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Abstract

Levels of nucleotide variability are frequently positively correlated with recombination rate and negatively associated with
gene density due to the effects of selection on linked variation. These relationships are determined by properties that
frequently differ among species, including the mating system, and aspects of genome organization such as how genes are
distributed along chromosomes. In rice, genes are found at highest density in regions with frequent crossing-over. This
association between gene density and recombination rate provides an opportunity to evaluate the effects of selection in
a genomic context that differs from other model organisms. Using single-nucleotide polymorphism data from Asian
domesticated rice Oryza sativa ssp. japonica and ssp. indica and their progenitor species O. rufipogon, we observe
a significant negative association between levels of polymorphism and both gene and coding site density, but either no
association, or a negative correlation, between nucleotide variability and recombination rate. We establish that these
patterns are unlikely to be explained by neutral mutation rate biases and demonstrate that a model of background
selection with variable rates of deleterious mutation is sufficient to account for the gene density effect in O. rufipogon. In O.
sativa ssp. japonica, we report a strong negative correlation between polymorphism and recombination rate and greater
losses of variation during domestication in the euchromatic chromosome arms than heterochromatin. This is consistent
with Hill-Robertson interference in low-recombination regions, which may limit the efficacy of selection for domestication
traits. Our results suggest that the physical distribution of selected mutations is a primary factor that determines the
genomic pattern of polymorphism in wild and domesticated rice species.
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also Lercher and Hurst 2002; Hellman et al. 2003), Caeno-
rhabditis elegans (Koch et al. 2000; Cutter and Payseur
2003), mice (Nachman 1997; Takahashi et al. 2004), and
other species (e.g., Begun et al. 2007; Cutter and Choi
2010; Cutter and Moses 2011). This correlation has been
interpreted in the context of population genetic theory,
which predicts that the fate of neutral polymorphism is
coupled to that of selected mutations through the effects
of linkage. In regions of low recombination, natural selec-
tion reduces polymorphism at linked sites due to a reduc-
tion in the local effective population size and a concurrent

Introduction

How nucleotide variation is distributed across the genome
is a central question in population genetics that has been
a subject of considerable interest since the earliest surveys
of molecular polymorphism. Interest in this question arises
from the insights it provides into the frequency and
strength of natural selection and the extent to which it
shapes genomic patterns of polymorphism (Andolfatto
2001; Wright and Andolfatto 2008). A significant break-
through came in 1992, when Begun and Aquadro reported
a positive correlation between nucleotide polymorphism

and recombination rate in Drosophila melanogaster (Begun
and Aquadro 1992). This association between crossover fre-
quency and the level of nucleotide polymorphism, but not
divergence, indicated that natural selection is a primary
force operating over a large fraction of the Drosophila ge-
nome and that nonselective mechanisms such as neutral
mutation rate variation cannot fully account for differences
in nucleotide polymorphism in different genomic regions
(Andolfatto 2001; Wright and Andolfatto 2008).

Since the initial discovery in D. melanogaster, associations
between polymorphism and nucleotide diversity attribut-
able to linked selection have been reported in humans
(Nachman 1998; Przeworski et al. 2000; Cai et al. 2009; see

increase in the probability of fixation of neutral variants. This
loss of nucleotide variation in regions of suppressed recombi-
nation is predicted by theoretical models that incorporate ei-
ther deleterious (“background selection”; Charlesworth et al.
1993) or advantageous mutations (“genetic hitchhiking”;
Maynard-Smith and Haigh 1974; Kaplan et al. 1989), and both
models predict a positive association between polymorphism
and therate of crossing-over when the frequency andintensity
of selection is uniform across the genome (Wiehe and Stephan
1993; Hudson and Kaplan 1995; Nordborg et al. 1996).
Although this correlation is consistent with both back-
ground selection and hitchhiking models, an association
between polymorphism and recombination rate may
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not be expected when rates of deleterious or advantageous
mutation are not uniform. A more general prediction is
that the level of variation will be proportional to the den-
sity of selected mutations per genetic map unit (Barton
1995; Hudson and Kaplan 1995; Nordborg et al. 1996).
Therefore, reductions in nucleotide variability associated
with selection may not be restricted to regions of sup-
pressed recombination but may be apparent in any region
where the density of selected mutations is high relative to
the local rate of recombination. Thus, gene density or the
density of other genomic features that are common targets
of selection may better predict the level polymorphism
than the recombination rate. This may explain why some
species including Arabidopsis thaliana show a negative as-
sociation between polymorphism and gene density but no
relationship between polymorphism and recombination
rate (Nordborg et al. 2005).

How standing variation responds to selection therefore
depends on properties of the genome including the distri-
bution of genes along recombining chromosomes, aspects
of the species demography and life history such as the de-
gree of population substructure and the outcrossing rate,
and the history of selection. Characterizing how nucleotide
variation is distributed across the genome in species that dif-
fer in these respects may provide insight into how selection
influences genome evolution and the nature of selection
itself. Here, we report on resequencing data from two
domesticated subspecies of Asian cultivated rice, Oryza sat-
iva ssp. indica and japonica, and their wild progenitor
O. rufipogon. Oryza sativa has experienced intense popula-
tion bottlenecking (Rakshit etal.2007), recurrent episodes of
artificial selection (Caicedo et al. 2007; He et al. 2011), and
arecent (i.e., <<9,000 years) transition to self-fertilization dur-
ing the process of domestication. In contrast, O. rufipogon is
a wild, self-compatible, primarily outcrossing species with
historically large effective size (N, > 250,000; Molina et al.
2011) and an uncertain history of selection. An interesting
feature of the rice genome is that genes are organized along
recombination gradients with genes found in highest densi-
ties in regions with frequent crossing-over (Tian et al. 2009).
This organizational property differs notably from species
with holocentric chromosomes such as C. elegans and could
provide insight into the effects of selection in organisms with
different chromosome structures.

