high-diversity region 1. The
dashed line indicates the aver-
age level of 0/K for A. thaliana.

® Sequenced sites from each
gene are solid. The MYBI03
gene originally identified by
our BLAST analysis is indicated
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neighbor-joining trees were ap-
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plied to ecotypes on the basis
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logroup in the most structured
gene in the region, indicated by
a boxed tree. Solid circles repre-
sent accessions possessing the
Col-0-type allele, open circles
represent Lertype alleles, trian-
gles are used if a third A. thali-
ana allele class is present,
shaded squares represent the
A. brata outgroup sequence,
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in the sequenced portion of the gene and estimated
nonsynonymous nucleotide diversity of 1%. Although
increased nonsynonymous variation has been previously
identified in genes thought to harbor balanced poly-
morphisms, the presence of polymorphism at this class
of sites is dependent on the mechanism of selection.

AT1G63850

and stars indicate accessions
that are not common across all

AT1G63840 genes in each region.

Patterns of variation at nonsynonymous sites can also
be influenced by other evolutionary mechanisms; for
example, differing levels of constraint can allow for dif-
ferent patterns of variation at nonsynonymous sites to
emerge between genes or regions of genes (BERGELSON
et al. 2001). Therefore, silentsite polymorphism is likely
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Ficure 2.—Nucleotide diversity and neighboroining trees of high-diversity region 2. The dashed line indicates the average
level of 8/K for A. thaliana. Sequenced sites from each gene are solid. The putative soluble starch synthase 1 gene originally
identified by our BLAST analysis is indicated by an asterisk. Symbols are as described in Figure 1.
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FIGURE 3.—Nucleotide diversity and
neighborjoining trees of high-diversity re-
kb gion 3. The dashed line indicates the aver-

age level of 8/ Kfor A. thaliana. Sequenced
sites from each gene are solid. The ho-
meobox-leucine zipper gene originally
\ identified by our BLAST analysis is indi-
cated by an asterisk. Symbols are as de-
scribed in Figure 1.
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a more informative tool in delimiting a selected region
of the genome and we focus further analyses on this
category of sites.

Significant departures from the neutral-equilibrium
model and genome-wide variation levels for high-diver-
sity genes: The HKA test of selection is based on the
assumption that under the neutral-equilibrium model,
levels of intraspecific diversity and interspecific diver-
gence should be governed by the neutral mutation rate
and thus be correlated (HupsoN et al. 1987). The mult-
locus HKA test can be used to compare genes of interest
to a neutral set of loci, thereby taking into account levels
of neutral variation and divergence from multiple loci
in the genome.

Multilocus HKA tests were applied to each of the
genes in the three high-diversity regions, with a set of
three previously studied genes as neutral reference loci
(see Table 3). Significant deviations from neutrality
were assessed following Bonferroni correction for multi-
ple testing. The multilocus HKA tests indicate that two
genes in high-diversity region 1, the AT1G63910 and
AT1G63900 loci, have significantly elevated levels of
intraspecific diversity (P < 0.00583 and 0.00525, respec-
tively). For high-diversity region 2, the starch synthase
gene (P < 0.001) and two expressed protein genes (P <
0.00025 and 0.00558) are significant. In high-diversity
region 3, the homeodomain gene shows significant de-
partures from the expectations of the neutral-equilib-
rium model (P < 0.00382) (Table 3). In these cases,
the significant results arise from both observed high
intraspecific diversity and low interspecific divergence
compared to expected values (data not shown).

The multilocus HKA tests indicated departures from
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aneutral-equilibrium model. We also determined where
these genes fell within the distribution of 8/K studied
in a genome-wide survey of variation in the A. thaliana
genome (SCHMID ef al. 2005). This genome-wide survey
examined nucleotide variation in 195 unlinked, ran-
domly selected gene fragments of ~400 bp in length
from 12 ecotypes in SCHMID et al. (2005). Of these 195
gene fragments, 68 fragments had both intraspecific
nucleotide diversity estimates in A, thaliana and inter-
specific nucleotide divergence between A. thaliana and
A. lyrata, and this subset formed the basis of our 0/K
distribution (see Figure 4). All genes identified as de-
parting from neutral-equilibrium expectations in the
multilocus HKA test were also found to be in the ex-
treme tail of the genome-wide distribution (top 5%) of
0/ K ratios for the genome-wide distribution (see Figure
4), indicating that these genes have exceptionally high
levels of nucleotide variation compared to other loci in
the A. thaliana genome.

Haplotype di- and trimorphism of high-diversity genes:
The number of haplotypes in several genes in each of
these high-diversity regions is significantly lower than
expected under a conservative neutral-equilibrium model
of no recombination (see Table 3); many of these are
significant even with Bonferroni correction for multiple
tests. This arises, in part, because all high-diversity genes
identified in this study are organized into two or three
distinct allele groups; these are referred to as di- and
trimorphic haplotype structuring, respectively (Figures
1-3). Moreover, at least one gene, the myblike gene
(AT1G63910) in high-diversity region 1, also exhibits trans-
specific polymorphism, with one of three allele classes
(represented by two sampled A. thaliana accessions)
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TABLE 3
Tests of selection for each sampled gene in all three high-diversity regions
No. of HEKA test
Gene n® Tajima’s D Fu and Li's D* Fu and Li’'s D haplotypes Zus (multilocus) ¢
High-diversity region 1
AT1G63940 16 1.6613* 0.8888 1.3556 7 0.6388* 0.39277
AT1G63910 18 0.3111 1.5013%* 1.7841%* (el 0.5209* 0.00583%*¢
AT1G63900 14 1.4549 0.8756* 1.0912 10 0.5480* 0.00525%*
AT1G63850 18 —0.1764 1.1704 1.3269 5 0.4921 0.45463
AT1G63840 19 ~1.1260 -0.1052 —0.6448 3 1.0000% 0.81329
High-diversity region 2
AT5G24280 17 0.5368 0.5941 0.5823 6 0.1723 0.01431*
AT5G24290 18 -1.1871 —1.1379 —0.8275 Gork 0.4375 0.05413
AT5G24300 18 2.2290%* 1.4535%* 1.9336%* ek 0.9304x** 0.001%**4
AT5G24310 18 1.4491 1.1463 0.9705 L 1.0000%** 0.15324
AT5G24314 17 1.5564* 0.9236 1.2390 11 0.4126 0.00025%%+4
MOP9.15° 15 0.6575 0.2994 0.9110 10 0.3536 0.00558%*
AT5G24340 15 —0.0269 1.0566%%* 0.9025 Gk 0.0452 0.01435%*
AT5G24350 16 ~1.0776 ~0.8577 —0.8408 7 0.7851 0.1492
High-diversity region 3
AT1G19715 18 —1.9331* ~2.3336 —1.3439* Btk NA 0.63494
AT1G19710 18 ~0.9452 -0.3590 0.1611 5 0.3500 0.14928
AT1G19700 20 2.9594i* 1.3742% 1.5507* Bt 0.961 3%+ 0.00382%*
AT1G19690 17 —1.0650 —1.7787* —2.0333* 10* 0.2862 0.80176
AT1G19680 17 —1.9433* —2.6319%** —2.7601* Gk NA 0.57568

NA, no results were obtainable for this test with this sample.
¢ Number of samples.

¥k P < 0.001, **P < 0.01, *P < 0.05.

* BAC locus annotation for a predicted gene with EST support.
¢ Probability estimates based on silent sites for multilocus HKA test.

4 Significant after Bonferroni correction.

more similar to the sequenced A. lyrata allele than to
either of the other two A. thaliana allele classes.

Given the close linkage among the genes in these
high-diversity regions and the reduced effective recom-
bination rate in A. thaliana as a result of selfing, we
would expect gene genealogies across these regions to
be strongly correlated. Neighbor-joining trees show that
phylogenetic relationships among adjacent genes are
not perfectly correlated (Figures 1-3), indicating that
intergenic recombination has occurred in these high-
diversity regions to limit associations among di- or tri-
morphic haplogroups across loci. Patterns of linkage
disequilibrium (LD; supplementary Figure S1 at http:/
www.genetics.org/supplemental/) observed across the
investigated high-diversity regions, however, indicate
that correlations between nucleotide polymorphisms
exist among linked genes and are quite strong in high-
diversity regions 1 and 2.

Excess of intermediate-frequency alleles in the high-
diversity regions: Tajima’s and Fu and Li’s tests of selec-
tion were applied for all sequenced genes in each of
the three high-diversity regions; these tests examine the
frequency distribution of nucleotide polymorphisms
along branches of a gene tree. Although these tests are
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often used to infer selection, they are also sensitive to
population structure and demographic changes. Given
the possible recent population size expansion, ancestral
population structure, and selfing nature of A. thaliana,
the results of these tests should be interpreted with
caution. Despite these concerns, these tests prove useful
in comparing patterns of polymorphism among A. thali-
ana genes and may also be indicative of the types of
nonneutral forces acting at specific loci.

All three high-diversity-region genes with elevated lev-
els of nucleotide polymorphism are accompanied by
positive Tajima’s Dand/or Fu and Li’s D/D¥, and multi-
ple genes in high-diversity regions 1 and 2 show this
pattern (Table 3). This is not surprising, given that the
three focal genes identified in this study were initially
chosen to have highly positive Tajima’s D values. In
high-diversity region 1, three of five genes have positive
Tajima’s D, while four have positive Fu and Li's D or
D*. In high-diversity region 2, five of eight genes have
positive Tajima’s D, and six of eight have positive Fu
and Li’s D/D*. In high-diversity region 3, only the ho-
meodomain-encoding gene has a positive value for these
test statistics. Several of the genes with positive Tajima’s
D in these genomic regions are also in the top 5% tail
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of the distribution of this test statistic in a recent ge-
nome-wide survey of 195 unlinked gene fragments for
which intraspecific data in A. thaliana are available (see
Figure 4) (ScHMID ¢t al, 2005). The latter resultindicates
that the numbers of intermediate-frequency polymor-
phisms in several of these high-diversity regions are ex-
ceptionally high compared to genes in the rest of the
genome.

Linkage disequilibrium within and between genes: LD
is a measure of genetic association at sites both within
and between genes and is affected by a wide range of
genetic, demographic, and selective factors (NORDBORG
and TAVARE 2002; GauT and LoNG 2003). Z, the stan-
dardized intragenic linkage disequilibrium averaged
over all pairwise comparisons, is a test of selection that
is expected to be significantly elevated if alleles at a
locus are under balancing selection (KeLry 1997). We
calculated Z, for each gene in all three high-diversity
genomic regions, and significantly high Z, values were
detected for genes in all three regions. In high-diversity
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AT1G63900

FiGurE 4.—Levels and patterns of nu-
cleotide variation in high-diversity re-
gions compared to a genome-wide distri-
bution. Data for the distributions are
from ScHMID et al (2005). Data from
12 A. thaliana accessions were chosen to
generate these distributions due to their
use as mapping populations (Col-0, Cvi-
0, Ler, Nd-0, and Ws-0) and to obtain a
maximum average genetic distance be-
tween surveyed accessions (Ei-2,
C822491, Gu-0, Lz-0, Wei-0, Ws-0, and
Yo-0). The top 5% limits are indicated
by dashed lines. A distribution of /K
ratios for 68 randomly chosen unlinked
gene fragments for which estimates of
both intraspecific diversity within A. thal-
tana and interspecific divergence be-
tween A. thaliana and A. lyrata ave avail-
able is shown on the bottom left. A
distribution of Tajima’s D for 195 ran-
domly chosen unlinked gene fragments
for which estimates of intraspecific diver-
sity in A. thaliana only are available is
shown on the bottom right. The location
of the estimates within these distribu-
tions for genes in (A) high-diversity ge-
nomic region 1, (B) region 2, and (C)
region 3 is shown by arrows.
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region 1, all loci except for the PRLEinteracting-factor-
related gene have significantly high Z,s values (Table
3). Three genes in high-diversity region 2, the soluble
starch synthase (AT5G24300) and two expressed pro-
tein genes (AT5G24310 and AT5G24350), also have
significantly high Z,s values. In contrast, only the ho-
meobox-leucine zipper gene (AT1G19700) reveals a sig-
nificantly elevated value of Z in high-diversity region
3. For regions 2 and 3, the genes initially identified
as having elevated levels of nucleotide variation [the
soluble starch synthase gene (AT5G24300) in region 2
and the homeodomain gene (AT1G19700) in region
3] also have significantly high Z,s estimates even after
Bonferroni correction.

Linkage disequilibrium among informative polymor-
phic sites was also examined across each of the three
high-diversity genomic regions using r?, with signifi-
cantly high levels of 1D determined using Fisher’s exact
test. Statistically significant pairwise LD across each of
the three regions is depicted in supplementary Figure
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S1 at http:/www.geretics.org/supplemental/. Signifi-
cantly high levels of intragenic LD are observed in each
of the three high-diversity regions, which conform to
the high Z, estimates. Significantly high linkage dis-
equilibrium between genes is also observed among
-genes with related neighbor-joining trees (see above) in
high-diversity regions 1 and 2, which confirms previous
findings of extensive LD in A. thaliana (NORDBORG et
al. 2002; SHEPARD and PURUGGANAN 2003).

Local rates of recombination and patterns of variation
in high-diversity regions: The extent of LD and the
widths of the peaks of diversity observed in our three
high-diversity regions should be affected by local recom-
bination rates. We estimated local recombination rates
for each of our three regions using information on
genetic and physical map positions of markers flanking
our genomic regions. The recombination rate in A.
thaliana appears to range from 1 to 14 cM/Mb (ZrANG
and Gaut 2003) and the genome-wide average was pre-
viously shown to be 4.8 cM/Mb (COPENHAVER et al.
1999; Zraanc and Gaurt 2003).

The local recombination rate for high-diversity region
1 was estimated to be 1.75 ¢M/Mb, which is low in
comparison to average chromosome and genome-wide
estimates. This low recombination rate is consistent with
the observation of a broad peak of nucleotide diversity
and significant intergenic LD in high-diversity region 1
(see Figure 1). In contrast, high-diversity region 2 hasan
estimated recombination rate of 11.50 cM/Mb, which
is high compared to average genome-wide estimates.
Although elevated levels of nucleotide diversity in this
region are observed among several linked genes, the
peak is narrower than observed in genomic region 1
(see Figure 2).

The pattern observed in high-diversity region 3, how-
ever, appears anomalous. The local recombination rate
for high-diversity region 3 is estimated at 2.17 cM/Mb,
which is slightly lower than average estimates in this
species. As such, we might expect to observe a broad
peak of diversity across this region; what we observe,
however, is a narrow peak that is centered on only one
gene. This departure from expectation may result in
higher recombination at smaller scales in this region.
Alternatively, differences in peak breadths may result
from other factors, including the age of alleles.

DISCUSSION

High-diversity genes represent an important class of
genes in organismal genomes. Population genetic the-
ory predicts that high-diversity genes may contain bal-
anced polymorphisms (HupsoN and KapLaN 1988),
which underlie adaptive variation within species. These
balanced polymorphisms are maintained over long evo-
lutionary periods and are characterized by elevated lev-
els of nucleotide diversity in silent sites linked to the
selective target (HupsoN and KapLan 1988). This pre-
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diction has been substantiated by studies of several
genes known to be subject to balancing selection or
local adaptation, such as plant disease resistance (T1aN
et al. 2002) and selfincompatibility loci (TAXEBAYASHI
et al. 2003). Hunting for high-diversity genes could thus
form the basis of an adaptive-trait-locus-mapping ap-
proach for scanning genomes for selectively maintained
alleles.

Comparison of the A. thaliana Col-0 whole-genome
sequence with 4300 short sequence fragments from a
genomic shotgun sequence of the Ler ecotype initially
identified 60 functionally annotated sequences with 2—
10% divergence between the two ecotypes. Further anal-
ysis in asecondary screen with five to six other A. thaliona
ecotypes confirmed that three of these gene frag-
ments—the myblike transcription factor gene MYBI03
(AT1G63910), a putative soluble starch synthase I gene
(AT5G24300), and a locus encoding a homeodomain-
leucine zipper protein (AT1G19700)—have elevated
nucleotide diversity levels and are high-diversity genes
that may represent loci that have or are linked to bal-
anced polymorphisms. The presence of high levels of
nucleotide diversity, however, is only one characteristic
of the signature of a balanced polymorphism. Addi-
tional characteristics can include: (i) asymmetrical peak
of nucleotide diversity surrounding the selective target,
(ii) maintenance of intermediate-frequency alleles, (jii)
a reduction in the number of haplotypes, (iv) high levels
of linkage disequilibrium, and (v) the presence of trans-
specific polymorphism. The case for balanced polymor-
phisms is strengthened if the genes that harbor elevated
levels of nucleotide diversity also display these other
characteristics of selection, although it is worthwhile to
note that it is unlikely for every expectation to be ful-
filled by every empirical data set. Moreover, although
many of these features are not totally independent of
each other, they do represent different facets of an
underlying pattern of sequence variation associated with
selection.

Analysis of the high-diversity genes identified in the
genome scan, as well as the loci flanking these genes,
reveals that high-diversity region 1 displays all of the
characteristic signatures of balanced polymorphisms.
This region is characterized by elevated nucleotide varia-
tion spanning a local region of the genome, significant
levels of intermediate-frequency polymorphisms, in-
tergenic linkage disequilibrium, a significant deficiency
in the number of haplotypes among highly variable
genes, and transspecific polymorphism at the MYB103
locus (AT1G63910) in the region. High-diversity region
2 displays all of the characteristics of high-diversity re-
gion 1, with the exception of #ransspecific polymor-
phism. This region also contains several genes with high
levels of nucleotide diversity, among which the ex-
pressed protein gene AT5G24314 has significantly ele-
vated nucleotide polymorphism levels as well as signifi-
cantly positive Tajima’s D. These features are consistent
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with the hypothesis that both high-diversity regions 1
and 2 harbor balanced polymorphisms.

One gene in high-diversity region 3, the homeodo-
main-leucine zipper gene (AT1G19700), shows elevated
nucleotide diversity and positive Tajima’s D and Fu and
Li’s D/D*. In addition, this gene also displays significant
LD and a significant deficiency in haplotype number.
Interpretation of these results is complicated, however,
by the fact that high nucleotide polymorphism in this
region is confined to one gene and does not show the
gradual symmetric decline with distance; the four loci
flanking the homeobox-leucine zipper gene have levels
of nucleotide diversity at or below the mean for A. thali-
ana nuclear genes (Table 2 and Figure 3). Alternative
explanations for the mechanism and/or origin of the
two divergent haplogroups observed in this gene may
help explain inconsistencies in these observations. Inter-
estingly, a transposable element was identified in the
intergenic region 3’ of the homeobox-leucine zipper
gene in complete association with the Ler haplogroup
(J- M. Cork and M. D. PURUGGANAN, unpublished ob-
servations). Potential functional consequences of this
insertion and its effect on the molecular evolution of
this region are currently being explored.

The levels and patterns of nucleotide polymorphisms,
particularly those in high-diversity genomic regions 1
and 2, do not conform to the neutral-equilibrium model
and are at the extremes for the genome-wide distribu-
tions, consistent with the selective maintenance of dif-
ferentiated alleles. Other alternative possibilities, how-
ever, need to be considered. The first possibility is that
these differentiated alleles represent ancestral and/or
contemporary structure in A. thaliana. Recent studies
suggest some isolation by distance as well as evidence
for genetic differentiation associated with possible Pleis-
tocene refugia in A. thaliana (SHARBEL et al. 2000;
ScamuTns et al. 2004). Differentiation among dimor-
phic alleles attributed to population structure, however,
is generally modest in other surveys of variation (KAwWABE
et al. 1997; KUiTTINEN and AGUADE 2000) and does not
explain the strong divergence of allelic classes in these
high-diversity genomic regions. As a comparison, only 1
of 10 previously reported dimorphic genes in A. thaliana
(CLV2) has nucleotide diversity levels in the top 5% of
the genome-wide distribution. In contrast, the dimor-
phic genes in each high-diversity genomic region stud-
ied here all show exceptionally high variation levels (see
Figure 5).

The second possibility is that the elevated diversity
observed at these genomic regions could arise from
gene duplications that result in artifactual comparisons
of paralogous rather than allelic sequences. This dupli-
cation scenario also requires the loss of alternate dupli-
cates such that A. thaliana ecotypes possess only one or
the other duplicate copy. Although this may not be
common, such a pattern is indeed possible; at the MAM
locus of A. thaliana, alternate duplicate copies in a tan-
dem array are lost in different ecotypes (KROYMANN et

35

Q x
)
s 3
SRS . 3 5
o %,‘ ~
90 LS %;’g §
& ! NN S
m"% ! Q% )
tsi : S < x
560 < - ' < 2
2 g B~ 3
g st £% S
£ 30 *: Il) I
0

0.000 0.012 0.024 0.036 0.048 0.060 0.072 0.084
m, nucleotide diversity

Figure 5.—Comparison of nucleotide diversity levels for
dimorphic genes compared to a genome-wide distribution.
Data for the distribution are from ScHMID et al. (2005). The
top 5% limit is indicated by a dashed line. Nucleotide diversity
estimates () for 10 genes previously described as dimorphic
are indicated by their names (M1vAsHITA ¢ al. 1996; KAWABE
and MivasHiTA 1999; Acuapt 2001; TiaN et al. 2002; MAURI-
c10 et al. 2003; CAICEDO et al. 2004; OLSEN et al. 2004). One
dimorphic gene from each of the three high-diversity regions
is also shown.

al. 2003). However, this pattern, like the geographic
structuring scenario, is improbable, given the elevated
nucleotide diversity observed across multiple linked, un-
related loci in high-diversity regions 1 and 2. In contrast,
this scenario cannot be ruled out for high-diversity re-
gion 3, where only one gene has elevated nucleotide
polymorphism levels.

It should be noted that both the geographic structure
and the duplication scenarios are not mutually exclusive
from a selection hypothesis. The former two scenarios
relate to the origins of allelic differentiation, but selec-
tion can still be invoked to explain the intraspecific
maintenance of these differentiated alleles. For example,
geographic structure could explain the divergence in
CRY2 (OLsEN et al. 2004) and FLCdimorphic haplotypes
(CA1CEDO et al. 2004) and duplication accounts for dif-
ferences in gene content and apparent nucleotide poly-
morphisms among genes at the MAMlocus (KROYMANN
et al. 2003). In these cases, however, these different alleles
are associated with trait variation in flowering time in the
case of CRY2 (OLSEN ¢ al. 2004) and FLC (A. L. CAICEDO,
J. R. STincHMOBE, K. M. OLsEN, J. ScamITT and M. D.
PURUGGANAN, unpublished results) and with glucosini-
late levels for the MAM locus (KROYMANN ¢t al. 2003),
which suggests that maintenance of differentiated allele
classes could result from selection of these ecologically
relevant phenotypes. In each case, the precise mechanis-
tic origins of alleles do not preclude the resultant pheno-
typic consequences that may lead to selective mainte-
nance of alternate alleles.

While the genome-scan approach appears able to
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identify high-diversity gene regions that may contain
candidate balanced polymorphisms, identifying the spe-
cific polymorphism(s) and associated phenotype(s) that
are possible targets of selection requires further work.
In high-diversity region 1, the region of high diversity
flanks tandemly repeated genes that belong to the TIR-
NBS-LRR family of disease resistance loci. Disease resis-
tance loci are known to be subject to various selective
forces, including diversifying selection (BERGELSON et
al. 2001). The presence/absence of deletion alleles, for
example, is the basis for balancing selection at the dis-
ease resistance gene RPS5 (T1AN et al. 2002). This previ-
ous knowledge and the pattern of variation observed in
this region make the TIR-NBS-LRR genes the most likely
putative target of selection in high-diversity region 1.
Interestingly, PCR amplifications consistently fail to am-
plify the second TIR-NBS-LRR duplicate copy in this
region in 9 of 19 A. thaliana ecotypes. Although this,
as well as problems in designing copy-specific primers,
makes it difficult to obtain completed sequence data sets
for these putative disease resistance loci, these results
suggest that this locus may segregate for the presence
or absence of the second duplicate copy in Arabidopsis
ecotypes. This finding also demonstrates the possible
utility of the adaptive-trait-locus-mapping approach in
exploiting the relationship between linkage disequilib-
rium and selection in identifying genes of potential
adaptive significance when their direct sampling cannot
be easily achieved.

The potential target of selection in high-diversity re-
gion 2 remains uncertain. One candidate is an expressed
protein gene of unknown function (AT5G24314) that
segregates for three distinct haplotype groups, yields a
significant multilocus HKA test, and has the highest
level of nucleotide polymorphism in the region. The
precise function of this gene is unknown, but a T-DNA
insertion mutant at this locus displays aberrant seed
pigmentation associated with a defective embryo (Bup-
ZISZEWSKI et al. 2001). Another candidate, however, is
the putative starch synthase I locus, which is character-
ized by two highly divergent allele classes that show
almost no polymorphism. This gene also has elevated
levels of nucleotide diversity and highly positive Tajima’s
D estimates (see Figures 2 and 4).

Finally, only the homeodomain-leucine zipper tran-
scription factor gene in high-diversity region 3 has high-
diversity and intermediate-frequency alleles, although
whether this is due to selection remains ambiguous,
given that this gene does not show other key characteris-
tics of a balanced polymorphism. At present, the precise
function of this gene is unknown. Detailed functional
reverse genetic studies are currently underway to deter-
mine the functions and the precise phenotypic conse-
quences of the alternatively maintained alleles for all
these candidate adaptive trait genes.

It is unclear how common these high-diversity geno-
mic regions are in the genome. Moreover, not all bal-
anced polymorphisms may have the extreme levels of
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diversity observed in this study, and thus this approach
is inherently conservative. It remains important, how-
ever, to continue to identify and study high-diversity
genes and genomic regions, and their possible contribu-
tion to adaptive variation. A. thaliana is particularly suited
for these studies, given that the genomic resources
(JANDER et al. 2002) and predominantly selfing nature
of this species make it easier to identify high-diversity
regions associated with balanced polymorphisms (Norn-
BORG et al. 1996; T1AN et al. 2002; SHEPARD and PURUG-
GANAN 2003). Detailed analysis of these genes may shed
light on the extent of selection, as well as other evolu-
tionary and genetic forces that act on these loci, and
on their contribution to genome evolution.
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ABSTRACT

Molecular population genetic analysis of several broad chromosomal regions
identified by an intraspecific genome scan in Arabidopsis thaliana suggested that
balancing selection might operate to maintain variation at three novel candidate adaptive
trait loci. These genes encode SOLUBLE STARCH SYNTHASE I (SSI), PLASTID
TRANSCRIPTIONALLY ACTIVE 7(PTAC7), and BELL-LIKE HOMEODOMAIN 10
(BLH10). If balanced polymorphisms are indeed maintained at these loci then we would
expect to observe functional variation underlying the previously detected signatures of
selection. We observe multiple replacement polymorphisms within and in the 32 amino
acids just upstream of the protein-protein interacting BELL domain at the BLH0 locus.
In contrast, allele-specific expression differences were observed at both SS7 and PTAC?.
Geographic patterns of allelic differentiation are, for the most part, consistent with
population structure findings for this species and a significant longitudinal cline was
observed at all three candidate loci. These data support a hypothesis of balancing
selection at all three candidate loci and provide a basis for more detailed functional work
in the future by identifying possible functional differences that might be selectively

maintained.
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INTRODUCTION

Balancing selection maintains genetic variation within populations or species.
Mechanisms of balancing selection have traditionally included overdominance (Tishkoff
et al. 2001; Aidoo et al. 2002) and frequency-dependent selection (Charlesworth and
Awadalla 1998), but now also encompass other selective mechanisms such as spatial-
temporal selection (Tian et al. 2002; Charbonnel and Pemberton 2005), local adaptation
to different environments (Schulte et al. 2000; Harr, Kauer, and Schlotterer 2002; Storz,
Payseur, and Nachman 2004; Storz et al. 2007) and epistatic selection (Kroymann and
Mitchell-Olds 2005) . This expansive definition of balancing selection results from the
recognition that these various modes of selection result in similar molecular signatures at
the genomic level, including elevated levels of nucleotide diversity that decrease
symmetrically with distance to either side of the selected site(s). The intensity and
breadth of this signal are highly dependent on the local rate of recombination, time since
the selective event, and strength of selection (Charlesworth 2006).

Examples of balanced polymorphisms are best supported if one can establish the
selective mechanism, provide molecular evidence for a signal of selection, and/or
demonstrate functional or phenotypic effects of alternate putatively selected alleles.
Expression phenotypes are often investigated for functional consequences of naturally-
occurring genetic variation in gene regulation that may contribute to adaptive differences
both within and between species (Crawford, Segal, and Barnett 1999; Schulte et al. 2000;
Michalak et al. 2001; Bamshad et al. 2002; Rockman and Wray 2002; Lerman et al.

2003; Tian et al. 2003). Recent studies have identified molecular signatures of balancing
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selection associated with differential expression phenotypes among allelic variants of the
baboon homolog of human class Il MHC locus DQA1 (Loisel et al. 2006) and among 4.
lyrata self-incompatibility (SI) S-alleles (Prigoda, Nassuth, and Mable 2005).
Alternatively, amino acid replacement polymorphisms that result in protein sequence
changes could be maintained by balancing selection if alternate protein forms are favored
at different points in space or time. In this regard, the example of local adaptation of
mice to clines in oxygen availability with elevation though differentiated hemoglobin
alleles presents a strong case. In addition to a clear molecular signature of balancing
selection in the genomic region spanning the Hb locus, multiple replacement
polymorphisms are observed in high linkage disequilibrium and with varying frequency
from low to high elevations in deer mice, Peromyscus maniculatus (Storz et al. 2007).
The geographic distribution of alleles within and between populations can also
provide further support for hypotheses of balancing selection and in identifying
mechanisms that might be responsible for the maintenance of diversity. For example,
temperature-dependent fitness differences among northern and southern populations of
Fundulus heteroclitus have been associated with mutations in the Ldh-B locus promoter
and suggests a role for this enzyme in local adaptation to the cold (Schulte et al. 2000).
Alternatively, when frequency dependant selection is the driving evolutionary force,
multiple alleles are often observed co-segregating within local populations across a broad
species range. Plant self-incompatibility loci are one of the best documented examples of
frequency dependent selection. SI alleles can persist for long evolutionary timescales and
occur at intermediate frequencies within populations of a species due to the increased

fitness effects of an allele when it becomes rare (Charlesworth and Awadalla 1998).
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Genome scanning approaches to identify new targets of balancing selection have
been largely unsuccessful in humans (Asthana, Schmidt, and Sunyaev 2005; Bubb et al.
2006), although specific signatures of local adaptation are clear (Kayser, Brauer, and
Stoneking 2003; Storz, Payseur, and Nachman 2004; Voight et al. 2006; Williamson et
al. 2007). The model plant species 4. thaliana, however, may provide a better system for
identifying a broader set of balanced polymorphisms (Tian et al. 2002) given its
inbreeding nature, and resulting low effective rate of recombination (Abbot and Gomez
1989) and extensive linkage disequilibrium (Nordborg et al. 2005). Genome scanning
has indeed identified the molecular signature of balancing selection at several candidate
loci in this species (Cork and Purugganan 2005), including (i) increased levels of
nucleotide diversity and (ii) intermediate frequencies of divergent alleles in three
genomic regions. A detailed analysis of several identified regions revealed one putative
disease resistance locus and three novel candidate genes as potential targets of balancing
selection. These candidate genes include SOLUBLE STARCH SYNTAHSE I (SSI) and
PLASTID TRANSCRIPTIONALLY ACTIVE CHROMOSOME 7 (PTAC7) (also known as
PIGMENT DEFECTIVE EMBYRO 225 or PDE225), which are linked in a common high-
diversity region and the BELL-LIKE HOMEODOMAIN 10 (BLH10).

On the basis of homology SS7 was previously identified as a member of the starch
synthetic pathway and is highly conserved throughout the plant kingdom (Ral et al.
2004). Aberrant chain length distributions in amylopectin from plants lacking functional
SS1 indicates that this gene is a determinant of branching structure of amylopectin starch
molecules (Delvalle et al. 2005). The protein product of the second candidate gene,

PTAC7, was purified from the A. thaliana chloroplasts in association with the nuclear-
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encoded single-subunit RNA polymerase (NEP), which suggests a function in the
regulation of chloroplast gene expression (Pfalz et al. 2006). Consistent with this
expectation, a pigment-defective knockout phenotype for this locus has also been
observed (Budziszewski et al. 2001). The final candidate balanced polymorphism,
BLH]10, is a member of the BELL-like homeodomain family of transcription factors,
which have conserved DNA-binding homeodomain and protein-interacting BELL
domains (Becker et al. 2002). Members of this gene family have been shown to play
important roles in various aspects of plant development, including ovule development
(Ray et al. 1994), branching (Smith and Hake 2003) and internode patterning (Bao et al.
2004). Phylogenetic analysis indicates that BLH10 is most closely related to an
Arabidopsis-specific paralog, BLH3 (Becker et al. 2002). Knockout mutant alleles of
BHLHI0 and BHLH3 have not yet been associated with any specific phenotypes,
although these genes do show differences in expression patterns and no evidence for a
relaxation of constraint (Duarte et al. 2006) suggesting the potential for non-redundant
functions.

We examine levels and patterns of nucleotide variation across the sequences of
these three candidate genes and examine the geographic distribution of alleles at each
locus. Protein-level variation and differences in levels and patterns of allele specific gene
expression are also investigated. Our findings support a hypothesis of balancing selection
at these candidate loci by demonstrating the potential for functional differences and
geographic patterning that may underlie the selective maintenance of allelic variants of

these genes.
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MATERIALS AND METHODS

Isolation and sequencing of alleles. Genomic DNA was extracted from young leaves of
A. thaliana accessions chosen to span the natural historic geographic range of the species
(Supplementary table 1) using the plant DNeasy mini kit (QIAGEN, Valencia, CA). PCR
and sequencing primers were designed using Primer 3.0 software

(http://fokker.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) with either the Col-0

genome sequence or conserved regions of existing partial gene alignments as a template
(Supplementary Text 1). PCR was performed using either Taq (Roche, Indianapolis) or
ExTaq (Takara, Madison, WI) and PCR products were cleaned using Qiagen PCR
purification or gel extraction kits. PCR products were sequenced directly using Big Dye
terminators and were run on ABI 3700 96 capillary automated sequencers (Applied
Biosystems, Foster City, CA) at North Carolina State University’s Genome Research
Lab. PHRED and PHRAP functions (Ewing and Green 1998; Ewing et al. 1998) of
BioLign (Tom Hall, North Carolina State University) were used for base calling and
sequence contig formation. All polymorphisms were visually inspected and alignments

were edited by hand.

Population genetic analysis. Parsimony trees used for haplotype network construction
were generated using PAUP (Sinauer, Sunderland, MA). DNAsp version 4.10.7 (Rozas
et al. 2003) was implemented to calculate summary statistics, measures of diversity and
to conduct tests of selection. Nucleotide diversity was estimated using both total and

silent sites as w (Tajima 1983) and as 6,, (Watterson 1975)for total sites only. Tajima’s D
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(Tajima 1993), haplotype number, haplotype diversity, and the intragenic linkage
disequilibrium coefficient, Z,s (Kelly 1997), were also calculated. Significance of
Tajima’s D, haplotype number, haplotype diversity, and Z,s was determined by
coalescent simulation under the conservative assumption of no recombination, using
10,000 runs and conditioning on the number of segregating sites. Sliding window
analysis of nucleotide diversity was performed for each gene and the proportion of
nonsynonsymous to synonymous nucleotide diversity was similarly investigated for
BLHI0. A window size of 100 bps and a step size of 20 bps was used for BLH10, while a
window of 75 bps and a step size of 15 bps was used for SSI and PTAC7/PDE225.

PolyPhen (http://genetics.bwh.harvard.edu/pph/) was used to assess the potential effects

of replacement polymorphisms.

Allele specific expression. For each candidate balanced polymorphism, three
heterozygous F1 lines were generated by crossing three different B allele (Ler-0 like)
accessions to Col-0 A allele plants. In the case of the tri-allelic PTAC7 two sets of three
crosses were included to represent both A/B and the A/C allele comparisons (see Table
S3). Fy progeny were grown under long day (16-hour day length, 20° C) conditions in 16-
cell flats with subirrigation following a 3 week vernalization period at 4° C. For each
cross, three individuals were sampled for leaf, mixed-stage bud, and mixed-stage silique
tissues by flash freezing in liquid nitrogen immediately after harvesting. Tissue samples
were collected 21 days after planting or at the first point in development thereafter when
all required tissues were available. mRNA extractions were performed for each of the

three tissue samples for each individual using the Qiagen Plant RNA Extraction kit. 30
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uL of each RNA prep (ranging in concentration between 500 and 800 ng/uL) were
DNase treated using the DNA free kit according to manufacturer suggestions for rigorous
treatment conditions (Ambion, Austin, TX). Maximum amounts of RNA (10 uL) from
each DNase treated sample were used in each of two replicate cDNA reactions using
Ambion’s Retroscript kit (Ambion, Austin, TX) according to manufacturer specifications.
Replicate cDNA samples were pooled and 1 pL of the combined cDNA preparation was
used in each PCR reaction with 7.5 pmol of each, ExTaq polymerase, and ExTaq PCR
reagents (Takara, Madison, WI). To test for the possibility of DNA contamination,
several random DNase treated RNA samples were similarly subjected to PCR
amplification. No product was observed in any of the tested samples, indicating the
absence of DNA contamination in RNA samples subject to analysis. Four PCR and
pyrosequencing reactions were included as technical replicates to assay the allele-
differentiating SNPs of interest. Supplementary Text 2 lists the PCR and sequencing
primers used in the analysis.