Materials and Methods

Resequencing Data and Population Genetic
Statistics

The population samples and resequencing data for the
552 gene fragments (referred to as sequence-tagged sites
or STS) are reported in Molina et al. (2011) and the data
available at http://puruggananlab.bio.nyu.edu/Rice_data/.
These sequenced regions consist almost exclusively of
small intron sequences and the immediately flanking
exons. Population summary statistics including measures of
nucleotide diversity (i.e, 0, Tajima 1983 and 6y, Watterson
1975) were computed for silent sites (i.e., intergenic, intron,
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5’ and 3’ UTRs, and synonymoussites) for each population
using the libsequence package (Thornton 2003). Linkage
disequilibrium was calculated using a composite likelihood
method with estimates of r” calculated after removing
doubly heterozygous genotypes with unknown phase
following the methodology in Mather et al. (2007). Haplo-
type estimates used in estimating divergence between
O. rufipogon and O. meridionalis (see below) were con-
structed with PHASE v.2.1.1 (Stephens et al. 2001; Stephens
and Scheet 2005).

Nucleotide polymorphism estimates accounted for
missing data by weighting each site by the proportion of
sequences with unambiguous base calls using the following
equations:

i=S

j=4k‘,‘ k'y; -1
(- S ) e o

i=1

where S is the number of segregating sites, k;; is the number of
occurrences of the jth character state at site i, and n; is the
sample size at site i (Thornton 2003).

i=S S
HW:,Z]:;—T ’ (2)
j

where S is the number of segregating sites and n; is the sample
size at site i (Thornton 2003).

The substitution rate, K, was estimated between pairs
of sequences by treating each noncoding site as a full site
and synonymous sites as fractions of sites using the method
of Nei and Gojobori (1986) followed by a Jukes—Cantor cor-
rection (Jukes and Cantor 1969). Estimates were obtained
from the O. sativa Nipponbare—0O. meridionalis comparison
as well as the average pairwise difference between gametic
phase-resolved O. rufipogon sequences and O. meridionalis.
Our analyses are based on the gene predictions in the Rice
Genome Sequence Annotation v. 6.0 (Ouyang et al. 2006)
of the O. sativa spp. japonica cv. Nipponbare genome (In-
ternational Rice Genome Sequencing Project 2005). These
measures of divergence are highly correlated (Spearman’s r
=093, P < 1.0 x 10" ") and yielded comparable results;
we present only the results for the Nipponbare—0O. meridio-
nalis comparison. All analyses of divergence are based on
a reduced data set (n = 439) consisting of loci from which
we were able to obtain an O. meridionalis sequence. The
average divergence between Nipponbare and O. meridiona-
lis was 2.6%, which on average is approximately 3.5-fold
higher than diversity (mg;) within O. rufipogon (mean =
0.0071). Given this moderate level of divergence, it is plau-
sible that some estimates of K; will be affected by shared
ancestral polymorphism.

Genomic Features

Gene and codon densities were determined based on gene
predictions in the Rice Genome Sequence Annotation v. 6.0
of the O. sativa spp. japonica cv. Nipponbare genome se-
quence (Ouyang et al. 2006). Gene density was determined
by counting the number of protein-coding genes
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(excluding transposable elements and pseudogenes), or
parts of genes, in windows centered on the STS. Because
the appropriate physical widths of these windows are un-
clear, we report statistical results for window sizes ranging
from 100 kb to 2 Mb. Incomplete windows at the ends of
chromosomes were excluded from these analyses. Esti-
mates of codon density were obtained by counting the
number of codons in each window. Intergenic GC content
was determined for nonoverlapping windows in the MSU v.
6.0 pseudomolecules (Ouyang et al. 2006).

Recombination rates were obtained using markers from
the Rice Genome Project (RGP) (Harushima et al. 1998)
that have been anchored to the rice pseudomolecules used
in this study (Ouyang et al. 2006). Markers and their genetic
and physical positions were downloaded from the MSU
website (http://rice.plantbiology.msu.edu) and then filtered
to remove those that mapped to multiple physical positions
and to remove those whose physical anchor and genetic
location were on different chromosomes. Estimates of
recombination were then obtained with either a sliding-
window or a polynomial approach. The sliding-window
approach was implemented with the MareyMap R package
(Rezvoy et al. 2007) with window size of 4 Mb and stepsize
of 200 kb. Local recombination rates were then estimated
from the slope of locally fitted linear equations. The polyno-
mial approach was implemented by splicing three cubic
equations, which were each fit separately to the arms and
pericentromeric region of the three chromosomes. These dif-
ferent measures of recombination rate were highly corre-
lated, and results were broadly similar using either
method. Results are presented for the sliding-window
method unless otherwise mentioned.

Analysis of the CpG Effect

Noncoding single-nucleotide polymorphisms (SNPs) in O.
rufipogon were polarized using parsimony with O. meridio-
nalis and O. barthii as outgroups and assigned to one of the
six transition:transversion (ts:tv) classes of mutation. SNPs
were assigned to each of the six ts:tv categories by inferring
the ancestral state at each polymorphic site with parsi-
mony. The ancestral state was inferred and an SNP in-
cluded in the analyses if both O. meridionalis and O.
barthii sequences were homozygous for the same allele
and if the allele was also segregating in O. rufipogon. The
Poisson regression analyses were conducted by either as-
suming independence of CpG and CpH site classes sampled
from the same STS or by including only one class of sites
from each STS. In all analyses, SNP counts were treated as
the response variable and the number of available sites in-
corporated as an offset in the model. Overdispersion of re-
sidual deviances was a consistent feature of our analyses, so
each model was refitted with quasipoisson errors and tests
of nested models conducted with F-tests (Crawley 2007, p.
542).

Specification of Chromosomal Regions
The locations of the centromeres were based on the phys-
ical positions of genetic markers that flank a region with

no recombinants in the 186 F, individuals screened in
the Nipponbare x Kasalath cross (Harushima et al.
1998). The centomeres in our analysis are located at
54.3, 15.7, and 51.5 cM on the genetic maps of chromo-
somes 8, 10, and 12 and correspond to the Cen8, Cen10,
and Cen12 designations of Yan et al. (2005, 2008). The phys-
ical boundaries of these regions on the MSU v. 6.0 pseudo-
molecules are provided in the footnote to supplementary
table S1 (Supplementary Material online). To explore the
causes of regional differences in polymorphism and diver-
gence, chromosomes were also divided broadly into peri-
centromeric regions (i.e, areas of low recombination
including the centromere: 8, 9,413,442-15,766,428; 10,
6,125,059-9,704,963; 12, 7,551,430-14,887,432) and the
chromosome arms.

Statistical Tests

Tests of differences between regions (e.g, pericentromeres
vs. arms) were performed with two-tailed Wilcoxon rank
sum tests. Correlations were assessed with Spearman’s
tests and significance determined using the asymptotic
t approximation in R (http://www.r-project.org). Partial
correlations between two variables, X and Y, controlling
for a third variable, Z, were performed with partial Spear-
man'’s correlations in R using the pcor.R protocol obtained
from Soojin Yi at http://www.yilab.gatech.edu/pcor.R.
Tests within the cultivated variety groups should be
considered with some caution because possible spatial
autocorrelation in japonica and indica will artificially
increase the false positive rate. Spatial nonindepen-
dence of observations is unlikely to be problematic in
O. rufipogon because linkage disequilibrium in wild rice
decays to background levels by approximately 5 kb (Mather
et al. 2007) (see below) and the median distance between
adjacent STS fragments in our data set is 106 kb (interquar-
tile range 88.5-179 kb). Moreover, all but one pair of
STS fragments in our data set is separated by greater than
50 kb. Poisson regression tests of mutation biases were
interpreted assuming independence of observations in
O. rufipogon.

In addition to the Spearman’s correlations, a nonpara-
metric approach that accounts for possible autocorrelation
among observations in O. sativa was applied to test for cor-
relations in the domesticated cultivars. This approach is
based on a method that maintains the original autocorre-
lation structure in the data by preserving the physical order
of the observations on each chromosome arm while ran-
domizing two variables (e.g, nucleotide diversity and gene
density) with respect to each other (Nordborg et al. 2005).
For each set of ordered observations (i.e, each chromo-
some arm), the procedure randomly sets the polarity of
the arm by orienting the observations as a unit in either
the forward or the reverse direction. The arms are then
joined in random order, while maintaining the order of
observations within each arm, and then circularized.
Two circles, one for each set of observations whose corre-
lation is to be tested, are then randomly oriented with
respect to each other. Spearman’s rank correlations were

677

120z AINF 6z uo 1senb Aq 61,5820 1/5.9/2/62/3101ME/2qW/Woo"dNO"dISPEsE//:Sd)Y WOy POPEOUMO(]


http://rice.plantbiology.msu.edu
http://www.mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msr225/-/DC1
http://www.mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msr225/-/DC1
http://www.mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msr225/-/DC1
http://www.r-project.org
http://www.yilab.gatech.edu/pcor.R

Flowers et al. - doi:10.1093/molbev/msr225

then calculated for the data set and the procedure repeated
10,000 times to generate a null distribution.

Background Selection Model
Models of background selection with recombination fre-
quently assume a uniform rate of deleterious mutation
across the genome and therefore predict a monotonic in-
crease in polymorphism with increasing recombination
rate (Hudson and Kaplan 1995; Nordborg et al. 1996). Since
we found no association between the level of polymor-
phism and the frequency of crossing-over in O. rufipogon
(see below), but instead observed a negative correlation
with gene density, we modeled the effect of background
selection on nucleotide variation by incorporating variable
rates of deleterious mutation. Our aim was to determine if
background selection is sufficient to account for the gene
density effect in the wild progenitor of domesticated rice.
Our approach was to use densities of phylogenetically
conserved sites (i.e, sites most susceptible to mutations
that reduce fitness) to obtain coarse interval-specific rates
of deleterious mutation (Rockman et al. 2010). Conserved
sites were determined using phastCons predictions (Siepel
et al. 2005; available for rice chromosomes at http://
www.ricemap.org; Wang et al. 2011), and interval-specific
rates of deleterious mutation obtained assuming a diploid
genomic rate of deleterious mutation (U; see below). Levels
of neutral variation at each surveyed position on the chro-
mosomes in our analysis were then modeled following
Hudson and Kaplan (1995) in which the proportion of neu-
tral variation remaining under background is defined as
Tecs/To = € ©, where 7, is the diversity of a population
free of selection and mgcs is the level of variation remaining
under background selection. G is the mean of the distribu-
tion of the number of deleterious mutations per chromo-
some (Charlesworth et al. 1993) and is defined according to
equation (15) in Hudson and Kaplan (1995) with modifi-
cations to accommodate partial outcrossing (Rockman
et al. 2010) as

G = Z U,‘Sh
« 2(sh + P[Mx — Mi|)(sh + P|M,

i

— Miga|)’

(3)

In this equation, sh is a compound parameter represent-
ing the strength of selection against deleterious mutations
and dominance, which is assumed to be constant across
loci. P is a panmixis index equal to 1 — (1 — ¥, )/ (1 + Foue)
wherer,,, is the outcrossing rate, derived from the equilibrium
inbreeding coefficient (Charlesworth et al. 1997; Rockman
et al. 2010). P is incorporated here to rescale the genetic
distances between sites to account for partial outcrossing
and population substructure in O. rufipogon (e.g, Gao et al.
2001). My and M; are the map positions in Morgans at the
focal site where neutral polymorphism is measured and the
flanking intervals. The diploid deleterious mutation rate for
each region, u;, was approximated by multiplying U by the
fraction of conserved sites in the genome that are found in
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each interval. mpgs/m, is then calculated separately for
each locus, k, which correspond to the genomic positions
where we obtained an estimate of nucleotide diversity for
O. rufipogon in our resequencing study.