The proportion of alternate SNP nucleotides present in the sample was analyzed
using a PSQ96 MA Pyrosequencer and Pyro Gold chemistry (Biotage, Uppsala, Sweden).
SNP proportions were standardized by a within-sample monomorphic peak and then by
an identical measure obtained from DNA. Since both alleles are present at 1:1
proportions in the DNA, any resulting differences in the observed quantity of alleles will
reflect a bias in amplification during PCR amplification. By standardizing our cDNA
measurements by a common DNA measure, we are assured that any observed differences
in the proportion of transcripts are the result of a difference in expression only.

Standardized measures of allele-specific expression were log-transformed normalize the
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distributions. Tests for allele-specific expression were conducted using ANOVA, with
themodel Y =p+ T+ L +A+ T*L + L*A + A*T + A*L*T + I [L]random +
A*I[L]random + T*I [L]random + A*T*I[L]random + error, where Y is the log-
transformed standardized allele expression level, T is the tissue type, L is the line or

cross, A is the SNP allele, and I is the sampled individual.

Spatial distribution of alleles. Approximately 250 4. thaliana accessions were
genotyped at allele-differentiating SNPs for each of the three candidate genes (Table S2).
A. thaliana accessions from Siberia and Central Asia were provided by K. Schmidt
(Leibniz-Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany).
DNA was isolated from young plant leaves using the plant DNeasy mini kit (QIAGEN,
Valencia, CA) and genotyped using cleaved amplified polymorphic sequences (CAPS)
markers. CAPS markers were chosen by comparison of allele sequences in NEBCutter

v2.0 (http://tools.neb.com/NEBcutter2/index.php). Genotyping primers were designed

using Primer 3.0 software and gene products were subsequently digested with appropriate
restriction enzymes (New England Biolabs, Ipswich, MA). Allele-specific digest patterns
were resolved by agarose gel electrophoresis. The genotyping primers and restriction
enzymes are listed in Supplementary Text 3.

Data for average January and July temperature and precipitation are as previously
reported (Stinchcombe et al. 2004). Tests for local adaptation of alleles at candidate loci
to annual high and low temperature and precipitation were performed by stepwise
multiple logistic regression using JMP 5.0 (SAS, Cary, NC). Tests for significant

geographic patterning of alternate alleles according to latitude and/or longitude were
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similarly applied. The inverse distance weighted function of the Geographic Information
System (GIS program, ArcMAP) was applied to the data according to the neighborhood
method using 10-15 points to generate maps depicting predicted allele frequencies across
Europe. The mean value was used if more than two points occur at the same map

position.

RESULTS

Diversity across candidate genes. Full gene sequence data was collected from ~15 4.
thaliana accessions (Table S2) to investigate levels and patterns of nucleotide variation
across each of the three putatively selected loci. Table 1 summarizes data on measures of
nucleotide diversity and tests of selection based on the site frequency spectrum. In
general, levels of silent site nucleotide diversity (m;) are in accord with previous findings
(Cork and Purugganan 2005) and are consistent with expectations for a balanced
polymorphism: (i) increased polymorphism relative to the 4. thaliana genome average
(~0.01) and (i1) a trend for variants to segregate at intermediate frequency (detected as a
significantly positive Tajima’s D value) were observed at all candidate loci.

The standardized intragenic linkage disequilibrium (LD) averaged across all
pairwise comparisons, Zys, is expected to be significantly higher at loci subject to
balancing selection (Kelly 1997). We observe significant elevations at both of the bi-
allelic loci (SST and BLH10), while the lack of significance at the trimorphic PTAC7
likely reflects decreased power due to the small sample size and extreme variability of the

locus. With the exception of Z,s, deviations from neutrality (or from the genome
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average) are generally more extreme than reported in our previous analyses (Cork and
Purugganan 2005) due in part to our current analysis being based on full-gene sequence
data instead of only ~1 kb gene fragments.

Consistent with previous findings and with observations of high intragenic
linkage disequilibrium, the intermediate frequency variants at SS7 and BLH10 form two
highly distinct allele classes, herein referred to as alleles A and B, where A refers to the
Col-0 type and B to the Ler-0 type allele. A trimorphic haplotype pattern was observed
at the PTAC7 locus and allele categories for this gene are as previously described with a
third C-type allele category (see Figure 1).

Interestingly, an ~810-bp polymorphic insertion/deletion (indel) in the BLHI0
gene, representing an insertion in several 4. thaliana accessions relative to the Col-0
genome sequence, was identified in the intergenic region between BLH10 and its
flanking gene, Atlg19690. The indel was found to be associated with the BLH10 B allele
in all but two of the sampled accessions (Bs-1 from Switzerland and Ita-0 from
Morocco). Sequence analysis reveals that this insertion shares 95% identity to a copia-

like retrotransposon on chromosome 3 of the Col-0 reference sequence.

Variation in nucleotide polymorphism levels across gene regions. A sliding window
analysis of nucleotide diversity was conducted to determine the distribution of nucleotide
variation across the high-diversity region containing SS7 and PTAC?7 (see Figure 2).
Patterns in fluctuating levels of nucleotide diversity across these genes do not differ
notably when only silent sites are considered. While both genes display several

characteristics suggestive of balancing selection, it is most reasonable to hypothesize that
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only one of these genes is the true target of selection in this genomic region. Indeed,
significant intergenic linkage disequilibrium was previously observed between these two
loci and suggests that they share correlated evolutionary histories, a finding in line with
expectations of hitchhiking of neutral mutations with selected variants (Cork and
Purugganan 2005). Prior analysis revealed decreased levels of variation and a non-
significant HKA test result at the locus, At5g24310, which is located between these two
candidate genes and it was therefore excluded from the present analysis.

Nucleotide variation across SSI appears to be lowest at the 5’ end and increases to
a ~3-fold higher level towards the 3’end of the gene. Levels of nucleotide diversity are
much higher at the downstream PTAC7 locus, which has a silent site diversity level
greater than 4-fold higher than the genome-wide average (see Table 1). Two peaks of
diversity were localized to the upstream region and within the third intron of the PTAC7
locus. Together, these data implicate PTAC7 as a more likely target of selection in this
genomic region (Figure 2) and opens the possibility that selection might operate on cis-
acting regulatory elements that could be located in the upstream and/or intronic regions
of this gene.

The variability in levels of nucleotide diversity was also assessed across a ~4 kb
region that includes the BLH10 gene, the 3’ intergenic sequence including the identified
retrotransposon insertion and the flanking gene, At1g19690 (see Figure 3). Peaks of
nucleotide diversity are localized to the BLH10 locus within which two peaks of
nucleotide polymorphism levels are observed, one located over the portion of the gene
encoding the BELL domain and another centered in the second intron. As gaps are

ignored in our sliding window analysis, nucleotide diversity is depicted as being zero
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across the section of the intergenic region corresponding to the large indel polymorphism
representing the copia-like retroransposon. This insertion contains 35 segregating sites,
and estimates of nucleotide diversity in this indel (r = 0.017) are slightly higher than the
genome average (see Table 1) and suggest that this indel, although present at only

intermediate frequencies in A. thaliana, does not represent a recent insertion.

Nonsynonymous variation at candidate genes. We examined nonsynonymous
variation across each candidate gene to determine the potential for selective maintenance
of differentially functioning proteins. Only two A/B allele differentiating
nonsynonymous mutations were observed in SS7 — a Gln (Q) to Glu (E) change in exon 2,
and a Thr (T) to Ala (A) change in exon 13 (see Fig. 1). To see if these variants represent
potentially functional amino acid substitutions, we used the online prediction program,
PolyPhen, which uses structural data and/or an alignment-based methodology to
determine if a substitution is likely to affect protein structure and function. Both
substitutions that differentiate the A and B alleles of SSI are predicted to have no
functional effects and are therefore unlikely to produce differential phenotypes that might
be selectively maintained. The single allele differentiating replacement polymorphism
observed in PTAC7, a Gly (G) to Arg (R) polymorphism in exon 2 that differentiates
allele B from alleles A and C, is also predicted to have no functional effects.

At the BLHI10 locus, however, there is a peak of nonysynonymous/synonymous
nucleotiode diversity centered at exon 1. We observed 5 allele-differentiating
nonsynonymous substitutions and one 3 bp in-frame indel clustered within and 32 amino

acids upstream of the protein interacting BELL domain (see Fig. 4). Interestingly, one of
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these changes, a glutamine (Q) to histidine (H) substitution occurring within the
conserved BELL domain is conserved among many (but not all) BELL-like
homeodomain gene family members, and PolyPhen indicates that this may be a
functional polymorphism. This suggests that alternate alleles of BLH 0 might possess

variable functions that are dependent, in part, on protein structure/function differences.

Allele-specific expression of candidate genes. Differences in levels or patterns of
expression among alternate alleles could be maintained by selection acting on divergent
cis- regulatory elements; we thus tested for allele-specific expression of each of the three
candidate genes. For each gene, three B allele-containing accessions (as well as three C
allele accessions for the trimorphic PTAC?7 locus) were crossed to Col-0 (which had the
A type allele) to provide three different heterozygous F1 progeny backgrounds. By
examining the relative expression levels of alternate alleles within multiple genetic
backgrounds we should be able to disentangle expression differences that result from cis-
and frans-acting effects since only cis-acting changes should yield reproducible
differences in allelic abundance across F1 lines. The proportion of transcripts attributed
to each specific allele of a candidate locus in leaf, mixed-stage floral bud and silique
tissues were assayed through detection of allele-differentiating SNPs via pyrosequencing.
No tissue-specific differences in allelic expression were observed, consistent with
the ubiquitous expression patterns of these genes as reported by MPSS analysis (Meyers
et al. 2004). Significant differences in transcript levels from each allele were detected,
however, in two of the three candidate loci. The SS7 locus shows a significant allele

effect, with the Col-0 type A allele being expressed at higher levels throughout the plant
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than the Ler-0 type B allele (P <0.0013, ANOVA; see Table 2). Both allelic
combinations (A vs. B and A vs. C) at the PTAC7 locus also displayed significant allele-
specific differences in expression, with the A vs. B contrast revealing a significant line x
allele interaction (P < 0.0166 , ANOXA; see Table 2) and the A vs. C comparison
demonstrating an overall allele effect (P < 0.0186, ANOVA; see Table 2). The
significant line x allele interaction for the A vs. B allelic comparison at PTAC?7 indicates
that alternate alleles may behave differently in different genetic backgrounds, suggesting
epistatic interaction of alternate cis- alleles with trans-acting factors. For both genes,
however, there is observed variability in allelic abundance that can be accounted for
solely by cis-acting polymorphism at the candidate loci, indicating regulatory differences

between alternate alleles that could be selectively maintained.

The geographic distribution of alleles. Geographic patterns in the distribution of alleles
at selected loci can provide insights into the evolutionary forces that act on genes. In A.
thaliana, the distribution of alleles within and between populations is confounded by
human disturbance and its homogenizing effects on variation among populations,
particularly in agricultural regions of Central Western Europe (Mitchell-Olds and Schmitt
2006). Despite the lack of historically distinct populations across most of the geographic
range of this species, several studies have demonstrated population structure and suggest
that the present day species range was populated through expansions from asian and
mediterranean pleistocene refugia (Sharbel, Haubold, and Mitchell-Olds 2000; Nordborg

et al. 2005; Schmid et al. 2005; Ostrowski et al. 2006).
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We analyzed the geographic distribution of alleles at SSI, PTAC7 and BLHI0 by
genotyping a set of ~250 A. thaliana accessions distributed largely across Eurasia.
Multiple logistic regression revealed that allele identity was significantly correlated with
latitude (P < 0.01) and longitude (P < 0.003) for PTAC?7, and to longitude at SS7 and
BLHI0 (P <0.006 and P < 0.0001, respectively). This latitudinal and longitudinal pattern
patterning may result from a variety of factors including alternate refugial origins and
subsequent spread of alleles, or local adaptation to different environments. Stepwise
multiple logistic regression of allele type on average summer and winter temperature and
precipitation shows no correlation of candidate gene alleles with these climatic variables.

A GIS analysis allows us to map the distribution of alleles across the A. thaliana
geographic range in Eurasia (Figure 4). A longitudinal cline is evident across this
geographic range, a pattern consistent with previous reports of a general trend for loss of
allelic richness in the eastern portion of the geographic range for this species. This
pattern is especially marked for the BLH10 locus, whose allelic distribution is similar to
previous indications of isolation by distance among A. thaliana accessions (Sharbel,
Haubold, and Mitchell-Olds 2000; Nordborg et al. 2005; Schmid et al. 2005). The
longitudinal cline, however, is less apparent for the linked SS7 and PTAC?7 than that
observed from an analysis using genomic-wide data (Nordborg et al. 2005; Schmid et al.
2005). Alternate alleles of these loci show an admixed pattern across a broader portion of
the geographic range, and the observed longitudinal cline is not significant for either
locus when peripheral accessions from Siberia are excluded from the regression analysis
(unpublished data). Interestingly, both SST alleles and two of the three PTAC?7 alleles, are

observed across the full east-west extent of the geographic range, and ~50% of Siberian
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populations contained multiple alleles of both genes even with the small sample sizes (2-
5) investigated here. These observations suggest that evolutionary forces other than
population structure, possibly selection acting to maintain variation within local
geographic locations, might help to explain the spatial distribution of variants in the

SSI/PTAC7 high-diversity region.

DISCUSSION

High-diversity genes represent an important category of loci in organismal
genomes since they may be targets of balancing selection. The relative importance of
balancing selection in maintaining intraspecific variation is not yet well understood and is
still debated among those who believe it may play a major role and those who favor a
mutation-drift balance explanation (Ferreira and Amos 2006; Charlesworth, Miyo, and
Borthwick 2007). In A. thaliana several genomic regions with levels and patterns of
sequence diversity consistent with the presence of a balanced polymorphism have been
identified and suggest a role for selection in maintaining diversity at these genes
(Kroymann et al. 2003; Cork and Purugganan 2005; Kroymann and Mitchell-Olds 2005;
Bakker et al. 2006). If selection is indeed acting at these loci then we would expect to
find evidence for functional variation in addition to simply detecting molecular footprints
of selection. In all three cases studied here, we observe either differences in allele-
specific gene expression levels or differentiated protein variants that provide further

support for the possibility of balancing selection acting at these candidate genes.
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The PTAC?7 gene was identified as a high-diversity gene on chromosome 5 (Cork
and Purugganan 2005) and our analysis indicates that it has high levels of variation in the
promoter region and third intron that could potentially harbor cis-regulatory elements.
Consistent with this analysis, our expression study reveals differences in the level of
allele-specific expression at PTAC7. This gene encodes a protein that is associated with
the plastid RNA polymerase, suggesting a role in chloroplast gene expression; mutant
alleles of this gene produces a pigment defective phenotype (Budziszewski et al. 2001).
There is some evidence that PTAC7expression might be upregulated in response to
metabolite cues; MPSS signatures associated with this gene indicate a nearly two-fold
increase in expression in leaves following treatment with salicylic acid, which may also
suggest a possible involvement in a disease resistance (Ward et al. 1991) or more
generalized stress response. It would be attractive to consider a role for this gene in the
transcriptional reprogramming that is known to occur during disease resistance (Nimchuk
et al. 2003), especially given the pre-established role of balancing selection at other
disease resistance loci.

We also found a difference in the level of expression of alternate alleles at the SS7
locus, which is linked to the PTAC7 gene and also displays high levels of nucleotide
polymorphism. Although the possible functional consequence of this expression
variation is unknown, it is conceivable that the amount of SS7 product could impact
amylopectin branching patterns and consequently alter aspects of resource availability in
the plant. The molecular signal of selection seems stronger, however, at the downstream

PTAC7 locus; it may be that SS7 shares regulatory elements with PTAC?7, or that the

58



observed variation in the level of expression is neutral, and thereby invisible to selection,
but is the result of hitchhiking of neutral cis-regulatory variants at SSI.

In the case of BHLI10, a sliding window analysis reveals a peak of diversity
centered on multiple replacement polymorphisms located within and just upstream of the
protein-protein interacting BELL domain. A recent yeast two-hybrid screen defined the
protein interaction network involving the BELL-like gene family members and their
interactors (Hackbusch et al. 2005). The BLH10 protein was shown to be one of the most
highly connected members of the network, interacting with 13 other known proteins. The
binding affinity and specificity of these transcription factors are largely determined by the
protein interactions they form. Our results, including identifying at least one radical
gultamine to histidine amino acid substitution in the BELL domain, provide a basis for
future investigations into allele-specific phenotypic effects once the precise function of
BLHI0 is defined.

A polymorphic copia-like retrotransposon is located in the intergenic region
downstream of the BLH1( candidate locus, and it is known that large indel
polymorphisms and repetitive elements can suppress recombination in local regions of
the genome and facilitate the maintenance of differentiated alleles (Charlesworth,
Langley, and Stephan 1986; Jaarola, Martin, and Ashley 1998; Casselman et al. 2000).
This may produce a signature similar to that of a balanced polymorphism especially if
alternate alleles are maintained in isolated populations for long evolutionary periods, as
suggested in this case by the strong longitudinal cline at BLHI0. 1t is unclear, however,
why, in the absence of selection, so much excess variation would accumulate in this

region and why it would be confined entirely to the BLH10 locus. It is thought that
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transposition events often accompany gene duplication (Bailey, Liu, and Eichler
2003)and can underlie adaptive evolution (Michalak et al. 2001). For this reason,
transposable element insertions that occur at high frequency within a species are often
considered candidate adaptive trait loci, particularly when they are observed in close
proximity to known genes (Franchini, Ganko, and McDonald 2004).

We see no evidence for local adaptation that could maintain diversity at these
candidate loci over broad geographic scales as determined by winter and summer
temperatures or precipitation. There are, of course, many other environments to which
plants could be locally adapted, although they cannot all be investigated without some
prior knowledge about gene function. The lack of discrete historical populations in
A.thaliana precludes traditional population genetic analyses to compare levels of
variation within and between populations. We were however able to qualitatively
compare the Eurasian allelic distribution of each of our candidate loci with genome-wide
population structure predictions (Nordborg et al. 2005; Schmid et al. 2005). BLHI0
showed a similar pattern to genome-wide markers, while SS7 and PTAC7 seemed less
differentiated along the east to west Eurasian axis than random gene markers.

Understanding the relative contribution of balancing selection to the adaptive
process will be important if the maintenance of within species diversity is to be
adequately explained. Genome scanning may be a useful tool for identifying new sets of
genes subject to balancing selection and this methodology is advanced if the functional
mechanisms responsible can be further characterized. Determining a possible molecular

basis for allelic differentiation of putative balanced polymorphisms and assessments of
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the spatial distribution of alleles are essential if we are to reveal the functional and

ecological significance of these genes.
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Table 1. Measures of diversity for each candidate gene.

p Length ¢ S(silent) d e . No. of Haplotype e,
Gene n (bp) b S p s i 0, Zss Haplotypes Diversity Tajima’s D
BLHI0 14 1856 62 53 0.04182  0.01623  0.0105  0.8245%%* 8 0.833* 2.4083%*
Copia-like 9 684 35 35 0.01698  0.01698  0.0188 nd 6 0.89 0.4962
transposon
PTAC7/PDE225 15 1332 114 112 0.04940  0.03594  0.0263 0.4216 12 0.971 1.6057*
SSI 16 3803 101 96 0.01764 0.01118  0.0080  0.8662%** 13 0.967 1.7100*

nd, not determined. *** P< 0.001, ** P<0.01, * P<0.05
“Number of samples

? Length of sequence region excluding gaps

“Number of segregating sites

4 Estimates are based on silent sites

¢ Estimates are based on total sites
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Table 2. Mixed-Model ANOVA.

SS7 BLHIO0
Ss* MS® DF® F-Ratio P Ss* MS® DF® F-Rratio P
Fixed:
Allele 0.3498  0.3498 1 31.8978 0.0013 0.1216 0.1216 1 4.2217 0.0857
Line 0.0058  0.0029 2 1.1630  0.3742 | 0.0108 0.0054 2 22762 0.1838
Tissue 0.0019 0.0010 2 0.7342 0.5002 0.0040 0.0020 2 0.8725 0.4428
Line x Tissue 0.1773  0.0044 4 3.4317  0.0432 | 0.0062 0.0015 4 0.6692 0.6256
Line x Allele 0.0095 0.0047 2 0.4322 0.6678 0.0804 0.0402 2 1.3944 0.3182
Tissue x Allele 0.2305 0.0115 2 3.0590  0.0844 | 0.0474 0.0237 2 1.3299  0.3008
Line x Tissue x Allele 0.0429 0.1072 4 2.8427 0.0718 0.1241 0.0310 4 1.7400 0.2058
Random:
Individual [Line] 0.0150 0.0025 6 0.2942 0.9081 0.0142 0.0024 6 0.1775 0.9461
Individual x Allele [Line] 0.0659 0.0110 6 29119 0.0544 0.0277 0.0023 6 0.1293 0.9994
Individual x Tissue [Line] 0.0155 0.0013 12 0.3423 0.9623 0.1730 0.0288 12 1.6164 0.2253
Individual x Allele x Tissue [Line] 0.0453 0.0038 12 7.1064 <0.0001 | 0.2142 0.0179 12 11.1565 <0.0001
PTAC7 PTAC7
A/B A/C
Ss*  MS® DF® F-Ratio P ss* MS® DF® F-Ratio P
Fixed:
Allele 0.0001 0.0001 1 0.0054 0.9441 0.2194 0.2194 1 10.250 0.0186
Line 0.0124 0.0062 2 2.2461 0.1870 0.0055 0.0028 2 0.6852 0.5395
Tissue 0.0027 0.0014 2 0.8078 0.4687 0.0059 0.0029 2 1.5680 0.2483
Line x Tissue 0.0015 0.0004 4 0.2188 0.9228 0.0044 0.0011 4 0.5899 0.6764
Line x Allele 0.0684 0.0342 2 8.7578 0.0166 0.0225 0.0112 2 0.5250 0.6164
Tissue x Allele 0.0040 0.0020 2 0.9317 0.4206 0.0458 0.0229 2 1.8463 0.1999
Line x Tissue x Allele 0.0086 0.0021 4 0.9866 0.4513 0.1080 0.0270 4 2.1752 0.1336
Random:
Individual [Line] 0.0166 0.0028 6 0.8053 0.6168 0.0241 0.0040 6 0.3696 0.8499
Individual x Allele [Line] 0.0234  0.0039 6 1.8005 0.1817 0.1284 0.0019 6 1.7247 0.1985
Individual x Tissue [Line] 0.0203  0.0017 12 0.7797 0.6633 0.0224 0.0214 12 0.1504 0.9987
Individual x Allele x Tissue [Line] 0.0260 0.0022 12 1.8699 0.0416 0.1489 0.0124 12 3.2592 0.0003

S8, sum of squares
> MS, mean square
¢ DF, degrees of freedom
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Figure 1. Haplotype networks
Haplotype networks showing the relationship between allele classes among sequenced A.
thaliana accessions at SSI, PTAC7 and BLH10. Bars in black mark noncoding SNPs,
white bars for nonsynonymous changes, gray bars with no border for nonsynonymous
indels, gray bars borders for tri-allelic SNPs, and X for homoplasies. Longer branches are
marked by a solid line and all SNPs that are not silent or noncoding are indicated by their
appropriate bar. The number of total allele-differentiating SNPs that contribute to these

branches are also indicated.

71



0.08 1

0.06 1
n
0.04 - }
0.02 N
.
_______ . ﬁ“rkr'} _
0 . — —
bp 0 1000 2000 3000 4000 0 500 1000 1500 2000 2500
~6.2 kb
At5g24300 Atbg24313 At5g24314 At5g24316
SSI/ PDE225/PTAC7

Figure 2. Sliding window analysis of $S7 and PTAC7

Sliding window analysis of total nucleotide diversity () across SS/ and PTAC7 (PDE225). Focal genes are diagramed in dark
grey, while flanking genes are in black. The dashed line represents average genome-wide nucleotide diversity in 4. thaliana.
All observed nonsynonymous variants at candidate loci are indicated as flags on the gene diagram as follows: grey flags
represent singletons and knobbed black flags indicate allele-differentiating variants. Black flags indicate replacement

polymorphisms that occur with a frequency > 10% that do not differentiate allele classes.
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Figure 3. Sliding window analysis of BLH10

Sliding window analysis of total nucleotide diversity (r) and the proportion of
replacement to synonymous nucleotide diversity, Pa/Ps, across the BLH1( gene region.
The dashed line represents average genome-wide nucleotide diversity in 4. thaliana.

Replacement polymorphisms are as described for Figure 1.
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Figure 4. BLHI10 BELL domain protein sequence alignment.

Alignment of the region of the BLH10 protein showing the clustered

replacement polymorphisms (arrows) observed within and just upstream of the BELL
protein-interacting domain. Both A and B BLH0 alleles are indicated and are aligned to
the homologous Arabidopsis lyrata BLH10 sequence and the A4. thaliana BLH3 paralog.

The radical amino acid substitution predicted by PolyPhen is indicated by an asterisk.
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Figure 5. Geographic allele frequency distributions

Inverse distance weighted map of observed and predicted allele frequencies for

each candidate locus across A. thaliana’s natural historic geographic range. Data points
to the right of the map represent allele identities for ~30 accessions from eastern Siberia
and Central Asia. Where populations are monomorphic only one data point describing

the identity of accessions collected from that locale or population is depicted.
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Supplementary Table 1. Sequenced 4. thaliana accessions.

Seed stock  Ecotype Origin
CS1244 Ita-0 Ibel Tazekka - Morocco
CS1364 Me-0 Mechtshausen/Hessen - Germany
CS6090 Lisse-1° Lisse, Keukenhof - Netherlands
CS6622 Bla-10 Blanes/Gerona - Spain
CS6764 Kr-0 Krefeld - Germany
CS6780 Lip-0 Lipowiec/Chrzanow - Poland
CS6799 Mt-0 Martuba/Cyrenaika - Libya
CS6807 Nok-0 Noordwijk - Netherlands
CS901 Ag-0 Argentat - France
CS902 Cvi-0 Cape Verdi Islands
CS903 Kas-1 Kashmir - India
CS20 Ler-0 Landsberg erecta
CS1202 Gr-3 Graz - Austria
CS6824 Oy-0 Oystese - Norway
CS6876 Tu-1 Turin - Italy
CS6918 Te-0 Tenela - Finland
CS917 Da(1)-12  Czechoslovakia
CS996 Bs-1 Switzerland - Basel
CS6665 Chi-1 Chisdra - Russia

*This designation does not represent an official ecotype name.
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Supplementary Table 2. Genotypes of candidate genes.

Accession BLHI0 PTAC7 SSI Accession BLHIO0  PTAC7 SSI
allele allele allele allele allele allele

910 B B B 6611 A C A
913 B C A 6612 B C A
915 B A A 6614 B A A
919 A A A 6615 B A A
920 A A A 6616 A B B
923 A A A 6618 A A B
924 A A A 6626 A A A
926 A A A 6631 A A A
927 B A A 6632 B B B
928 B A A 6633 B A A
932 A C A 6634 B B B
1316 A C A 6636 B B B
1602 B C A 6637 B A A
3109 A C A 6639 B B B
3180 A B A 6640 A A A
6044 A A A 6641 B C A
6047 A C A 6646 B A A
6048 A C A 6650 A B B
6058 A C A 6651 A ? B
6060 A C A 6655 A B B
6062 A C A 6656 A B B
6065 A B B 6659 A B B
6073 A C A 6665 B C B
6076 A B A 6676 A C A
6078 A C A 6677 B B B
6087 B B A 6678 B B B
6090 B B B 6681 B B B
6093 B B B 6683 A B A
6095 A C A 6685 B C A
6097 A A A 6686 B B A
6098 A A A 6638 A B B
6100 B A A 6689 A B B
6102 B C A 6690 B A A
6104 A A A 6692 A C A
6181 A A A 6693 A B B
6600 A C A 6694 A A A
6602 A B A 6695 B C A
6603 A A A 6700 A A B
6604 B B B 6703 B C A
6605 A A B 6704 A B B
6606 A C A 6708 B A A
6608 A C B 6709 B C A
6609 B C A 6710 A A A
6610 B B B 6712 A A A
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Supplementary Table 2 continued.

Accession BLHI0 PTAC7 SSI Accession BLHIO0  PTAC7 SSI
allele allele allele allele allele allele
6713 B A A 6809 B B B
6718 A A A 6810 B A A
6720 B B B 6812 B C A
6722 A C A 6813 A A A
6725 A C A 6816 B B ?
6727 B C A 6818 B C A
6728 A B B 6820 B A A
6730 A B B 6821 B A A
6731 A C A 6822 A B B
6732 B C A 6823 B A A
6733 B A A 6825 B B B
6736 A B B 6826 B A A
6738 A A A 6827 B A A
6739 A A A 6831 A A A
6741 A A A 6832 A A A
6742 A B A 6833 A C A
6744 B A A 6834 A B B
6747 A A A 6835 A B B
6748 A A A 6837 A C A
6752 B B B 6838 A C A
6753 B B B 6839 A C A
6756 A B B 6840 B A A
6757 A C A 6841 B A A
6760 B C A 6845 A A A
6761 B C A 6846 A C A
6762 B C A 6847 B C A
6765 B A A 6850 B A A
6766 A B B 6853 A A A
6767 A A A 6855 A C A
6768 B A A 6856 A A A
6770 A A A 6859 B A A
6772 A A A 6860 B A A
6775 B C A 6862 A B B
6777 A B B 6863 A B B
6778 A A B 6864 A A A
6781 A A B 6867 A B B
6782 A A B 6872 B A A
6783 A A A 6873 A C A
6784 A B B 6875 A C A
6785 A B B 6876 A A A
6788 B A A 6879 A A A
6789 B C A 6880 A C A
6790 B A A 6881 B C A
6793 B A A 6882 B ? B
6797 B A A 6885 A B B
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Supplementary Table 2 continued.

Accession BLHI0 PTAC7 SSI Accession BLHIO  PTAC7 SSI
allele allele allele allele allele allele
6798 B A A 6886 A ? B
6800 B C A 6887 A A A
6801 A A A 6888 B C A
6802 B B B 6389 B C A
6804 A A A 6892 B C A
6893 A C A 9628 B A B
6895 A A A 9629 B A A
6896 A A A 9630 B C A
6903 A A A 9631 B C A
6906 B A A 9632 B A B
6918 A C A 9633 B A B
6920 A C A 9634 B C A
6923 B B B 9635 B A B
6928 A ? A 9636 B C A
6619 B ? A 9637 ? A B
6621 A B B 9638 B C A
6622 A B B 9639 B A B
6623 A B B 9640 B C A
6624 A A A 9641 B A B
6669 A B B 9642 B A B
6671 A A A 9643 B A B
6672 A B A 9644 B A B
6836 A B B 9645 B A B
6857 A ? B 9648 B A B
6868 B A B 9649 B A B
6869 B ? B 9650 B A B
6870 B A ? 9651 B A B
6871 A ? B 9652 B A B
6917 B A A 9653 A A A
9624 B A B 9654 A A A
9625 B A B 9655 A A A
9626 B A B 9656 A A A
A A A

9627
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Supplementary Text 1. Gene PCR and sequencing primers.
BLH]10:

BLHIF'- CCAAACTCATCGAACTAAGAACTCA
BLH2F- CACCGTTTCATGTGGATGAG

BLH3F- AATGAGACATCAGGAGGGTTT
BLH4F- AAGAAGAACAAGCTTTTAACAATGG
BLHIR- TGCAACCATTAACACATCCA

BLHSF- CATTTGAGATAGTAGCAGGACTTGG
BLH6F>- AGAACCCAACAGCACAAACC
BLH7F- GTGTAGGTTGCTTTTGTGTATAGTAGA
BLH8F- CGGTGGTATAAAGGATACTTGCA
BLH2R'- GTTGCTGTGGGTCGTTATCA

BLH3R- CTTTCTTGCTGGTTGCTTCC

BLH4R- GCGCTTCAAGAATCATCTCC

BLHS5R- TCGGAGGACTGAGAGACTCC

BLH6R- CCATCATTGAAGATCTGATTAAAAC
BLH7R*- CATGAACAAAAGAGATGAAACTTGG

SSI:

SSI_1F'- CGAAGAAACTCTCACTCTTTAATTG
SSI 2F- TTTTGCTTGTGGTCCTCAGA

SSI 3F- GGGCTAAGGATTTGGGGATA

SSI 1R- CATGCCAGTCATTGACAAGG

SSI 2R- ACTGCTCCATACCATTCCGA

SSI 3R- CACCGGAATATCAGCTCAGA
SSI_4F*- CAAGATGGCACTACAAAAGGAATT
SSI 5F- GCCTGAATGTCCTATGGTGA
SSI_4R'- CCGTTCAATAGACTGACTTACGAAT
SSI 5R- CCAACTCGGTTTGGTTCAGT
SSI_6R* AATTCTATACCTCCCCAAAACAAAC
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Supplementary Text 1 continued.

SSI 6F- AGTTGTTCATGGCACTGGAG
SSI 7R- AGTTCGGGTCATTCCTCTT
SSI 8R- AAATTCTCAACCGTATCCTGAAAA

PTACT:
PTAC7_1F'- CCGATTCTCACCATCATCA

PTAC7 IR'- CTAAGACTTCCCAAGCCATC

PTAC7 2F- GGGTTCCCACTAACTATTATTAGATTG
PTAC7 2R- TCCAACAAATAGCCAGGACC

PTAC7 3F- TGTTCTTCTCCATCTTCGATTTTAC
PTAC7 4R- GTAACGCAACATATCGTCCTTCTT

PCR primer sets are denoted by ' and *.
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Supplementary Text 2.

Pyrosequencing SNPs and Primers:

PTAC7: A/B allele comparison

Expected sequence: (A/G)TCAAAGCCGAGATCG...

Sequencing primer: 5- CTACATAAGCCTCAGGGCG -3’

PCR primers: PTAC7pF: 5’- /Bio/TGACGAAGAAGGACGATATG -3’
PTAC7pR: 5’- CTACATAAGCCTCAGGGCG-3’

PTACT7: A/C allele comparison

Expected sequence: (T/C)ACTTGTTCTTCCACAAA...

Sequencing primer: 5’- TTCCCAACTTCTCTTATCTTCCT -3’

PCR primers: PTAC7pF: 5’- /Bio/TGACGAAGAAGGACGATATG -3’
PTAC7pR: 5’- CTACATAAGCCTCAGGGCG -3’

SSI:
Expected sequence: ATTCCG(T/C)GGTTGGGTTGGG...
Sequencing primer: 5°- TGGAGGAAACATACAGAGACAA -3’
PCR primers: SSIpF: 5’- ATGCTTGGTTCGGGTGA -3’

SSIpR: 5’- /Bio/GGCTGTGATTCGATGAGAGA -3’

BLH10:

Expected sequence: (G/T)ATCATCTCG...

Sequencing primer: 5’- CAGATTGACCCACAA -3’

PCR primers: BLHI10pF: 5'-/Bio/TCTCTGTTGCTCCGTTTCAC - 3'
BLH10pR: 5’- GCTGCTCATAAACCCTCCTG- 3
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Supplementary Text 3. Genotyping PCR primers and restriction enzymes.

SOLUBLE STARCH SYNTHASE 1

Primers:

SSIgF- CAGCCGGGTAAAAACAAATC
SSIgR- TTCTGCATAAGGGTTGAAATTCT

An indel with visible product size differences was genotyped. No was enzyme used.

PLASTID TRANSCRIPTIONALLY ACTIVE 7
Primers:

PTAC7gF- TGTTGAGGTTCCATCTTGTAATG
PTAC7gr- GGAACTCTTTGCATTTTGTAACG

Restriction enzyme: BstYI
Product description: PCR product is ~1485 bp. BstYI cuts allele A once (322 bp and
1163 bp), allele B twice (322 bp, 789 bp, and 374 bp), and does not cut allele C (1485

bp).