Since U, P, and sh are unknown, we surveyed a 25 x 25
grid of P and sh values evenly distributed in log space.
A coarse estimate of U can be obtained by assuming a neu-
tral mutation rate of 6.5 x 10™° per site per generation
(Gaut et al. 1996) and a genome size of 370 Mb (Ouyang
et al. 2006). Given roughly 25 Mb of conserved sites in the
rice genome from phastCons scores derived from align-
ments between three grass species (Wang et al. 2011), this
yields an estimate of U = 0.3. This may underestimate the
true rate since it assumes that only sites conserved within
the grasses are susceptible to deleterious mutation, and the
contribution of other classes of mutation, notably trans-
posable elements (Charlesworth 1996), are ignored. An ex-
treme upper bound can be placed at U ~ 5, given that
2 - (3.7 x 10® bp - 65 x 107 mutations per base pair
per generation) total point mutations are expected per
diploid genome per generation. Given the uncertainty in
these values, we aim to assess whether a set of plausible
values can recover the observed negative correlation be-
tween polymorphism and gene density under background
selection alone.

Results

Nucleotide Polymorphism and Divergence in Wild
and Domesticated Rice

Approximately 268 kb of sequence data was collected from
552 protein-coding genes on chromosomes 8, 10, and 12 in
regions that span the full range of recombination (0-8 cM/
Mb) including the recombination-free centromeres, the
pericentromeres, and the chromosome arms (Molina
et al. 2011). The sequenced individuals included 36 mostly
landrace accessions of the Asian domesticated rice, O. sat-
iva, 20 accessions of Asian wild rice, O. rufipogon, and single
outgroup accessions of O. barthii and O. meridionalis. Our
panel of domesticated rice accessions consisted of repre-
sentatives of two genetically distinct groups, O. sativa
ssp. indica (20 accessions) and O. sativa ssp. tropical japon-
ica (16 accessions), which have well-documented differen-
ces in levels of diversity (Caicedo et al. 2007) that are also
reflected in our data (O. rufipogon, 5906 SNPs > indica,
2,242 SNPs > japonica, 1,557 SNPs).

To assess the influence of variation in mutation rate and
selective constraints on our data, we tested for associations
between silent divergence, K;, measured from O. sativa
Nipponbare and O. meridionalis and various genomic prop-
erties. Considering all genes in our analysis, Ky was posi-
tively correlated with 7y in O. rufipogon (Spearman’s
r = 0.20, P < 0.00005), recombination rate (r = 0.14,
P < 0.005), and gene density (0.1 Mb windows, r = 0.11,
P < 0.02; 1 Mb windows, r = 0.22, P < 0.00001) but not
intergenic GC content (r = —0.06, P > 0.05). These associ-
ations appear to be primarily driven by lower divergence
rates in the pericentromeres (pericentromeres vs. arms;
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Wilcoxon rank sum test, P << 0.01), and only the correlation
between 7y and K (r = 0.19, P << 0.0005) and an associ-
ation between Kj; and gene density measured at larger win-
dow sizes (1 Mb windows, r = 0.17, P < 0.005) remain
significant when pericentromeric genes are excluded from
the analysis. Given this evidence for mutation rate effects
on polymorphism, we present tests for associations between
polymorphism and genomic features with a normalized
measure of polymorphism (7g/Ks;), partial correlations
(mg1|Ksi), and unadjusted estimates of diversity below.

Absence of a Positive Correlation between
Nucleotide Diversity and Recombination Rate

To estimate local recombination rates in rice, we used ge-
netic markers from the RGP( Harushima et al. 1998) that
have been anchored to the TIGR-MSU rice pseudomole-
cules used in this study (Ouyang et al. 2006). Estimates
of recombination rate were then obtained with either a slid-
ing-window or polynomial approach (see Materials and
Methods); both methods gave similar estimates and both
measures were strongly and positively correlated with both
gene and coding site density (fig. 1), a property that may
differ between cereals and Arabidopsis (table 1).

To characterize the factors influencing polymorphism,
we partitioned the chromosomes broadly into the centro-
meres, pericentromeres, and chromosome arms (fig. 2).
We first consider patterns of polymorphism on the mostly
euchromaticarmsand return to the low-recombination het-
erochromatic regions below. In O. rufipogon, bivariate tests
for correlations between recombination rate and polymor-
phism found either no correlation (r = —0.09, P = 0.050;
sliding-window method) or a negative association (r =
—0.16, P < 0.0005; polynomial) depending on the method
used to estimate the local recombination rate (see table 2
and fig. 3). A similar result was obtained for the chromosome
arms of domesticated cultivars, where negative associations
between recombination rate and levels of polymorphism
were observed in both indica (r = —0.18, P < 0.0005) and
japonica (r = —0.31,P < 1.0 x 10" '%; table 2 and fig. 3). Sig-
nificantly negative associations between nucleotide diversity
and recombination remained in all three groups after con-
trolling for substitution rate (table 2).

To better characterize the relationship between recom-
bination and polymorphism in wild rice, O. rufipogon, we
focused on very low-recombination regions in the centro-
meres and pericentromeres of chromosomes 8, 10, and 12.
In rice, the centromeres are well characterized (Yan and
Jiang 2007) and consist of unique centromeric repeat units,
transposable elements, and actively expressed protein-
coding genes at moderate densities (Yan et al. 2005,
2008). Recombination rates are extremely low in the cen-
tromeres (i.e, no recombinants in 186 F, hybrids in the
Kasalath x Nipponbare cross; Harushima et al. 1998), thus
providing an opportunity to test for reduced polymorphism
when meiotic crossing-over is rare.