BELL-LIKE HOMEODOMAIN 10

Primers:

BLH10gF- CCTGCTCAGAATTTGCTTGA

BLH10gr- GCTTCCATTTGATGGTAATATTGG

Restriction enzyme: Bfal

Product description: PCR product is ~370 bp. Bfal cuts allele B once (253 bp and 117
bp) and does not cut allele A (370 bp).
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CHAPTER FOUR

Nucleotide variation across a rice centromere
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ABSTRACT

Rice centromere 8 contains actively expressed genes and relatively few satellite
repeats leading to the suggestion that it represents an intermediate stage of centromere
evolution. We sequenced fragments from ~18 expressed single copy genes distributed
across a ~3.3 Mb region encompassing rice centromere 8 in ~ 20 individuals each of
three domesticated O. sativa varieties (indica, temperate japonica, and tropical japonica)
as well as from the wild progenitor, O. rufipogon and compared population data to the
outgroup O. meridionalis to assess the evolutionary forces shaping genetic variation in
this region. Estimates of the historical population recombination rate for each rice group
corroborate genetic map data indicating that this region is largely non-recombining
among domesticated varieties. Our empirical findings contradict theoretical predictions
and empirical data from animal models which predict that nucleotide diversity should be
low in this non-recombining region due to hitchhiking with selected variants. We find
that both temperate japonica and tropical japonica centromere 8 regions possess
significantly elevated levels of nucleotide variation when compared to an empirical
genome-wide distribution. While indica and O. rufipogon show decreased diversity,
HKA tests do not support the hypothesis that natural selection is responsible.
Demography and/or selective interference seem most likely to explain patterns of

diversity and divergence at rice centromere 8.
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INTRODUCTION

Centromeres are a defining feature of eukaryotic chromosomes, functioning to
mediate sister chromatid cohesion and microtubule attachment during chromosomal
segregation in both mitosis and meiosis. All higher eukaryotic centromeres consist of
100-200 bp satellite DNA repeats interspersed or flanked by a large number of
transposable elements (Dawe 2005) that together span broad regions of a chromosome
(>1Mb) (Ma and Bennetzen 2006). The functional centromere, or kinetochore, is
associated with a centromere-specific histone variant (CENH3) and other centromere-
specific proteins (Talbert et al. 2002). CENH3-affiliated DNA exists within
heterochromatin, which has a high proportion of epigenetic marks, including histone
modifications like dimethylated H3 lysine-9 (H3K9me2). Recent work in yeast, humans,
and rice , however, suggests that kinetochores may also possess euchromatic or other
distinctive methylation features (Cam et al. 2005; Sullivan and Karpen 2004; Wong et al.
2006; Yan and Jiang 2007). Centromeres are also known to have reduced levels of
meiotic recombination, a characteristic that has been attributed to the repetitive nature of
these regions and their associated heterochromatin, but may also be epigenetically
regulated (Yan et al. 2005). Despite a lack of homologous recombination in the region,
unequal crossing over is prevalent in centromere cores, providing a mechanism for rapid
satellite expansion and contraction (Ma and Bennetzen 2006; Ma et al. 2007).

Centromeres present a paradox in that they are functionally conserved across
higher eukaryotes, even though the repetitive DNA sequences that define them are highly

variable even among closely related species (Hall et al. 2003; Henikoff et al. 2001; Jiang
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et al. 2003; Malik and Henikoff 2002). Recent comparative evolutionary studies of
pericentromeric sequences in rice and other plant species have highlighted these regions
as highly dynamic in terms of size and structural divergence (Hall et al. 2006; Ma and
Bennetzen 2006) but also have also demonstrated similar genomic features among
homologous centromeres from different species (Hall et al. 2006).

While there have been numerous comparative studies of centromere evolution
between species, there have been a relatively limited number of empirical studies on the
microevolutionary processes acting at centromeres or pericentromeric regions. A few
studies have focused on the rapid evolution and homogenization of centromere satellite
repeats within species, including the model plant A. thaliana and its relatives (Hall et al.
2003; Kawabe and Charlesworth 2007; Kawabe and Nasuda 2006; Kawabe et al. 2006).
There have also been several studies on the levels and patterns of nucleotide
polymorphism at or near centromeres (Cabot et al. 1993; Hall et al. 2003; Nachman 1997;
Stephan and Langley 1989; Stephan and Mitchell 1992; Wright et al. 2005; Wright et al.
2006). One focus of attention in these latter studies has been the low levels of
recombination observed in centromeres, since theoretical predictions based on models of
genetic hitchhiking (Charlesworth et al. 1993; Hudson and Kaplan 1995; Innan and
Stephan 2003) leads to the prediction that these low recombination levels should result in
decreased intraspecific diversity. Selective scenarios, including selective sweeps
(Maynard Smith and Haigh 1974), background (Charlesworth et al. 1993) balancing
selection (Charlesworth et al. 1997), and selective interference (Hill and Robertson 1966;
Otto and Barton 1997) have greater impact in regions of low recombination due to

hitchhiking of selected variants. Often, selective events may be population specific, and
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manifest locally in the genome as regions of elevated divergence between selected and
non-selected populations. Alternatively, species-wide demographic effects could also
have pronounced effects on diversity in low recombining regions since genetic drift will
play a stronger role in regions of the genome with a smaller effective population size (Ne)
(Charlesworth et al. 1997).

In Drosophila, reduced levels of variation in low-recombining centromere and
sub-telomeric regions and positive correlations between recombination and nucleotide
diversity (but not divergence) have been attributed to recurrent selective sweeps and their
associated hitchhiking effects (Begun and Aquadro 1992; Langley et al. 2000; Przeworski
et al. 2001). Positive correlations between diversity and recombination rates and have
also been observed in other animal models including mice (Nachman 1997; Takahashi et
al. 2004) and humans (Nachman 2001). Data from plants, however, are more equivocal,
and no strong relationship between recombination and nucleotide variation has been
observed (Baudry et al. 2001; Bevan et al. 2001; Nordborg et al. 2005; Roselius et al.
2005; Tenaillon et al. 2002; Wright et al. 2005; Wright et al. 2006). In maize, the
correlation between recombination and diversity seems to depend on the measure of
recombination employed (Tenaillon et al. 2002), although a significant clustering of
genes with the signature of positive selection have been observed near centromeres
(Wright et al. 2005). Polymorphism data from the pericentromeres of six 4. lyrata
populations also show contrasting patterns, with only one population showing the
decreased diversity consistent with theoretical models of selective hitchhiking (Wright et

al. 2006). Contrary to data from Drosophila pericentromeres (Stephan and Langley
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1989; Stephan and Mitchell 1992), data from plants do not seem to show any general
trend for levels of diversity in centromeric regions.

A major limitation of previous studies on centromere variation has been the lack
of detailed sequence information spanning eukaryotic centromeres. In this regard,
domesticated rice (Oryza sativa) has emerged as a model for the study of centromere
structure, function and evolution (Yan and Jiang 2007), largely as a consequence of the
completion of full length centromere sequences for chromosomes 4, 5 and 8 (Matsumoto
et al. 2005; Nagaki et al. 2004; Wu et al. 2004; Zhang et al. 2004). Sequence analysis
reveals that rice centromeres are characterized by 155-bp Cen0 satellite repeats
(extending over 60 kb to 2Mb) and centromere-specific CRR retrotransposons, either or
both of which are required for associations with centromeric histone 3 (CENH3) (Nagaki
et al. 2004).

The most noteworthy feature of these rice centromeres is the presence of
expressed, functional genes that exist within the heterochromatic CENH3 binding domain
(Nagaki et al. 2004; Wu et al. 2004; Zhang et al. 2004), which had previously been
observed only in pericentomeres and human neocentromeres (Saffery et al. 2003). These
genes appear to be primarily associated with islands of euchromatic epigenetic features,
including enrichment in H4 acetylation and H3K4me?2 (Yan and Jiang 2007), that are
embedded within the largely heterochromatic centromere. The presence of actively
expressed genes and the reduced occurrence of repetitive elements in rice centromere 8
have led to suggestions that it represents an intermediate stage in centromere evolution

(Nagaki et al. 2004; Yan and Jiang 2007).
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Here we report on a molecular population genetic study of expressed genes in rice
centromere 8, including genes located within the functionally defined kinetochore.
Patterns of polymorphism and divergence are compared among three major domesticated
rice varieties (indica, temperate and tropical japonica) and the wild progenitor, Oryza
rufipogon using the outgroup O. meridonalis.. We show contrasting patterns of variation
between rice groups across the region and observe no evidence of hitchhiking with
selected variants, despite the obvious role of selection in shaping genomic diversity in
this domesticated species. Genetic drift and/or selective interference seem most likely to
play a role in shaping the observed nucleotide diversity at genes in the rice centromere 8

region.

MATERIALS AND METHODS

Population Sampling. A collection of 96 rice accessions were included to represent a
diverse sample of domesticated Oryza. sativa and the wild ancestor, O. rufipogon. The
O. sativa sample comprises 18 tropical japonica, 21 temperate japonica, and 21 indica
landraces (with the exception of five accessions, which are modern cultivars) collected
from diverse Asian locales. Twenty-one O. rufipogon accessions were included and
consist of 8 samples from both Nepal and China, and one each from Malaysia, Laos,
India and Papua New Guinea. Also included in the collection is one sample from each of
two outgroup species, O. barthii and O. meridionalis, and one O. nivara accession (see

Olsen et al. 2006 for a detailed sample listing).
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Seed was obtained from germplasm repositories (International Rice Germplasm
Collection (IRGC), Philippines; National Small Grains Collection, Idaho; and from the
Rice Genetic Resources Unit, Japan) with the exception of Nepalese O. rufipogon
accessions, which were obtained from Hee Jong Koh (Seoul National University). DNA
was isolated from single plants as described in McCouch et al. 1988 with slight
modification. All O. sativa accessions were purified by self-fertilization for two

generations prior to initiation of the study.

PCR and sequencing. Approximately 1 kb of nucleotide sequence data were obtained
from 18 of 20 genes chosen to span a 3.3 Mb region including centromere 8. PCR

primers were designed using Primer 3 software (http:/frodo.wi.mit.edu/) and the

Nipponbare (temperate japonica) genomic sequence and annotation (Www.gramene.com)
as a reference. Primers were anchored in exons and designed to generate ~500 bp PCR
products including both coding and intronic DNA whenever possible. Primers were
blasted against the Nipponbare standard to ensure that only the gene of interest would be
amplified. See table S1 for a list of primer sequences. Two separate PCR and sequencing
reactions were performed at each locus to obtain ~1 kb total sequence. In most cases the
amplicons are overlapping, although this was not possible for several loci (Os08g19850,
0508221590, 0Os08221840, 0s08g22160, Os08g23100, Os08g23150) due to undesirable
GC content and repetitive/non-unique sequences. DNA sequencing was performed by
Genaissance (New Haven, CT) as previously described (Olsen et al. 2006).

Phred and Phrap (Codon Code, Dedham, MA) were used in conjunction with

Biolign Version 2.0.9 (Tom Hall, NC State University) for sequence editing and
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alignment. Heterozygous sites were identified using Polyphred (Deborah Nickerson,
University of Washington) and manually by visual inspection. As expected,
heterozygotes were uncommon in O. sativa with the exception of the Indonesian indica
accession POPOT-165 which was excluded from further analysis. Heterozygous O.

rufipogon positions were assigned ambiguity codes.

Population genetic analysis. Intra- and inter- specific measures of diversity and
divergence were estimated independently for each examined locus in the centromere 8
region. DNAsp 4.10 (Rozas and Rozas 1999) was used to calculate silent site nucleotide
diversity as both n (Tajima 1983) and Oy (Watterson 1975), Tajima’s D (Tajima 1989),
and the number of nonsynonymous (Ka) and silent (Ks) substitutions per site (Nei 1987)
for O. sativa and O. rufipogon comparisons with O. meridionalis. All analyses were
preformed separately in each population (indica, temperate japonica, and tropical
Jjaponica) and in each species as a whole (O. sativa and O. rufipogon). Tests for
significant differences among the above mentioned parameters and statistics between the
CenS region and a random genomic sample (Caicedo et al., submitted) were conducted
using non-parametric Mann-Whitney tests (web tool available at
http://faculty.vassar.edu/lowry/utest.html). TASSEL 2.0

(http://www.maizegenetics.net/index.php?page=bioinformatics/tassel/index.html) was

used to estimate and describe linkage disequilibrium between informative variants with
frequencies >10% in each rice group across the Cen8 region, as well as to generate a
minimum spanning tree which was used as a guide during manual construction of the

presented haplotype network. HKA tests of selection (Hudson et al. 1987) were
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conducted using the multiloucus application available from Jody Hey (Hey and Nielsen

2004) (http://lifesci.rutgers.edu/_heylab/HeylabSoftware.html). Since the rate of
recombination across centromere 8 was not significantly different from zero we
concatenated sequence fragments to generate a single centromere locus which was then
compared to a collection of 5 random genomic STS loci (Caicedo et al., submitted).

LD was quantified as P = (P11P2y—P2P; 1)2/(p (I-p1)p2(1-p)) (Hill and Robertson
1966), where p; and p; are the allele frequencies at the first and second locus
respectively, and P are the haplotype frequencies at loci i and j. Estimates of # and
recombination were calculated using LDhat (McVean et al. 2002) software. Since
pairwise LD estimates in a given dataset are not independent we used a permutation test
to assess whether there was a significant decline of LD with physical distance
(Charlesworth and Awadalla 1998). This test randomizes the positions of segregating
sites, and for each randomization computes the correlation coefficient for physical
distance between pairs of sites and LD. Estimates of 4Nr were calculated for SNP data
only using the composite likelihood approach in LDhat. Estimates were made using
models of single crossover and gene conversion (Awadalla and Charlesworth 1999;
McVean et al. 2002). The relationship between physical distance and recombination rate
with gene conversion is R;; = 2ct(1-e-""Y), where ¢ is the per base rate of initiation of gene
conversion and ¢ is the average gene conversion tract length (assuming an exponential
distribution (Andolfatto and Nordborg 1998)). We fixed the average tract length and

estimated the compound parametery = 8N,ct, i.e., the population rate of recombination

between two distantly linked loci caused by gene conversion.
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RESULTS AND DISCUSSION

Levels and patterns of diversity within and among rice varieties at rice centromere
8. Population sequence data from 18 loci scattered across a 3.3 Mb region encompassing
rice centromere 8 (Table 1) was collected from three major domesticated rice varieties
(indica, and temperate and tropical japonicas) and the wild progenitor species, O.
rufipogon. The sampled region includes a previously defined 2.3 Mb non-recombining
region (Yan et al. 2005) and represents the first polymorphism data for active genes
physically located within the kinetochore of a centromere.

Levels of per site nucleotide diversity across centromere 8 vary widely across
gene fragments, ranging from © = 0.0000-0.0047 for domesticated rice, and © = 0.0003-
0.0075 for O. rufipogon (Fig. 1 and Table 2). Levels of silent nucleotide variation are
much higher in the tropical and temperate japonica variety groups relative to indica,
which differs from genome-wide estimates of silent diversity where indica is the most
polymorphic (Caicedo et al., submitted) (Fig. 2).

Diversity is reduced by about half in the centromeric region of O. rufipogon and
O. sativa ssp. indica compared to a genome-wide sample (Fig. 2). The distributions of
silent site nucleotide polymorphism levels between genome-wide vs. centromere loci for
these two groups are significant using a non-parametric Mann-Whitney test (p < 0.031 for
O. rufipogon and p < 0.023 for indica). Surprisingly, and in contrast, both temperate and
tropical japonica display an increase in diversity at the centromere relative to subspecies
genome averages; these differences are also significant (Mann-Whitney tests,

p<0.0001for temperate japonica and p<0.009 for tropical japonica). The significant
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differences in the distributions reflect both a change in median nucleotide levels between
groups and the variances in the centromere 8 regions (Fig. 2).

Levels of silent nucleotide polymorphism also vary across the centromere 8
region. Interestingly, levels of nucleotide variation are quite high at several genes
sampled in the kinetochore, with average kinetochore diversity around 0.0020 in
domesticated rice and 0.0024 in the wild ancestor, O. rufipogon (Fig. 1 and Table 2).
Additionally, we observed a local decrease in nucleotide diversity (n()) between positions
12.5 and 13.3 Mb along the chromosome, with the valley of reduced variation including
and just upstream of the primary 38.3 kb CentO repeat array (Nagaki et al. 2004)( Fig 1).

This pattern, however, is not as marked when 6, is considered (Fig. 1).

Tajima’s D for genes in a rice centromere. We calculated Tajima’s D (Tajima 1989),
which is sensitive to the skew in allele frequencies relative to those observed under a
neutral-equilibrium model, at loci of the centromere 8 region and in comparison to
genome-wide estimates (Caicedo et al., submitted). Negative Tajima’s D values indicate
the presence of low frequency variants in the sample, while positive values suggest
intermediate frequency polymorphism. Centromere 8 Tajima’s D values for all but one
group are largely negative, with the exception of tropical japonica, which has Tajima’s D
values that tend toward positive values (Fig. 2 and Table 2). We tested if the distribution
of Tajima’s D between centromere and genome-wide loci are significantly different, and
only two significant results were observed. The centromere 8 tropical japonica sample
has significantly higher Tajima’s D compared to the genomic sample (Caicedo et al.,

submitted) (p<0.0047), while indica values were significantly lower (p<0.0006) (Fig. 2).
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Recombination and linkage disequilibrium. Several studies have suggested that
patterns of variation in pericentromeric regions are different from euchromatic genomic
regions, a difference that has been primarily attributed to the reduced frequency of
crossing-over events near centromeres. To investigate the contribution of recombination
in shaping patterns of variation in the centromere 8 region we inferred population
recombination rates from single nucleotide polymorphisms for centromeric regions of the
largely selfing domesticated O. sativa variety groups and compared these with the
outcrossing progenitor species O. rufipogon (Fig. 3).

Genetic maps of O. sativa suggest that crossing over is reduced in pericentromeric
regions on chromosome 8, and was the basis for defining a 2.3 Mb non-recombining
region associated with the centromere (Harushima et al. 1998). Composite likelihood-
based inferences of the historical population recombination rates (p = 4Nr), confirm this
observation and appear to be greatly reduced in rice centromere 8 of all domesticated
subspecies and the outcrossing progenitor. Across a 3.3 Mb region, estimates of
population recombination rates were not significantly different from zero for O. sativa
subspecies (Fig. 3), and sites are in extremely high LD (Fig. S1). Similarly, LD does not
significantly decay with distance (p>0.2, see methods). For the same region in O.
rufipogon, however, the inferred rate was low (p ~ 2 -5), yet significantly different from
zero (Fig. 3), perhaps arising from the larger effective population size in this outcrossing
species. LD decays significantly with distance (»<0.02) in O. rufipogon. Similar
patterns were observed if a model of gene conversion was implemented rather than 4Nr-.

Altogether, these observations suggest that recombination has occurred in the history of
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this region and likewise in the ancestor of this group of species. However, the signature
of recombination has been lost over time in the domesticated varieties, possibly as a
consequence of both reduced crossing over due to proximity to a centromere and genetic

drift associated with a reduction in the effective population size.

Relationships between haplotypes at centromere 8. To examine the evolutionary
relationhips among centromere haplotypes, we constructed a minimum spanning
haplotype network of rice centromere 8 that includes the three main domesticated rice
variety groups as well as the wild progenitor, O. rufipogon (Fig. 4). Core haplotypes
were identified using all informative SNP’s identified among sampled loci across the
Cen8 region. The three core haplotypes represented primarily by temperate japonica,
tropical japonica and indica are defined as haplogroups A, B and C, respectively. In
general, these haplotype groups distinguish the three domesticated variety groups,
although more extrensive haplotype sharing is observed between temperate and tropical
Jjaponicas. O. rufipogon haplotypes are distributed throughout the network and connect
the O. sativa core haplotype groups, a pattern that is consistent with O. rufipogon being
ancestral to domesticated rice.

Approximately 83 percent of sampled temperate japonicas have rice centromere 8
haplotypes that belong to haplogroup A, while approximately 6 percent belong to both
haplogroups B and C. One unique and highly divergent temperate japonica haplotype
was also observed. Sixty-five percent of tropical japonica centromere haplotypes are
haplogroup B variants with shared tropical japonica haplotypes confined to haplogroup

A and a smaller uniquely tropical japonica haplotype cluster branching off the core A
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grouping. The observation that temperate japonica centromere 8 haplotypes belong to
additional network haplogroups and are more diverse than those found in tropical
Jjaponica is somewhat surprising since the former is known be the result of a secondary
domestication from tropical japonica (Caicedo et al., submitted). While it is possible that
this may simply reflect chance sampling, it may also suggest that ancestral haplotypes
absent in the tropical group still persist in the temperate japonicas. Indica haplotypes
show a less diverse haplotype composition, with most individuals belonging to

haplogroup C (82%) although several distinct haplotypes are also observed (Table 3).

Evidence for selection at rice centromere 8. The relationship between polymorphism
and divergence at rice centromere 8 was investigated using multilocus HKA tests (Hey
and Nielsen 2004; Hudson et al. 1987). No significant deviations were observed among
genes of the centromere (indica: X* = 16.30, P < 0.295; temperate japonica: X> = 17.33,
P < 0.239; tropical japonica: X* = 16.28, P < 0.297; O. rufipogon: X* =12.33, P <
0.580), or due to centromeric deviations when centromere genes were included in a
comparison with 5 random euchromatic genes. Significant HKA test results were
obtained in the latter comparison for the three domesticated varieties, however, due to
deviations occurring among the random euchromatic loci used for comparison (indica: X
=24.07 , P <0.0002 ; temperate japonica: X?=13.05, P <0.023 ; tropical japonica: X =
20.15, P <0.001 ; O. rufipogon: X> =9.45 , P <0.092). Contrary to theory and
empirical findings in Drosophila and maize there is no evidence for reduced variation

due to hitchhiking with selected variants at this rice centromere.
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Divergence and mutation rates at centromere 8. Population genetic theory suggests
that non-recombining regions should be less successful at purging slightly deleterious
mutations, than regions with higher recombination rates (Nordborg et al. 1996), resulting
in the accumulation of more fixed nonsynonymous mutations in such regions.
Furthermore, prior research has suggested either a more recent common ancestor or a
lower mutation rate for the centromere relative to the rest of the genome (Ma and
Bennetzen 2006) due to an observed regional deficiency in silent site divergence between
two domesticated varieties.

To investigate patterns of divergence at Cen8, synonymous and nonsynonomous
divergence between the outgroup, O. meridonalis, and both O. sativa and O. rufipogon
sequences were compared with a genomic sample (Caicedo et al., submitted). Consistent
with theory, average Ka estimates at the centromere are indeed slightly higher than the
genomic average (Caicedo et al., submitted) in both the O. sativa and O. rufipogon
comparisons, although this effect is not significant (Mann-Whitney one-tailed p<0.1146).
We did not observe evidence, however, for decreased synonymous divergence at this
centromere along the longer evolutionary timeline (~2 mya) investigated here, suggesting
that a decreased mutation rate is unlikely to explain observed levels and patterns of

variation in this genomic region.

Evidence of gene degradation and loss. It has been previously suggested that rice
centromere 8 is at an intermediate stage of evolution, presently in transition from a
neocentromere to a fully mature centromere. This arises from observations of expressed

genes in the kinetochore region and a deficiency in the number of repetitive elements in
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rice centromere § relative to other studied centromeres (Nagaki et al. 2004). Active genes
are believed to be lost from centromeres as the number of centromere-specific repeats in
the region increase, accompanied by meiotic drive from the strong selective advantage of
more efficient centromeres during chromatid separation (Henikoff et al. 2001; Ma et al.
2007; Malik and Henikoff 2002) . The shift from euchromatic to heterochromatic
genomic sequences, with the epigenetic modifications that accompany this change, might
also result in the degeneration of genes in or near centromeres (Hall et al. 2006).

To test whether there is evidence of gene loss or degradation, we calculated the
proportion of fixed nonsynonomous to synonomous differences (Ka/Ks) between O.
sativa and the outgroup O. meridionalis for 15 expressed genes in rice centromere 8.
Purifying selection will reduce Ka/Ks values less than one, Ka/Ks ~ 1 suggests neutral
evolution of protein sequence arising from a reduction in functional constraint, while a
value greater than 1 may indicate diversifying selection. Thirteen of the fifteen sampled
genes in the Cen§ region appear to be subject to purifying selection (Ka/Ks<1), indicating
that selection acts to maintain gene function at the majority of loci across this region.

Coding region insertion/deletion (indel) polymorphisms can also be indicative of
a loss in gene functionality, particularly when they result in frameshift and/or premature
stop mutations that are often trademarks of pseudogene formation. Our results do suggest
that several genes contain indel mutations that may compromise or abolish gene function.
Four coding region indels, ranging from 13 to 204 bps in length, were observed at low to
intermediate frequency in four rice centromere 8 loci. Two adjacent genes, designated
0508223120 and Os08g23150, have a 13 bp and 108 bp deletion, respectively; the former

results in a frameshift mutation. Both of these mutations, however, are singletons found
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in only one individual in the sample (in indica and O. rufipogon groups, respectively).
Another low-frequency coding region deletion (37 bps in length) leads to a frameshift
mutation in Os08g22160, located in the kinetochore region. This variant was found in
two individuals, one from the tropical japonica group and the other from O. nivara, a
wild rice species that may be a subspecies of O. rufipogon.

The only indel found at intermediate (>10%) frequency is a 204-bp coding region
indel in Os08g22780, located just outside the kinetochore. This indel is fixed in indica,
and is at 90 percent frequency in temperate japonica, 33 percent in tropical japonica, and
59 percent in O. rufipogon. This variant represents an insertion relative to the standard
Nipponbare sequence and results in a frameshift mutation that leads to a premature stop
codon. The whole genome rice sequence was searched to see if other copies of this
inserted 204-bp fragment were present elsewhere. The most similar sequence was
identified in a hypothetical gene on chromosome 3, which shares 83 percent identity with

the insertion and comparable similarity over other portions of the gene as well.

The microevolution of a plant centromere. Centromeres have for some time been an
evolutionary enigma (Henikoff et al. 2001). They are functionally conserved across
species, yet some of their sequences have been known to evolve quite rapidly, leading to
suggestions that the diversification in their sequences and associated centromere binding
proteins may underlie reproductive incompatibilities that accompany speciation (Hall et
al. 2005; Henikoff et al. 2001; Stump et al. 2005). Past investigations on intraspecific
variation in centromere-associated sequences have been focused on readily identifiable

satellite repeat sequences found within centromeres (Cabot et al. 1993; Hall et al. 2003;
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Waye and Willard 1987). Studies on these centromeric satellite repeats reveal substantial
polymorphism; for example, intraspecific variation in a 178-bp centromere satellite
repeat has been demonstrated in 4. thaliana (Hall et al. 2003) and has led to suggestions
that these may cause differential ability to be recognized by repeat binding proteins.

Population genetic studies in Drosophila species and other animal models have
documented low levels of variation in genomic regions associated with centromere
sequences (Begun and Aquadro 1992; Langley et al. 2000; Nachman 1997; Nachman
2001; Przeworski et al. 2001; Takahashi et al. 2004) These have validated population
genetic theories that link reduced recombination and with low levels of nucleotide
polymorphisms (Nordborg et al. 1996), which is thought to arise from genetic hitchhiking
of neutral polymorphisms to genes subject to positive or background selection. The link
between recombination and polymorphism, however, has been shown to be weak in
plants (Baudry et al. 2001; Bevan et al. 2001; Nordborg et al. 2005; Roselius et al. 2005;
Tenaillon et al. 2002; Wright et al. 2005; Wright et al. 2006). Pericentromeric sequences
surveyed across multiple populations of Arabidopsis lyrata (Wright et al. 2006) and
various species of tomato (Roselius et al. 2005), for example, do not show the
consistently low levels of variation observed in other species.

There has been substantial interest in determining the levels and patterns of
variation across centromeres, although the lack of complete sequence information of
centromeres has precluded an analysis of the molecular population genetics of these key
genomic regions and have restricted studies to either the satellite repeats or to
pericentromeric genes. The availability of complete genomic sequences of several rice

centromeres, including one for chromosome 8 (Nagaki et al. 2004), for the first time
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permit us to probe the levels and patterns of nucleotide variation across centromere
regions in functional genes outside the satellite repeats.

Our analysis of variation in these sequences in O, sativa and its wild relative O.
rufipogon have confirmed that these centromeres have low historical rates of
recombination, with the selfing cultivated rice having p equivalent to 0, while those of
the outcrossing O, rufipogon have low but non-zero recombination levels. This is
correlated with genetic map information (Harushima et al. 1998), that indicates reduced
crossing over at the centromere region of chromosome 8. Given the low recombination
rates at this centromere region, there is thus the expectation of lower variation in
centromere sequences. This prediction is borne out half of the time; for the rice variety
groups indica and and the wild rice O, rufipogon, levels of nucleotide polymorphism
among gene fragments in the centromere are on average 2- to 4-fold lower than that
observed in the genome-wide average of variation. While nucleotide variation levels are
lower in these groups, the reduction is not as dramatic as observed in centromeres studied
in other species. Moreover, the O. sativa variety groups temperate and tropical japonica
actually harbor a higher mean level of nucleotide variation, ~2-fold higher than the
genome-wide average, in direct contradiction to both theoretical expectations and
previous work in other species.

There are several possible explanations for these observations. First, rice
centromere 8 appears to be at a relatively early stage of centromere formation (Nagaki et
al. 2004), which may consequently affect its evolutionary dynamics. The important
genetic feature relevant to theoretical predictions, however, is the level of recombination,

and both genetic map data (Harushima et al. 1998) and our results on historical
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recombination indicate a low level of recombination, which should lead to lower
polymorphism levels if hitchhiking accompanying either positive or background
selection occurs.

The second possibility is that there has been no recent selection (either positive or
background selection) on genes near this centromere. It is unclear, however, why this
would be the case, especially since centromere 8 contains actively expressed single copy
genes that could serve as selective targets. The presence of at least some mutations that
could negatively impact protein function, for example, indicates that deleterious
mutations can occur in this genomic region that may be subject to background selection.
Nevertheless, it remains possible that selection has not occurred recently in this region in
both cultivated and wild rice and this could be explained by selective interference due to
the linkage of many functional genes in a common non-recombining region (Hill and
Robertson 1966; Otto and Barton 1997). Indeed, the existence of different haplotypes
indicates that positive selection, including centromere drive, may be rare in rice
centromere 8 and has not yet led to the fixation of a single centromere type.

The third possibility is that the dynamics of selection at low-recombining regions
may differ in rice, possibly because of greater population structure as well as departures
from equilibrium due to bottlenecks and subsequent expansion that accompanies crop
domestication. Gene flow between variety groups (and between cultivated and wild rice)
could account for the polymorphisms in centromere 8 regions, and indeed our analysis
indicates that haplotypes can be found in multiple groups (see Fig 4). Domestication may
also lead to a reduction in the efficiency of purifying selection, both through the

permissiveness of agricultural environments and the rapid expansion of crop populations
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since the Neolithic 10,000-12,000 years ago. Temperate japonica, which has been
subject to a very recent bottleneck as a consequence of its secondary derivation from
tropical japonica, also has levels of nucleotide variation in centromere 8 that are higher
than the genome-wide average for this group.

The precise interplay between recombination, selection and demography in
shaping variation in these and other eukaryotic centromeres requires further
consideration. What appears to be emerging is that in many plant species, unlike in
Drosophila and other species, the correlation between recombination and polymorphism
may not be as strong, and this results in centromeres that show distinct sequences within
populations or species. It would be interesting to determine if functional differentiation is
associated with these various centromere haplotypes; such differentiation may place a
role in incipient speciation between individuals and/or populations by creating
cytogenetic incompatibilities. It would also suggest that the macroevolutionary dynamics
of centromere structure and function may differ between plants and animals, and further
comparative analysis within and between species may shed light on the mechanisms by

which centromeres across eukaryotic systems evolve.
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Table 1. Sampled genes in the centromere 8§ region.

. Chromosomal . .
Gene ID Function o Evidence for expression®
position
0s08g19320 Similar to At5g11030 11551085 - 11557349 bp EST: CB636198, C1087475, CB651023
0s08g19850 Putative threonyl-tRNA synthetase 11881741 - 11890954 bp EST: CI218827, CF323173, CB682441
0s08g20200 Fatty acyl CoA reductase 12109374 - 12114857 bp EST: CI711007, CI096803
0508220530 Gene not currently annotated in Gramene;
6828 %000095 Putative Ca2+ dependant lipid binding 12310949 - 12315180 bp RT-PCR positive b;

: EST: C28110
0s08g20660 Putative sucrose-phosphate synthase 12405930 - 12415165 bp EST: C1002385, CF3g193i97§’3$(])3667221’ CB638627,
0s08g21330 formamidopyrimidine-DNA glycosylase 705211 _ 12714086 bp EST: CI071890, CI258417

family protein, expressed
0Os08g21350 Putative cytokinin inducible 12719187 - 12727482 bp EST: C1084744, AU225342, AU173140, CI613016
0508221590 Phosphatidylinositol 3-kinase, root 12849330 - 12866265bp ~ EST: CI458537, CI272853, CB662215, C1695317
isoform, putative, expressed

0Os08g21840 Putative ribosomal protein L15 13032191 - 13035551 bp EST: C1218141, CI766789
0s08g22160, . . .. Gene not currently annotated in Gramene;
6730.10001 1% Putative CBS domain containing 13231274 - 13234987 bp RT-PCR positive b;

Gene not currently annotated in Gramene;
0508222350, . o e ’

a Putative poly A binding ) RT-PCR positive *;

6729.t00009 13339368 - 13342408 bp EST: AU075435

Gene not currently annotated in Gramene;
275398%333 168; Putative poly A binding 13344848 - 13346370 bp RT-PCR positive ’;

' EST: TC84123¢
0s08g22780 Putative paramycin 13557735 - 13563792 bp EST: TC248617¢
0s08g23120 Ribonucleoprotein 1 13797728 - 13801842 bp EST: CK069205, C1084542
0s08g23150 Indole-3-phosphate synthase 13821693 - 13825573 bp EST: CI1222740, CB618959, C1639010
0s08g23790 P"lygalacmggseisfgg“ly protein, 14271325 - 14273729 bp EST: CI141711, AU172573
0s08g24310 LRR protein kinase, expressed 14540216 - 14546582 bp EST: C1679268, CI615166, CI379618
0508224760 Pre-mRNA splicing factor RNA helicase, ) 4010613 _ 14859241 bp EST: CI120845, CB622777, CI678771

putative, expressed

 Gene identifiers from Nagaki et al. 2004 are included for genes whose annotations are not presently annotated in the Gramene database.
® RT-PCR evidence of expression from Nagaki et al. 2004.

¢ Genbank accession numbers are listed for ESTs unless otherwise noted.