Seven of the genes in our data set are located in the “re-
combination-free” (Harushima et al. 1998; Yan et al. 2005)
domain encompassing Cen8 and five additional loci are in

25

20

Gene density (genes / 100 kb)

0 2 4 6 8
Recombination rate (cM/Mb)

30

chr8 [ o

15

Chr10 [ o

15 300

Chr12 [ o

Gene density (genes / 100 kb)
Recombination rate (cM/Mb)

15 300

0

0 5 10 15 20 25
Position (Mb)

Fic. 1. Positive association between gene density and recombination
rate on rice chromosomes 8, 10, and 12. (A) Estimates of
recombination rate were made at 100-kb intervals along each
chromosome with gene densities determined in 100-kb windows
flanking each position. The solid line is the least squares fit to all
data points. The broken line represents a fit to points from the

chromosome arms only. Both associations are significant by

Spearman’s rank correlation (all regions, r = 0.52, P < 1 X 107"

arms, r = 0.36, P < 1 x 107 "°). (B) Gene density (vertical gray bars)
and recombination rate (orange line) on each chromosome.

zero-recombination regions of Cen10 and Ceni2 (see
supplementary table S1, Supplementary Material online).
All 12 centromeric loci are polymorphic with silent SNP
densities being approximately 2-fold lower in the centro-
mere (49 SNPs/3,147 silent sites = 0.016) compared with
the chromosome arms (4,494/155,027 = 0.029). Estimates
of diversity based on the number of segregating sites sug-
gest that polymorphism in the centromere is reduced
(0.0036 *+ 0.0007, mean * standard error of the mean
[SEM]; supplementary table S1, Supplementary Material
online) compared with noncentromeric regions (0.0075
+ 0.0003; Wilcoxon rank sum test; P = 0.02), although
estimates based on 7 were not (P = 0.16).

If we extend the very low-recombination regions to in-
clude the entire pericentromere, we do not find evidence
of lower polymorphism relative to the chromosome arms
using either measure of polymorphism (Wilcoxon rank
sum test, P > 0.05). A test for reduced divergence with
O. meridionalis in the centromere based on eight genes
for which we could obtain an O. meridionalis sequence
was not significant (Wilcoxon rank sum test, P = 0.12),
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Table 1. Relationship between Recombination Rate and Gene (functional site) Density.

Species

Chromosomal Regions

Correlation (recombination vs. gene density)

Reference

Tian et al. (2009)
Tian et al. (2009)

Wu et al. (2002)
Fengler et al. (2007)
Anderson et al. (2006)
Liu et al. (2009)
Saintenac et al. (2011)
Wright et al. (2003)
Wright et al. (2003)
Drouaud et al. (2006)
Hey and Kliman (2002)

Oryza ssp japonica® Arms Positive
O. ssp japonica Arms Positive
0. ssp japonica“ All regions Positive
Maize® All regions Positive
Maize© All regions Positive
Maize™ All regions Positive
Wheat” 3.1 Mb on chromosome 3 Positive
Arabidosis thaliana® All regions Weakly positive
A. thaliana® Arms Weakly negative
A. thaliana® Chromosome 4 No association
Drosophila melanogaster® All regions Weakly positive
D. melanogaster® n.a. No association
Human® n.a. Weakly positive
Human? na. Weakly positive

Caenorhabditis elegans®® n.a.

Rizzon et al. (2002)
Cai et al. (2009)
Kong et al. (2002)

Negative C. elegans Sequencing Consortium (1998)

Note.—n.a,, not applicable.
? Gene density.

® Coding site density.

€ EST density.

although reduced rates of substitution in Cen8 has
previously been reported (Ma and Bennetzen 2006). A more
powerful test of divergences between the pericentromere
(0.020 *+ 0.002, mean + SEM) and arms (0.029 + 0.001)
indicates that substitution rates are lower in the pericentro-
mere (Wilcox rank sum test, P = 0.006). This observation
coupled with the positive correlation between recom-
bination and divergence suggests that recombination-
associated, or possibly transcription-associated, mutation
occurs in rice, but it is unclear if the reduction in polymor-
phism observed in centromeric genes can be explained
solely by mutation effects or selection.

Significant Negative Correlation between

Nucleotide Diversity and Gene Density

Although there was not a positive relationship between
levels of diversity and recombination rate, tests for associ-
ations between 7g; and gene density on the chromosome
arms of wild rice revealed significantly negative relation-
ships at all scales over which we measured gene density
(table 2, fig. 4, and supplementary fig. S2, Supplementary
Material online). This negative correlation is driven by
gene-dense regions of the chromosome arms that have

approximately two-thirds the level of nucleotide diversity
as those in the low-density regions (Wilcoxon rank sum
test, upper vs. lower gene density quartile, P << 0.05;
fig. 4). The negative association between nucleotide diver-
sity and gene density in O. rufipogon is stronger across
all window sizes when we adopt a normalized measure
of polymorphism (e.g., g /K r = —0.26, 1 Mb windows,
P < 0.00001; fig. 4) and remains significant in partial corre-
lations that control for K (all intervals, P < 0.01, table 2).
This gene density effect is also apparent when analysis is re-
stricted to regions of the arms with inferred recombination
rates > 2 cM/Mb (r = —0.14, 0.1 Mb windows, P < 0.005;
r = —0.19, 1 Mb windows, P < 0.0001), indicating that the
pattern we observe is not driven by low-recombination rate
regions. These statistical associations on the chromosome
arms are qualitatively the same when data from the pericen-
tromeres and arms are combined (supplementary fig. S2,
Supplementary Material online).

In the domesticated cultivars, the association between
polymorphism and gene density is stronger than in
O. rufipogon in bivariate tests on the chromosome arms
whether we normalize nucleotide diversity by the substitu-
tion rate or not (japonica, P < 1 x 10>, indica P < 1 x
1077, all window sizes; table 2). This relationship is also

Table 2. Spearman’s Rank Correlations (r) between 7g; and Genomic Features on Rice Chromosome Arms.