4TIGR EST cluste
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Table 2. Measures of diversity and divergence for sampled genes in the centromere 8 region.
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E | E 2 | B 2 g & £ | £ 5 g g £ 2 s | 2 %2 | &3
| & g 12 |E |E i | 8|38 |~= g2 | & = | 3|2 g4
= £ £ £ ~ = £
0. sativa
Ty 0.0028 | 00035 | 00034 | 0.0021 | 00014 | 0.0006 | 00002 | 00011 | 00010 | 00013 | 0.0039 | 0.0019 | 0.0088 | 0.0007 | 0.0075 | 0.0001 | 0.0017 | 0.0041
[ 0.0026 | 0.0038 | 0.0034 | 0.0040 | 0.0017 | 0.0022 | 0.0017 | 0.0034 | 0.0001 | 0.0021 | 0.0041 | 0.0019 | 0.0104 | 0.0007 | 0.0022 | 0.0071 | 0.0004 | 0.0027
Tajima’s D | -0.08 -0.22 0.60 -1.19 -0.47 -0.68 -0.39 -0.29 0.30 -0.94 -0.52 -0.47 -1.13 -0.01 -0.10 -1.42 -1.07 0.69
Ka 0.0132 | 0.0000 | 00061 | 0.0006 | 0.0000 | 0.0061 | 0.0028 | 0.0035 | 0.0000 | na 0.0087 | 0.0000 | na 0.0029 | 0.0000 | 0.0025 | 0.0015 | na
Ks 0.0173 | 00242 | 0.0029 | 0.0010 | 00000 | 0.0006 | 0.0314 | 0.0017 | 00179 | na 0.0442 | 0.0270 | na 0.0000 | 0.0856 | 0.0186 | 0.0086 | na
indica
T 0.0002 | 00016 | 00002 | 0.0014 | 00000 | 0.0010 | 0.0000 | 0.0002 | 0.0000 | 0.0000 | 0.0008 | 0.0003 | 0.0017 | 0.0006 | 0.0004 | 0.0002 | 0.0000 | 0.0011
[ 0.0006 | 0.0045 | 00006 | 0.0028 | 0.0000 | 0.0020 | 0.0000 | 0.0005 | 0.0000 | 0.0000 | 0.0015 | 0.0009 | 0.0017 | 0.0009 | 0.0009 | 0.0000 | 0.0006 | 0.0000
Tajima’s D | -1.16 -2.30 -1.51 -1.72 na -1.14 0.11 -1.51 na na -1.21 -1.16 -1.44 -0.81 -0.93 -1.16 na -1.14
temperate
Japonica
i) 0.0016 | 00014 | 00012 | 00011 | 0.0002 | 0.0000 | 0.0008 | 0.0007 | 0.0004 | 0.0011 | 0.0020 | 0.0008 | 0.0045 | 0.0002 | 0.0010 | 0.0000 | 0.0031 | 0.0030
[ 0.0029 | 00022 | 00023 | 0.0032 | 0.0006 | 0.0000 | 0.0023 | 0.0016 | 0.0006 | 0.0024 | 0.0027 | 0.0017 | 0.0120 | 0.0004 | 0.0024 | 0.0000 | 0.0000 | 0.0037
Tajima’s D | -1.30 -1.15 -1.74 -2.19 -1.16 -1.31 -1.98 -1.07 -0.64 -1.74 -1.03 -1.18 -2.29 -1.16 -1.90 -1.16 -0.80 0.95
tropical
Jjaponica
My 0.0024 | 00047 | 00045 | 0.0023 | 00013 | 0.0004 | 0.0000 | 0.0002 | 0.0010 | 0.0011 | 0.0020 [ 0.0007 | 0.0065 | 0.0000 | 0.0020 | 0.0000 | 0.0019 | 0.0039
05 00018 | 00045 | 0.0042 | 00022 | 00012 | 00010 | 0.0000 | 0.0005 | 0.0006 | 0.0007 | 0.0020 | 0.0018 | 0.0054 | 0.0000 | 0.0012 | 0.0000 | 0.0000 | 0.0013
Tajima’s D | 0.73 0.13 0.20 0.03 0.14 0.43 na -0.19 1.17 1.51 0.02 -1.51 0.30 na 0.93 na 0.87 1.87
0. rufipogon
Ty 00027 | 00075 | 00040 | 0.0026 | 00013 | 0.0012 | 0.0013 | 00010 | 00016 | 0.0019 | 0.0037 | 0.0024 | 0.0113 | 0.0009 | 0.0026 | 0.0003 | 0.0021 | 0.0033
O 0.0029 | 00051 | 0.0044 | 0.0047 | 00015 | 00017 | 0.0040 | 0.0009 | 0.0025 | 0.0028 | 0.0048 | 0.0052 | 0.0178 | 0.0016 | 0.0022 | 0.0000 | 0.0005 | 0.0032
Tajima’s D | -0.24 1.79 -0.14 -1.20 -0.36 -0.24 -1.15 £0.35 -0.89 -0.87 -0.87 -1.53 -1.13 -0.93 025 0.24 -0.99 -0.40
Ka 0.0130 | 0.0000 | 0.0054 | 0.0011 | 0.0000 | 0.0064 | 0.0020 | 0.0021 | 0.0000 | na 0.0083 | 0.0001 | na 0.0034 | 0.0003 | 0.0019 | 0.0016 | na
Ks 0.0095 | 0.0181 | 0.0161 | 0.0097 | 0.0050 | 0.0156 | 0.0215 | 0.0126 | 0.0133 | na 0.0298 | 0.0135 | na 00102 | 0.0115 | 0.0011 | 0.0183 | na

116




Table 3. Rice variety frequencies in each haplogroup.

Variety Hap A Hap B Hap C Other
indica 0 0 0.824 0.176
temperate japonica 0.833 0.056 0.056 0.056
tropical japonica 0.118 0.647 0 0.235
O. rufipogon 0.300 0.200 0 0.500
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Figure 1. Silent site diversity across centromere 8

Levels of per gene silent site diversity across centromere 8 for domesticated rice varieties
and the wild progenitor O. rufipogon. The yellow shaded background and bar along the
x-axis indicate genes that are located within the kinetochore while the dark grey
background represents the previously defined non-recombining region (Harushima et al.
1998). Arrow clusters correspond to the physical locations of the two groups of CRR

repeats (Nagaki et al. 2004).

118



0.006 T ! ! !

0.005h

0.004 H

S 0.003h

0.002

0.001 R

Genomic []

Centromere [l

Tajima's D

-0.5

Figure 2. Centromere vs. genome-wide diversity

Mean genomic (Caicedo et al., submitted) and centromere silent site diversity and
Tajima’s D for major domesticated rice varieties and the wild progenitor, O. rufipogon.
Bars represent the range of 50% of the values. Significant differences between levels of
genome-wide and centromere diversity (Mann-Whitney test) are indicated by asterisks as

follows: P<0.05*, P<0.01**, P<(.001***,
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Figure 3. Historical population recombination rates
Plots of the historical population recombination rates (p = 4Nr) across a 3.3 Mb region
encompassing centromere 8, based on composite likelihood. Estimates are significantly

different from zero for O. rufipogon only.
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Figure 4. Centromere 8 haplotype network

A minimum spanning haplotype network depicting the relationship of haplotypes within
and among domesticated rice groups and O. rufipogon. Dashed connections represent
individual SNPs contributing to between haplotype differences and double slash marks

(//) represent 10 SNPs each.
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Supplementary Table 1. PCR primers for sampled genes in the centromere 8§ region.

Primer id Gene Oligo (L) Oligo (R)
jc8_003 LOC_0s08g23150 GGAGAAGATCATTTGGGACAAGG TTGAAGTTCTCCCTGAGCACACC
jc8_004 LOC_0s08g23150 CCTCCTGCAAGAGACTTCTACGG GAGAGCGGGCATAATAGATCTGC
jc8 005 LOC_0s08g23120 GTTGTTGACAGAGTGATTGAGG CTGCATCAAAGACTACAAATCC
jc8_006 LOC_0s08g23120 GGTGGTGGAACATGAAATCATTCG CAGGTGATCTATAGGGGCCAAAGC
jc8_009 LOC_0s08g22780 GCTTCAAGCTCTTTCCTTTCACG CAACTCCTGCCATTCCTGTAAGC
jc8 010 LOC_0s08g22780 CTTACAGGAATGGCAGGAGTTGG TGCTCTATGGAAGAGTTCGTGAGC
je8 011 LOC_0s08g22360 ATGCTTCCAAGGGGTAGTCG GCTGATCAGTTGGGGTATTTGC
jc8 012 LOC_0s08g22360 GCTTCCAGCAACATCTCATTCC TCATATGGGGATGGCACTAAACC
jc8 013 LOC_0s08g22350 GTGATGGGAAATCTAGATGCTTTGG GCCAATCATCTTACCATTCATAGCC
jc8_014 LOC_0s08g22350 CATTTAAGTCTGCTGAAGATGC GAAGGAGGCATCACCATAGG
jc8 015 LOC_0s08g22160 GGTCTCTGGTTTGATGGTTGTACG GACTTCACAACATGGAGTTCTTCC
jc8_040 LOC_0s08g22160 CAGCTGATGAACTGGTGAACTGC CAGTTTCTCCATTTGGTCACTGC
jc8_019 LOC_0s08g21590 TTGCATGTGATCCTGAGATTGG TCCACATTTAAAGTGCGTGTGG
jc8_ 020 LOC_0s08g21590 CAACTTAAAACTGGGAGGCTGAGG CTGAAAGACAACTCTGTGTTCAAAGC
je8_021 LOC_0s08g21350 GCCAGCCATTCAATGAAGACC CGATTTGTTCGCCTCAATGG
jc8 022 LOC_0s08g21350 CGAAATTTAACAGCGCCTTCC CTGCAGCCTTTGAATTTGTTGG
jc8 023 LOC_0s08g21330 CCTCATCCTCTTGGATCTCATGG GGTTGCAACAGCAGTCAGTATCC
jc8_024 LOC_0s08g21330 CTTCCTCTGTGGCCTCTTTGC ATATGTGCCAGAGTTGCAGAAGC
jc8 025 LOC_0s08g20660 GGCTGAGGAACTTTGTCTTGATGC GCGAGGGTTGGAGAAGAATCG
je8_026 LOC_0s08g20660 AAGCTAATGAAGATGGTTCAGG CAAAACAGCTGAATTTGTGC
je8_027 LOC_0s08g20530 CTCCAGGCATCTGAGCTTATTGG GACTACAAATGGGTCAGCCTTGC
jc8 028 LOC_0s08g20530 CCATTGAGGATCAGTTGACATGG CAGGCTGAAGATCAGACAAGTCC
je8_029 LOC_0s08g20200 ATGGGTCAAGCACTAAGGGAAGG CTTGAGGATGCTGGTTATGATGC
jc8 030 LOC_0s08g20200 AAAAGCATGGTGATGGGTTCG GATATCCAAATGCCTGCCTTCC
jc8_031 LOC_0s08g19850 ATGCTCACTGTGGCTAGTTCAGC CATTTTGGTTTTGCCCATGC
je8_032 LOC_0s08g19850 GTCCAAAACAGCCTTAACTTCG TGATTTTGGAGTCCTTCACAGG
jc8 033 LOC_0s08g19320 GGTTGCCCTTAACATCTTTCAGC CTTGTGGTTCAGTTGTTCTTCAGC
jc8_034 LOC_0s08g19320 TGCTGAAGAACAACTGAACC GCTGTTATACCAGAATGTGACG
jc8_035 LOC_0s08g23790 GAACTCGACCCAGTCGTTGC GTCAGGAACTACGGCGCTAAGG
jc8_036 LOC_0s08g23790 CCACGTCGATGTTGTCGTTCC GAAGAGGTTCGGCAACGACTGG
je8_037 LOC_0s08g24310 GTTCCAACAGCCTTAGTGGTTCG GAAAAGTTGCCCAGAGATGAAGG
jc8 038 LOC_0s08g24310 AATGGTCTGACAGGCACCATACC GACAATACCTCCAACCGTGTGC
jc8_039 LOC_0s08g24760 GATGGTTTCAGCATCGTTGTCC ATGTCCCTCCTCGGCTACTCC
jc8 041 LOC_0s08g21840 GTATCAAGGACAACTGCTAGGG ACTCGAGCAGCTTCACGTTTTGC

jc8_042

LOC_0s08g21840

CTAGACGATACTTCACGCGTTGC
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Supplementary Figure 1. Linkage disequilibrium across rice centromere 8

Linkage disequilibrium (LD) given as r° across the centromere 8 region. Significance of
LD is depicted on the top right portions of each graph and is correlated with *. LD
between informative SNPs with frequencies >10% are shown for O. sativa ssp. temperate

Jjaponica and O. rufipogon. Other rice varieties are omitted since most variants occur

with <10% frequency.
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CHAPTER FIVE

Conclusions and Future Directions
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CONCLUSION AND FUTURE DIRECTIONS

Understanding the genetic basis of plant adaptation has been a goal of
evolutionary biology for over 20 years (KREITMAN 1983), yet few examples
demonstrating a connection between adaptive phenotypes and genotypes exist (WRIGHT
and GAUT 2005). We have used molecular population genetics to survey patterns of
nucleotide variation for evidence of selection in unique regions of the Arabidopsis and
rice genomes for which theoretical expectations are well established. This research has
identified several novel candidate balanced polymorphisms in Arabidopsis thaliana and
empirical deviations from selection theory in rice highlight an important area where
research efforts could be focused in the future.

We conducted a preliminary genome-wide scan for high-diversity regions in the
A. thaliana genome by comparing ~4,300 shotgun sequence fragments from the Ler
accession genome to the fully sequenced Col-0 genome. Levels and patterns of
polymorphism across broader chromosomal regions flanking several of the identified
high-diversity fragments revealed significant deviations from neutrality and were
consistent with both theoretical (CHARLESWORTH et al. 1997; CHARLESWORTH 2006;
HuDSON and KAPLAN 1988) and empirical (TIAN et al. 2002) expectations for the
molecular footprint of balancing selection (chapter 1). Observations of potentially
functional non-synonymous polymorphism at BLH 10 and differential expression
phenotypes among alleles at SS7 and PTAC7 provide additional support for the hypothesis
that balancing selection might act to maintain functional variation at these candidate loci

(chapter 2). Our results demonstrate the utility of genome scanning for novel targets of
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balancing selection in 4. thaliana and provide the basis for similar more comprehensive
studies in the future.

The ability to complement traditional forward genetic screens for targets of
natural selection with reverse approaches, such as genome scanning, represents an
important advancement for the field of evolutionary genomics. The utilization of genome
scanning has aided in the identification of new candidate adaptive trait loci and provides
a foundation for the study of broader evolutionary questions such as: How prevalent are
various forms of selection in organismal genomes? and which biological functions are
most often targeted? Indeed comprehensive genome-wide scans for evidence of selection
in the human HapMap data have already revealed that natural selection is likely to have
played an important role as human populations adapted to new environments outside of
Africa (VOIGHT et al. 2006; WILLIAMSON et al. 2007).

One caveat with genome scanning is that often long lists of candidate genes are
generated, while the challenge of linking genetic variants with their functional
consequences remains largely unmet. Connecting adaptive phenotypes to patterns of
genomic variation will likely be easiest in model genetic systems like Arabidopsis and
Drosophila since functional genomics will necessarily be a key component of this effort.
In our study, a precise function had been previously established for only one of our three
identified candidate genes (SS7), and patterns of variability seemed most consistent with
selection acting at a linked downstream locus (P7TAC7) instead, thus prohibiting an allele
specific functional assay of the known end-point phenotype. Alternatively, allele specific
expression differences can be easily measured in the absence of functional knowledge

and many efforts, including ours, have placed a focus on using expression phenotypes to
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infer functional genetic variation (DE MEAUX et al. 2005; DE MEAUX et al. 2006; LOISEL
et al. 2006; PRIGODA et al. 2005; WITTKOPP et al. 2004). Once more gene functions are
clearly defined it will be possible to design a variety of fitness assays for multiple top
candidate genes that are specifically tailored to appropriately challenge the phenotypes in
question. This would greatly progress the utility of the genome scanning approach and
the goal of the Arabidopsis community to identify the functions of every gene in the
genome by 2010 (CHORY et al. 2000) places such possibilities in the near future.

The potential functional (and fitness) effects of differential allelic expression at
SSI and PTAC?7 and of the nonsynonymous variation at BLH1(0 warrant further
investigation. It would be interesting to see if the signature of selection could be detected
at these loci in other related plant species, for instance, 4. thaliana’s sister species,
Arabidopsis lyrata. 1f evidence of selection were to replicate, further insights could be
gleaned from population genetic investigations in an outcrossing species with a well
known ecology and clearly defined populations. This would allow for a direct assessment
of the distribution of alleles using measures such as F to determine whether functional
variants are shared within or distributed between historical populations of a species and
would also permit finer scale mapping to identify the specific functional variant(s).
Understanding the mechanism responsible for the maintenance of diversity at these loci
will be essential if the functional and ecological significance of these genes is to be fully
explained.

We also investigated the evolutionary dynamics of rice centromere 8 with
particular attention to the relationship between recombination and diversity since

population genetic theory predicts that both directional selection on adaptive variants
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(MAYNARD SMITH and HAIGH 1974) and background selection against deleterious
mutations (CHARLESWORTH et al. 1993) will produce extreme reductions in diversity
across such low-recombining regions (chapter 3). DNA sequence data from ~18 loci
distributed across a ~3.3 Mb region encompassing rice centromere 8 revealed no
evidence of selection in the three investigated domestic varieties (indica, temperate
Jjaponica, and tropical japonica) or the wild progenitor (O. rufipogon). Surprisingly, we
observed significantly elevated levels of nucleotide variation in temperate japonica and
tropical japonica centromere 8§ regions relative to empirical genome-wide distributions.
Although indica and O. rufipogon displayed the expected reductions in diversity,
demography or selective interference seem most likely to explain patterns of diversity
and divergence at rice centromere 8.

While theoretical predictions for a positive correlation between recombination
and diversity are consistently upheld in animal models including Drosophila (AGUADE et
al. 1994; AGUADE et al. 1989; LANGLEY et al. 2000; STEPHAN and LANGLEY 1989),
mouse (NACHMAN 1997; TAKAHASHI et al. 2004) , and humans (NACHMAN 2001), this
correlation seems to be less strong in many plant species (BAUDRY et al. 2001;
NORDBORG et al. 2005; STEPHAN and LANGLEY 1998; TENAILLON et al. 2002; WRIGHT et
al. 2005; WRIGHT et al. 2006). One intriguing question is whether deviations from
theoretical expectations at rice centromere 8§ represent centromere specific evolutionary
dynamics, or whether the lack of correlation between recombination and diversity occurs
more broadly throughout the genome. Given the prevalence of artificial selection during
the domestication process and observations of extreme reductions in genome-wide

diversity among domesticated varieties relative to the wild ancestor it is somewhat
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surprising that directional hitchhiking does not leave its footprint in this genomic region.
This may lend some support to the idea that these findings describe the specific
evolutionary processes occurring at centromere 8; indeed no other region of the rice
genome harbors so many functional genes linked in a common non-recombining region
and our data suggest that Hill-Robertson interference might play a major role in shaping
patterns of nucleotide diversity during the intermediate stages of centromere formation.
Future work to assess the level of diversity across regions of the genome with respect to
local population recombination rates would help to distinguish between these two
possibilities.

It is clear that more studies outlining general relationship between recombination
and diversity are needed. This will provide a deeper understanding of the prevalence of
different forms of selection in organismal genomes. However, if such investigations are
to yield useful mechanistic insight it will be important that they have the power to
distinguish between the stochastic and deterministic processes that act to shape patterns
of intraspecific diversity. Since selection is a stochastic process and is likely to act only
in certain populations under certain conditions, sampling within and between populations

or groups of related species should aid in this effort.
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The evolution of molecular
genetic pathways and networks

Jennifer M. Cork and Michael D. Purugganan*

Summary

There is growing interest in the evolutionary dynamics of
molecular genetic pathways and networks, and the extent
to which the molecular evolution of a gene depends on its
position within a pathway or network, as well as over-ali
network topology. Investigations on the relationships
between network organization, topological architecture
and evolutionary dynamics provide intriguing hints as to
how networks evolve. Recent studies also suggest that
genetic pathway and network structures may influence
the action of evolutionary forces, and may play a role in
maintaining phenotypic robustness in organisms.
BioEssays 26:479-484, 2004.

© 2004 Wiley Periodicals, Inc.

Introduction
Most biochemistry teaching laboratories (and indeed also
research laboratories) display a wall-sized chart that depicts
the complexities of organismal metabolism. This chart, known
as the official International Union of Biochemsitry and Mole-
cular Biology-Nicholson Chart of Metabolic Pathways, had
modest beginnings nearly half a century ago.t" Don Nichol-
son, a University of Leeds biochemist, sketched out all the
known metabolic pathways and their intricate linkages in 1960
to use as a teaching aid; the 21st edition of the chart published
in 2000 incorporates 550 enzymatic transformations. It is
arguably the first large-scale molecular network assembled, a
prelude to many of the molecular genetic networks currently
under construction with contemporary genomics studies.
The metabolic pathways chart illustrates a central feature of
biological organization at all hierarchical levels—no biological
entity within our biosphere, whether metabolites, proteins,
genes, cells or even species, exists in isolation. Instead, they
are found as components of complex networks and pathways
that together constitute organization at every level of bio-
logy.®~5 Molecular genetic networks and pathways describe
the molecular and/or genetic components that underlie cellular
and organismal processes, and the functional interactions
among them (see Fig. 1).9% Pathways can be thought of as
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small linear components of larger global networks, and it might
be useful to consider them as local networks in which
interactions are depicted linearly or which possess simple
unreticulated branch points. Network patterns are often
more complex than simple linear pathways, and usually
involve functional cross-connections that create webs of
interactions.

It is clearly one of the objectives of biological research to
identify and characterize these networks,® a task that is
daunting, but increasingly possible. New high-throughput
techniques of genomic analysis provide tools towards achiev-
ing these goals at molecular and cellular levels.® As the
number of characterized molecular genetic networks in-
creases, there are growing opportunities to dissect patterns
of gene evolution within a network context.

Molecular evolutionary analyses have previously focused
on individual genes outside of the interaction context. It is now
clear that there is a need to understand how evolutionary
forces act on multiple interacting genes that are components of
molecular genetic pathways and networks. The network
organization inherent to molecular genetic systems raises
many questions regarding the evolutionary dynamics of inter-
acting molecular systems.~® How does the organization of
genes as members of interacting pathways affect the rates of
evolutionary change? How does the topology of molecular
genetic networks constrain evolutionary forces acting on
component genes? How do networks as entities evolve? Here
we describe some recent studies on the molecular evolution of
genetic networks, and how network structures can constrain or
channel evolutionary processes, both at the microevolutionary
and macroevolutionary levels.

Targets of selection in molecular
genetic pathways
The organization of a molecular genetic pathway can provide a
useful framework for the study of gene evolution, and the study
of gene evolution in this context has been an important first
step towards understanding how evolution acts differently on
genes in a locally interacting system. Since pathways are, in
essence, modular components of networks (see Fig. 1A), the
study of pathways also provides a foundation for the study of
globa! networks.

An area of interest has been how the position of genes in
molecular genetic pathways can impact the levels and types
of selective forces that act on these locl. One hypothesis

BioEssays 26:479-484, © 2004 Wiley Periodicals, Inc.
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represents proteins and arrows show their interactions.

Figure 1. Three levels of organization at which the evolution of genes and their protein products have been studied in their interaction
context. At The Arabidopsis thaliana flowering-time pathway, shown as an example of a modular component of a genetic interaction
network. Activation and repression interactions are depicted, along with several environmental signal inputs. B: Amap of the yeast protein—
protein interaction network from Ref. 31, as an exampie of global network organization (reproduced from Jeong H, Mason SP, Barabasi AL,
OltaviZN. 2001. Lethality and centrality in protein networks. Nature 411:41-42 with permission of Nature Publishing Group). This networkis
represented by nodes (proteins) connected to one another by edges (interactions). Some proteins in the network have a large number of
protein—protein interactions, white the majority of proteins have very few, resulting in a scale-free topology. C: Examples of network motifs
(Refs. 43 and 44). Several three- and four-protein interactions motifs show types of recurring themes in network organization. Circles

predicts that genes functioning early in a genetic pathway are
subject to stronger stabilizing selection than downstream loci,
since mutations in these genes are likely to have greater
pleiotropic effects and affect all downstream phenotypes.

In a study on the rates of gene evoiution in the plant
anthocyanin biosynthetic pathway, differential rates of molec-
ular evolution have been noted for enzymatic genes.®'? in
comparisons between monocots and dicots, the nonsynon-

" ymous substitution rates of the downstream genes DFR, ANS
and UF3GT evolve faster than the upstream loci CHS-D, CHI
and F3H. The correlation between the protein evolutionary
rate and the position of the enzyme in the anthocyanin pathway
is significant (P < 0.01). This pattern has also been confirmed
at the intragenic level between species in the genus
Ipomoea."" In this pathway, upstream enzymes are posi-
tioned above major branch points, and mutational changes in
these enzymatic loci are likely to have plelotropic effects onthe
synthesis not only of anthocyanins but of flavonoids as well.("®
The pleiotropy of the upstream genes, and the greater
specialization in biosynthetic functions of downstream enzy-
matic loci, appears to result in greater stabilizing selection on
genes that act earlier in thig biosynthetic pathway.

Greater constraint on earlier acting genes is also observed
in studies of molecular variation in regulatory and signal trans-
duction genes within populations. The Ras-mediated signal
transduction pathway is an evolutionarily conserved genetic
pathway that plays a central role in cell differentiation.'?
A molecular population genetic study suggests differential
evolution among signal transduction loci in the Ras path-

way in Drosophila melanogaster, indicating strong purifying
selection on Ras, Drk and polehole, three upstream genes
in the signaling pathway."® These three genes have only
a few low-frequency replacement polymorphisms within
D. melanogasterand no fixed amino acid differences between
D. melanogaster and D. simulans. In contrast, there are
several interspecific amino acid differences in downstream
genes Dsor1, corkscrew and Ksr. in Ras-mediated signal
transduction, the upstream genes act as control points, which
may explain the greater degree of stabilizing selection on
these loci. This study also suggests that the downstream
components, which act as modifiers of Ras kinase signaling,
are the most-likely source of quantitative phenotypic variation
In this regulatory pathway.'®

Other studies do not support the hypothesis that earlier-
acting genes in genetic pathways are under strong stabilizing
selection. In the Arabidopsis thaliana floral developmental
pathway, upstream genes appear to be the targets of positive,
not stabilizing, selection.® A molecular population genetic
study of six genes in the Arabidopsis floral developmental
pathway suggests that four downstream transcription factor
genes (the floral meristem identity genes AP7 and CAL, and
the floral organ identity genes AP3 and P/) have neutral pat-
terns of molecular evolution. In contrast, the two earliest-acting
genes in the study, the inflorescence architecture gene TFL71
and the floral meristem identity gene LFY, show a significant
reduction in silent site nucleotide variation consistent with a
recent adaptive sweep.® Moreover, the promoter alleles of
TFL1 are differentiated into two distinct haplotype groups that
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may be maintained by selective forces.® These results
indicate that, in the floral developmental pathway, it is the
earliest-acting genes that are likely to be the targets of recent
selective forces.®

The difference in selective patterns between the A. thaliana
flora! regulatory genes and the D. melanogaster Ras signaling
loci is noteworthy, but may be explicable in the context of the
functions of these two developmental pathways. Mutations in
the latter have potentially strong pleiotropic effects on fly
development, since these loci affect several developmental
processes from oogenesis to appendage morphogenesis.(?
In contrast, the floral developmental pathway is associated
with a relatively specific and discrete developmental module
(the flower), and the activity of TFLY and LFY function to
specify when and where this entire module is established.®
Thus, these genes form a discrete “gene net","'® and any
selection on evolutionary change in the spatial and temporal
establishment of fioral developmental modules would be
more likely to act on these upstream loci in the regulatory
hierarchy. Gene position within a molecular genetic pathway
may indeed result in differential selection on component
genes, but the specific nature of the selective forces on the
component loci will largely depend on the function of the
pathway.

Differential selective forces on different components of a
pathway at a microevolutionary level may be taken to a
macroevolutionary extreme in considering the diversification
of sex-determination pathways.'® In sex-determination cas-
cades, downstream components appear to have conserved
expression patterns (e.g. Sox 9 between birds and mam-
mals),('® while upstream components, such as Sry, have a
more circumscribed distribution even within mammals.'” The
observed plasticity of upstream components is also seen
in other cases within the Diptera.!'®'®) together, these
observations suggest either retrograde evolution in pathway
expansion or evolutionary flexibility in upstream (but not
downstream) pathway genes.'® The continued study of the
evolution of sex-determination pathways may provide further
insights into the nature of selective forces that not only impact
on the evolution of genes, but also on the evolutionary
construction of genetic pathways.

Metabolic networks and branch

point evolution

The dichotomy between upstream and downstream genesin a
pathway is a crude differentiation of function. For metabolic
pathways, a theory of pathway fluxes provides a framework for
developing more precise hypotheses regarding selection on
component genes based on position within the pathway and/or
specific biochemical functions. Metabolic control theory®®
describes how pathway architecture constrains evolutionary
change by depicting how metabolic fluxes might be partitioned
into alternate channels through selection.?"

The evolution of genes in relation to their position in
pathway branch points has been explored most explicitly in the
context of population variation in the glycolytic pathway in
D. melanogaster.®" The PGM and G6PD enzymes sit at the
top of the glycolytic pathway and partition giucose into
glycogen and pentose shunt branches.®®" Nucleotide and
allozyme variation at these two glycolytic loci show clinal
variation across latitudes.?*?® An excess of within-species
amino acid changes is observed at the PGM gene, with 12 of
25 within-species coding region polymorphisms being repla-
cement polymorphisms.®* in contrast, none of the 19 fixed
differences between D. melanogaster and D. simulans result
in amino acid changes. This pattern suggests selection for the
maintenance of protein variation in D. melanogaster. The
G6PDlocus shows a different pattern, with a significant excess
of amino acid differences fixed between species. This pattern
is consistent with positive selection favoring protein diver-
gence between the two species.® Variation for these genes,
as assayed by allozyme polymorphism, is also observed in
species outside of Drosophila,?827

Selection at enzymatic branch points is also observedinthe
evolution of starch biosynthesis in Zea mays.®® Maize
domestication has been accompanied by selection for altered
starch contentin kernetls. A molecular population genetic study
of six starch biosynthetic enzymes show reduced variation
in three enzymatic loci—bt2, ae? and sut—associated with
selective sweeps.®® The latter two genes encode enzymes
that function at branch points. Both are involved in amylopectin
synthesis, partitioning ADP-glucose between amylose and
amylopectin. As in Drosophila glycolytic pathway studies,
selection on the maize starch biosynthetic pathway involved
pathway branchpoints that function by partitioning substrates
into alternate product pools.

Together, these results indicate that genes that act at
metabolic pathway branch points are targets of adaptive
forces. These studies also suggest multilocus responses to
selection,®" and provide clear examples of how a theoretical
framework for pathway fluxes could yield insights into the
nature of selective forces on molecular genetic pathways.
More detailed studies on the evolution of molecular genetic
networks will also benefit from more rigorous general
theoretical models on network structure and dynamics,
particularly on the phenotypic consequences of mutational
change on network components. Development of these
models for developmental regulatory systems,®2®39 for
example, may provide the basis for a coherent study of the
evolution of developmental phenotypes.

Global structure and the evolutionary

growth of networks

Although there has been some progress in our understanding
of pathway evolution, we are still left with several unanswered
questions relating to the evolution of larger networks. Does
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selection act differently at local (pathway) and global (network)
scales? Is there selection for global network structure? How
does the global network grow? Empirical studies of global
network structure and evolution have only recently become
possible and are beginning to address these and other related
questions.

The identification of extensive protein—protein interaction
networks in Saccharomyces cerevisiae has provided the basis
for several early analyses of network evolution. One of the first
examples of such a network consists of 1,870 proteins related
to one another through a web of 2,240 interactions (see
Fig. 1B). This protein interaction network is characterized by a
scale-free topology, in which different proteins have varying
numbers of interactions—a small number of proteins have a
large number of interactions, while the majority of proteins
have very few connections.®" This scale-free topology has
been shown to be a common characteristic of protein
interaction networks,®*#2 metabolic networks® and Cae-
norhabditis expression networks determined from yeast,
human, Drosophila and C. elegans microarray data.®#

How does this scale-free network architecture originate?
There have been some suggestions that this architecture may
arise from selection for genetic robustness (see below).
Others have suggested, however, that the emergence of a
scale-free network topology can be accounted for without
assuming the involvement of natural selection on global
network structure.®® Biological justification for the “growing
network model"® reveals that there are only two require-
ments for the evolution of a scale-free network structure in the
yeast protein interaction network: (1) the addition of new nodes
tothe network and (2) the preferential attachment of these new
nodes to already highly connected nodes.®53%37) Although
this model does not explicitly invoke positive selection in the
large-scale organization of networks, it should be noted that
selection may be implicitly invoived since preferential attach-
ment of new nodes may be driven by selective forces acting at
the local level.

An analysis of divergent gene duplicates in the yeast
protein interaction network provides some suppornt for the
preferential attachment assumption. The relationship be-
tween protein connectivity and the likelihood of gaining
interaction partners was shown to be close to linear, indicating
that proteins with larger numbers of interactions are more likely
to gain new connections.®5 Examining the addition of new
network interaction links through evolutionary time also
permits testing of the preferential attachment hypothesis.®%
“Snapshots” in evolutionary time were generated for the
yeast protein interaction network through genome-wide
comparisons of yeast with E. coli, A. thaliana and S. pombe.
Each protein was classified in one of four age groups based
on its presence or absence within the comparison species,
which allowed the observation of changes in protein con-
nectivities over evolutionary time. It was demonstrated that

new links in the network are more likely to be added through
interactions with proteins that are already highly connected,
which then leads to the emergence of network scale-free
topology.®”

interestingly, Qin et al. advanced a slightly different view of
network evolution for the yeast protein interaction network. 8
In their analysis, they suggested that proteins of similar ages
(which they refer to as isotemporal categories) have a greater
tendency to interact with each other than if they were in
different age groups. Moreover, it appears that the networks
tend to grow via addition of modules or groups of interacting
proteins rather than single protein additions.®® It would be
instructive to examine whether network growth is driven by
connectivity or evolutionary age, although it may be difficult to
disentangle these two factors given that they may be related to
some degree.

Gene evolution, network position

and network motifs

The evolutionary rates of genes and/or proteins appear to be
related in part to their network position. A negative correlation
between connectivity and rate of protein evolution has been
observed in the yeast protein interaction network (although
this relationship has been debated®®), with highly connected
proteins in the network showing the slowest rates of evolu-
tion.“° The authors suggest that this effect arises from highiy
connected proteins having most of their structure involved in
functional interactions, and thus under greater selective
constraint. Evolutionary changes at functionally important
protein sites might thus be attributed largely to co-evolutionary
diversification between interacting protein partners, and
proteins that interact with one another have similar evolu-
tionary rates.“® Other correlations between protein age,
connectivities and function have also been found.®” Finally,
essential proteins also appear to be older®” and to have
greater connectivities and slower rates of evolution;'40
however, this has also been questioned. "

These relationships are also buttressed by examining the
evolution of network motifs, local patterns of interaction that
recur at different positions within a network®? (see Fig. 1C).
Wuchty et al. classified topological motifs in a S. cerevisiae
protein interaction database derived primarily from two-hybrid
studies, which include 3,183 interacting yeast proteins.*®
These include all possible two-protein, three-protein, four-
protein, and a few five-protein interaction motifs, and the
database specifies between 10° and 10° copies of each motif.
Conservation of motifs across evolutionary time was judged
based on the presence of an orthologous protein across five
eukaryotic species in plants, animals and fungi.®

The larger motifs with higher connectivities were conserved
to a greater extent than smaller motifs; 47% of fully connected
five-protein motifs were conserved, compared to less than 5%
of linear three-protein motifs. The evolutionary retention rate of
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every network motif was higher than expected by random
chance, and the ratio of observed number of motifs over
random expectation was higher the larger the motif. Interest-
ingly, the composition and frequency of motifs is related to
biochemical function. Large motifs had functionally homo-
genous components. In 95% of conserved fully connected
five-protein motifs, all the protein components share at least
one biochemical function class (i.e., regulation, protein fate,
cell cycle, etc.). In contrast, only 10% of the two-protein motifs
were functionally homogenous. Moreover, different functional
classes have different characteristic motifs. Regulation,
cellular transport and transport facilitation have only one or
two characteristic motifs, while alt 11 studied motifs were over-
represented in modules associated with subcellular localiza-
tion, protein fate and transcription.“® In addition, it should be
noted that previous studies identified network motifs that also

appear to be commonly involved with certain functional
roles, (42:4445)

Network connectivities and genetic robustness
The impact of the topological architectures of networks on their
ability to withstand mutational perturbations is an exciting
avenue of exploration, and could lead to refinement of hypo-
theses on selective targeting of genes during evolution, The
observation that a large number of genetic changes may be
buffered from expressing mutational variation has traditionally
been ascribed to the presence of gene duplications thatlead to
genetic redundancies.“6~*® Recently, the role that genetic
network organization may play in maintaining robustness is
gaining increased attention.®4® it has been shown, for
example, that highly connected proteins in the yeast protein
interaction network are three times less likely to be tolerant to
loss-of-function mutations than proteins with fewer connec-
tions.®" This observation, coupled with the scale-free
topologies in protein interaction networks, has led to sugges-
tions that selection constructs a network that is phenotypically
robust against mutations. If network structure does provide an
organism with phenotypic robustness against mutation, then
this may be one explanation for the phenomenon of genetic
canalization. 505}

The identification of molecular genetic networks also
provides avenues for exploring the molecular basis of
evolutionary epistasis. It has always been recognized that
network organization leads to genetic interactions that may
result in epistasis.®5? Candidate epistatic interactions can
now be systematically identified in the context of known
genetic or physical interaction networks, and may provide a
molecular basis for determining the extent and nature of
evolutionary epistasis.

Conclusions
The study of the evolution of genes and genetic systems has
entered a new phase. The advent of genomics technologies

has provided opportunities for expanded analyses, which
permit studies of evolutionary change at genome-wide scales.
There is now the possibility of studying the evolution of whole
genetic networks rather than single loci, and examining the
implications of network organization on the dynamics of
evolutionary change. Although much has been accomplished
by our attempts to define molecular genetic networks, there is
still a great deal of work to be done and many more details to
consider.

There still remain several areas of network analysis that
could help spur further evolutionary investigations, including
the development of precise, quantitative models that relate
network topologies and dynamics to their phenotypic con-
sequences. Eventually the depiction of molecular genetic
networks will have to allow for the incorporation of spatial and
temporal regulatory mechanisms. The complete network of
cellular interactions, after all, involves much more than just a
depiction of who regulates and/or interacts with whom. The
development of these models will provide evolutionary studies
with a functional context and allow for the integration of
molecular, population and quantitative genetic studies.
Furthermore, analyses of global network structure will prove
fruitful not only for understanding global evolutionary pres-
sures, but also of forces acting at a local level and will allow us
to consider pathway structure and evolution in a more realistic
functional context.
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