Oryza rufipogon

0. sativa ssp. indica O. sativa ssp. japonica

Tl 7K Tl Tl Ksiy Tl Tt Ksit

Recombination® —0.092 —0.105* —0.183*** —0.186*** —0.314*** —0.261***
Gene density (100 kb)b —0.14** —0.134** —0.262%** —0.277%** —0.219%** —0.232%**
Gene density (1 Mb) —0.195%** —0.1971*** —0.308*** —0.322%** —0.288%** —0.249***
Codon density (100 kb) —0.113* —0.074 —0.178*** —0.194*** —0.253%** —0.228%**
Codon density (1 Mb) —0.18*** —0.173** —0.297%** —0.315%** —0.328%** —0.282%**
GC content (100 kb) 0.003 —0.019 —0.059 —0.066 0.031 —0.004
GC content (1 Mb) —0.029 —0.027 —0.074 —0.092 0.09 0.07

# Recombination rates estimated using the sliding-window method.
® Window sizes are indicated in parentheses.
*P < 0.05, **P < 0.01, **P < 0.001.
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Fic. 2. The distribution of polymorphism in Oryza rufipogon and O. sativa ssp. japonica on chromosomes 8, 10, and 12. The top two rows of
panels represent polymorphism estimates for O. rufipogon and O. sativa ssp. japonica, respectively. Vertical orange bars indicate polymorphism
in pericentromeric regions. Black bars represent polymorphism on the chromosome arms. Horizontal bars indicate the approximate location of
the centromeres. Gene density and the proportion of conserved sites with phastCons conservation probabilities of 0.95 or greater are presented
in the two lower rows of panels in sliding windows with window size of 100 kb and stepsize of 25 kb. Data for O. sativa ssp. indica are presented

in supplementary figure S1 (Supplementary Material online).

significant in a conservative test that accounts for spatial
autocorrelation that may exist among observations because
of long-range linkage disequilibrium in the domesticated cul-
tivars (supplementary table S2 and fig. S3, Supplementary
Material online). Reduced variation in gene-dense regions
is most striking on the euchromatic arms of japonica
chromosomes (e.g, chromosome 8, long arm), where we
observed megabase-scale losses of diversity (fig. 2).

The severely reduced diversity in euchromatic regions
translates into a large difference in the levels of polymor-
phism between the pericentromeres and the chromosome
arms in japonica (Wilcoxon rank sum test; P << 0.0005),
a pattern that is not observed in either O. rufipogon (P
= 0.30) or indica (P = 0.82). In fact, the loss of variation
during domestication in japonica appears to be dispropor-
tionately associated with the arms where nucleotide poly-
morphism is on average reduced by 69% compared with O.
rufipogon versus a 47% loss in the pericentromeric regions.
Given that all selective sweeps inferred by Molina et al.
(2011) fall outside the boundaries of the pericentromeres
on chromosomes 8, 10, and 12, we conclude that artificial
selection has eliminated variation across large portions of
the highly recombining and gene-rich portion of the japon-
ica genome above and beyond the extensive losses of var-
iation associated with population bottlenecking.

The CpG Effect Does Not Account for the Pattern
of Polymorphism

A major factor contributing to mutation rate variation is an
increased rate of transitions at CpG dinucleotides due to
spontaneous deamination of methylated cytosines (Dun-
can and Miller 1980). Evidence that methylated CpG sites
are vulnerable to this effect has been documented in
plants (SanMiguel et al. 1998; Morton et al. 2006; Ossowski
et al. 2010), and increased mutation rates at CpG dinuc-
leotides could influence the regional patterns of poly-
morphism we observe because cytosine residues are
methylated at greater frequency in gene-poor regions of
rice chromosomes (Yan et al. 2010). In principle, the

CpG effect could elevate rates of transition mutation pref-
erentially in regions of low gene density and contribute to
the negative correlation we observe between polymor-
phism and gene density in O. rufipogon.

To evaluate this hypothesis, noncoding SNPs in O. rufi-
pogon were polarized using parsimony with O. meridionalis
and O. barthii as outgroups and assigned to one of the six
transition:transversion classes of mutation. Pooling all non-
coding SNPs from plus and minus strands, the number of
transition mutations per available site was higher at CpG
sites (213 C:G — T:A SNPs/2,687 CpG sites) compared with
other cytosine contexts (400/25,746; G-test, G = 292.57,
degrees of freedom = 1, P = 0.00). This is evidence that
spontaneous deamination of methylated cytosines in-
creases the mutation rate at CpG sites in rice (fig. 5).

However, this CpG effect does not appear to contribute
to regional differences in polymorphism in wild and domes-
ticated rice. In a regression analysis of CG—T:A SNP
counts, a model with cytosine context (ie, CpG or
CpH), region (i.e., pericentromeres or arms), and their in-
teraction did not fit the data significantly better than
a nested model without the interaction (F;,s5 = 0.0725,
P = 0.788). Removal of region from a model with cytosine
context and region also did not lead to a significant change
in the deviance (F; 235 = 0.1644, P = 0.6854). These tests do
not support an effect of chromosomal region on the den-
sity of C:G — T:A SNPs (fig. 5), despite evidence of a greater
frequency methylated cytosines in rice heterochromatin
(Yan et al. 2010). In a second set of tests between nested
models, a model including cytosine context, gene density,
and their interaction did not fit the data significantly better
than a model without the interaction effect (Fi,s5 =
0.0006, P = 0.981). Although we did find an effect of gene
density on C:G— T:A SNP counts (F; 56 = 6.44, P = 0.012)
that mirrors the pattern observed in bivariate correlations
across all mutational classes (g vs. gene density; table 2),
the absence of an interaction between cytosine context
and gene density argues against a significant contribution
of an elevated rate of transition mutation at CpG
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Fic. 3. Polymorphism for quartiles of recombination rate in wild and
domesticated rice. Average silent site nucleotide diversity (7)) in
recombination quartiles in Oryza rufipogon and the indica and tropical
japonica variety groups of O. sativa. Error bars represent mean +SEM.
Data are based on genes located on the chromosomal arms.

dinucleotides to the higher levels of polymorphism observed
in gene-poor regions.

Background Selection

Using phastCons estimates of phylogenetically conserved
sites (Wang et al. 2011) and a genomic deleterious rate, U,
to obtain coarse estimates of interval-specific deleterious
rates, a model of background selection predicts a negative
association between gene density and the proportion of
variation remaining under background selection under a re-
strictive set of conditions (fig. 6). With a genomic delete-
rious rate of U = 1, the gene density effect is weak but
apparent when the strength of selection is approximately
0.005 or less and the index of panmixia on the order of 0.7.
In the situation where this index is determined by out-
crossing alone, this is equivalent to an outcrossing rate
of 56% (fig. 6 and supplementary fig. S4, Supplementary
Material online). The effect becomes notably stronger,
however, with smaller selection coefficients and greater fre-
quencies of self-fertilization. When U = 0.3, the range of
conditions where selection against deleterious mutations
can introduce a gene density effect is reduced with readily
apparent effects not observed until the index of panmixia is
less than 0.1 or an outcrossing rate of approximately 5%
(supplementary fig. S5, Supplementary Material online).

Discussion

Examination of molecular variation in the wild rice O. ru-
fipogon and domesticated subspecies of O. sativa reveals
a negative correlation between nucleotide variation and
gene density and either a negative correlation or no corre-
lation with recombination rate. If mutation rate or varia-
tion in selective constraints explains the gene density effect,
we would also expect gene-dense regions to have lower K.
Divergence, however, is significantly positively correlated
with gene density and recombination rate and controlling
for divergence in our analysis largely has no effect on the
correlations we observe. An alternative mutation-related
explanation is that spontaneous mutation at methylated
CpG sites elevates the rate of mutation in gene-poor re-
gions owing to preferential methylation of cytosines in rice
heterochromatin (Yan et al. 2010). This CpG effect does not
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Fic. 4. Polymorphism for quartiles of gene density in wild and
domesticated rice. Average nucleotide diversity in gene density
quartiles in Oryza rufipogon and the indica and tropical japonica
variety groups of O. sativa are shown. The top plots are for silent
site nucleotide diversity (7;), whereas the bottom plots are silent
site nucleotide diversity normalized against the nucleotide di-
vergence between O. sativa and O. meridionalis (K). Error bars
represent mean +SEM. Data are based on genes located on the
chromosomal arms.

appear to contribute to regional differences in polymor-
phism in wild and domesticated rice. Together, these ob-
servations suggest that the relationship between
nucleotide diversity and gene density in rice does not arise
from mutation rate effects or variation in selective con-
straints but from selection at linked loci.

The negative association between polymorphism and
gene density is likely caused by two interacting factors.
First, self-fertilization and population substructure increase
linkage disequilibrium and enhance the effects of selection
at linked loci (Charlesworth et al. 1993; Charlesworth et al.
1997; Nordborg 2000). Without these or other factors that
cause departures from panmixia, background selection
would be expected to have only a weak effect on rice chro-
mosomes. For example, the proportion of variation remain-
ing after background selection is a negative exponential
function of the ratio of the chromosomal deleterious rate
and the map length in Morgans (Hudson and Kaplan 1995;
Nordborg et al. 1996). Rice chromosome 12 has a map
length of 1.1 Morgans and a chromosomal deleterious rate
of ~ U = 0.3/12, and we therefore would expect less than
a 3% reduction in variation due to background selection.
We observe, however, that the highest gene density quartile
on this chromosome has ~ 60% of the variation of the low-
est. Therefore, if background selection explains the reduc-
tion in polymorphism, a departure from panmixia in the
form of reduced outcrossing and/or population substruc-
ture is necessary to account for the gene density effect. Or-
yza rufipogon has a mixed mating system with moderate
outcrossing rates (e.g, 20-83%; Gao et al. 2007; Song
et al. 2003) and populations that show intermediate levels
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Fic. 5. The mutation spectrum in wild rice. (A) SNP densities refer to
the number of SNPs in each mutational class divided by the number of
available sites in the pericentromeres or arms. Complementary
mutation types such as G— A and C—T are pooled. CpH refers to
combined CpA, CpT, and CpC contexts. Derived SNPs were inferred
with parsimony using O. meridionalis and O. barthii as outgroups. Data
are based on noncoding SNPs. (B) Relative SNP densities were
calculated separately for each class of mutation as the SNPs per site in
pericentromere divided by SNPs per site in the arms. This shows that
the nominally higher density of C:G— T:A transitions at CpG sites in
pericentromeres is not unusual relative to other mutational classes.

of differentiation (e.g, F,; = 0.2-0.3; Gao et al. 2001 and
references therein). Our modeling of background selection
incorporates these effects through a “panmixis index”
(Rockman et al. 2010) and suggests that departures from
panmixia are necessary to explain the gene density effect.
For the case where this index is governed solely by out-
crossing (i.e., no population substructure), the gene density
effect becomes apparent when outcrossing rates are less
than 50% when U = 1 and at rates close to an order of
magnitude lower when U = 0.3.

Second, genes are organized along recombination gra-
dients in rice, which introduces a positive association
between the frequency of crossing-over and gene density
(fig. 1 and table 1; Tian et al. 2009). This feature and the
location of phylogenetically conserved sites primarily in
the euchromatic regions of rice chromosomes (fig. 2;

Wang et al. 2011) suggest that that the density of selected
mutations may be higher in regions with normal rates of
crossing-over potentially because of a higher rate of delete-
rious mutation. Selection models with uniform rates of del-
eterious (or advantageous) mutation predict a positive
correlation between polymorphism and recombination rate.
However, by introducinginterval-specific rates of deleterious
mutation proportional to the number of conserved sites in
our model, we observed that background selection can effec-
tively reverse the relationship between polymorphism and
recombination rate, reduce polymorphism on the chromo-
some arms relative to regions of low recombination, and re-
cover the negative correlation between polymorphism and
gene density we observe. Nevertheless, given the uncertainty
in parameter values and assumptions made by the model
(Hudson and Kaplan 1995; Nordborg et al. 1996), we place
little emphasis on the parameter values themselves and con-
clude that background selection appears to be sufficient to
explain the gene density effect in wild rice provided that del-
eterious rates are significantly higherin gene-rich regionsand
that O. rufipogon populations conform to a somewhat
restrictive but plausible set of conditions.

Although background selection should still operate in
the domesticated O. sativa, evidence of recurrent selective
sweeps associated with artificial selection suggests a clear
role for positive selection in shaping patterns of nucleotide
variability during rice domestication (Caicedo et al. 2007;
Molina et al. 2011; Xie et al. 2011). In our analysis, the neg-
ative correlations between nucleotide variation and gene
density and recombination frequency are stronger in both
indica and japonica than O. rufipogon and appear to be
driven by large regions of the chromosome arms that
are depauperate of nucleotide variation, particularly in
japonica. This could reflect greater linkage effects associ-
ated with a shift to self-fertilization, recurrent artificial
selection, or both. An interesting observation is that large
regions depauperate of variation in japonica are found
exclusively on the chromosome arms. For example, we
detected little or no variation in a region spanning nearly
half of the long arm of chromosome 8 despite higher fre-
quencies of crossing-over in this region. Evidence of a strong
negative correlation between polymorphism and recombi-
nation rate and greater hitchhiking in high-recombination
regions may support a model of selection during domes-
tication where interference between beneficial alleles in re-
pulsion phase effectively prevents completion of selective
sweeps in regions of low recombination. In regions where
crossing-over is more frequent, complete selective sweeps
are facilitated by more frequent generation of favorable
allele combinations. A similar mechanism has been proposed
to account for the maintenance of residual heterozygosity
preferentially in low-recombination regions of maize
recombinant inbred line populations (Gore et al. 2009;
McMullen et al. 2009). These observations may indicate
a significant role for Hill-Robertson interference (Hill and
Robertson 1966) in domestication.

A limitation of our analysis is the coarseness of the rice
genetic map and our application of an O. sativa genetic
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Fic. 6. Background selection predicts a negative correlation between polymorphism and gene density. (A) The predicted average proportion of
neutral variation remaining under background selection with regional-specific rates of deleterious mutation plotted as function of the strength
of selection and the index of panmixis for U = 1. (B) Predicted proportion of neutral variation remaining under background selection (7ggs/7,)
at positions on chromosome 12 for nine parameter combinations (corresponding to the orange dots in A). In the situation where the index of
panmixia is governed solely by outcrossing, the values correspond to outcrossing rates of 0.2%, 3%, and 56%. Insets represent average Tpgs/T, in
gene density quartiles (analogous to fig. 4) and illustrate the range the conditions where selection against deleterious mutations introduces
a negative association between polymorphism and gene density. Average mggs/T, in gene density quartiles represent pooled data from

chromosomes 8, 10, and 12.

map to O. rufipogon. The map data were originally collected
from an indica x japonica cross (Harushima et al. 1998)
and the low marker density compared with maps con-
structed from large-scale genotyping projects means that
our estimates of local recombination rates are relatively
coarse. However, the negative, but statistically insignificant,
relationship between recombination frequency and 7 in
O. rufipogon and the significantly negative association with
T/ K (table 2) are unlikely to be altered significantly by
finer scale estimates of the frequency of crossing-over.
Moreover, the stronger negative correlations in indica
and japonica are similarly unlikely to be reversed by a more
detailed linkage map. Our results may, however, be influ-
enced by applying an O. sativa map to O. rufipogon. There is
evidence that recombination rates have increased in re-
sponse to selection during domestication across diverse
plant groups (Ross-Ibarra 2004). If this is the case in rice,
the genetic map in O. rufipogon is shorter than the map
used in our analysis, which should enhance the effect of
background selection. This would effectively increase the
range of conditions under which selection against delete-
rious mutations could explain the negative association be-
tween polymorphism and gene density that we observe.
The genomic pattern of polymorphism in O. rufipogon is
qualitatively similar to observations made in other popula-
tion genetic model organisms. In A. thaliana, polymorphism
is also negatively correlated with gene density likely due to
background selection and high rates of self-fertilization
(Nordborg et al. 2005). Similarly, the self-incompatible,
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but geographically structured species, A. lyrata, has reduced
polymorphism on the chromosome arms relative to the
pericentromeres (Wright et al. 2006; Kawabe et al. 2008).
If selection is in fact responsible for these patterns, they
suggest that selection reduces polymorphism in rice and
Arabidopsis over relatively large genomic intervals including
genomic regions with frequent crossing-over.
Comparisons with Caenorhabditis are also of interest
because of the unusual organization of genes in this genus.
Genes in Caenorhabditis are located primarily in broad do-
mains of suppressed recombination at the center of each
chromosome (Barnes et al. 1995; C. elegans Sequencing
Consortium 1998). Frequent selection in these gene-rich
and low-recombination regions should have a pronounced
effect on neutral polymorphism (Cutter and Choi 2010).
This expectation is met in hermaphroditic species
C. elegans (Koch et al. 2000; Cutter and Payseur 2003)
and C briggsae (Cutter and Choi 2010), and nucleotide
variation is both positively correlated with recombination
rate and negatively associated with gene density (Cutter
and Payseur 2003). Although the gene density effect is com-
parable with that in rice, the primary cause in Caenorhabditis
may be selection in or near genes whose effect is enhanced
by self-fertilization. This may differ from rice where the re-
duction in polymorphism in gene-dense regions may be
strongly dependent on departures from panmixia. Further
clarity on the relative roles of genome organization and
mating system in shaping these patterns may be obtained
through surveys of polymorphism in obligately outcrossing
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species with holocentric chromosomes including gono-
choristic species of Caenorhabditis (Cutter 2008; Wang
et al. 2010) and Bombyx mori.

The positive correlation between recombination rate
and gene density is found not only in rice (see fig. 1)
but in other grass species as well (see table 1). In rice, maize,
and other cereal grass species, recombination has been ob-
served to initiate in gene regions (Gaut et al. 2007; Li et al.
2007), which explains the strong correlation of recombina-
tion rate and gene density in these species (see table 1).
Whether this property has significant impact on patterns
of polymorphism in other species as it appears to in rice will
be an interesting avenue for future work. It is apparent that
more genome-level studies of nucleotide variation need to
be undertaken to dissect how the specific relationships be-
tween genomic structural elements (e.g, gene density) and
other genetic factors (e.g, mutation, recombination, out-
crossing rates) interact to pattern the distribution of mo-
lecular diversity. The challenge remains to understand, at
both theoretical and experimental levels, how the interplay
between these factors, and the diversity in genomic archi-
tectures of species, can determine how molecular variation
is distributed within and between genomes.

Supplementary Material

Supplementary figures ST — S5 and tables S1and S2 are
available online at Molecular Biology and Evolution online
( http://www.mbe.oxfordjournals.org/).
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