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Abstract

The effective population size (N.) is one of the most fundamental parameters
in population genetics. It is thought to vary across the genome as a consequence
of differences in the rate of recombination and the density of selected sites due
to the processes of genetic hitch-hiking and background selection. Although it is
known that there is intragenomic variation in the effective population size in some
species, it is not known whether this is widespread, nor how much variation in the
effective population size there is. Here, we test whether the effective population size
varies across the genome, between protein coding genes, in 10 eukaryotic species
by considering whether there is significant variation in neutral diversity, taking
into account differences in the mutation rate between loci by using the divergence
between species. In most species we find significant evidence of variation. We

investigate whether the variation in N, is correlated to recombination rate and the

Copyright 2011.



density of selected sites in four species, for which this data is available. We find
that N, is positively correlated to recombination rate in one species, Drosophila
melanogaster and negatively correlated to a measure of the density of selected sites
in two others, humans and Arabidopsis thaliana. However, much of the variation
remains unexplained. We then use a hierarchical Bayesian analysis to quantify the
amount of variation in the effective population size and show that it is quite modest
in all species - most genes have an N, which is within a few fold of all other genes.
Nonetheless we show that this modest variation in [V, is sufficient to cause significant
differences in the efficiency of natural selection across the genome, by demonstrating
that the ratio of the number of non-synonymous to synonymous polymorphisms is
significantly correlated to synonymous diversity and estimates of N., even taking

into account the obvious non-independence between these measures.

Introduction

The effective population size (N.) is one of the most fundamental quantities in population
genetics, evolutionary biology and molecular ecology, since it determines the effectiveness
of natural selection and the level of neutral genetic diversity that a population contains
(CHARLESWORTH, 2009). Populations and regions of the genome with small N, tend to
have low levels of genetic diversity, to be susceptible to the accumulation of deleterious
mutations through genetic drift and to have potentially low rates of adaptive evolution

(CHARLESWORTH, 2009).

The effective population size is expected to vary across the genome as a consequence ge-
netic hitch-hiking (SM1TH and HAIGH, 1974) and background selection (CHARLESWORTH
et al., 1993). The action of both positive and negative natural selection, particularly in
regions of the genome with low rates of recombination, is expected to reduce the effective
population size leading to lower levels of genetic diversity and reduced effectiveness of
selection. Hence variation in the rate of recombination and the density of selected sites is

expected to generate variation in N,.



The evidence that there is variation in /N, within a genome comes from three sources.
First, it has been shown that levels of neutral genetic diversity are correlated to rates of
recombination in Drosophila (BEGUN and AQUADRO, 1992), humans (HELLMANN et al.,
2003) and some plant species (TENAILLON et al., 2004; ROSELIUS et al., 2005). This
could be due to variation in the mutation rate since neutral genetic diversity is propor-
tional to the effective population size multiplied by the mutation rate. However, the
level of neutral sequence divergence between species, which should be proportional to the
mutation rate, is not correlated to the rate of recombination in Drosophila (BEGUN and
AQUADRO, 1992) and the plant species (ROSELIUS et al., 2005) that have been investi-
gated. Furthermore, although there is a correlation between neutral sequence divergence
and recombination rate in humans, this correlation is not sufficient to explain the correla-
tion between diversity and the recombination rate (HELLMANN et al., 2005). It is has also
been shown that the Y and W chromosomes, which have no recombination over most of
their length, have substantially lower diversity than other chromosomes, and that this can-
not be attributed to differences in the mutation rate or the fact there are fewer Y and W
chromosomes than autosomes (MONTELL et al., 2001; FILATOV et al., 2001; BACHTROG
and CHARLESWORTH, 2002; HELLBORG and ELLEGREN, 2004). It thus seems that the
effective population size varies across genomes and is positively correlated to the rate of

recombination.

Second, under the neutral theory of molecular evolution it is expected that levels of
diversity and divergence should be proportional to each other, since both depend on the
neutral mutation rate. Deviations from this hypothesis, caused for by variation in N,,
can be tested using the HKA test and derivatives of it (HUDSON et al., 1987; WRIGHT
and CHARLESWORTH, 2004; INGVARSSON, 2004; INNAN, 2006). Evidence for departures
from the neutral hypothesis, based on the HKA test, comes from multiple multilocus
surveys in plants (ROSELIUS et al., 2005; SCHMID et al., 2005), the chicken Z chromosome
(SUNDSTROM et al., 2004), humans (ZHANG et al., 2002) and Drosophila (MORIYAMA

and POWELL, 1996; MACHADO et al., 2002).

Third, variation in the effective population size should manifest itself as variation in the



effectiveness of selection and this has also been observed. In Drosophila it has been shown
that codon usage bias is lower in the regions of the genome with very low rates of recom-
bination (HEY and KLIMAN, 2002; MARAIS et al., 2003; KLIMAN and HEY, 2003). It
has also been shown that the number of non-synonymous polymorphisms (P, ) relative to
the number of synonymous polymorphisms (Ps) is higher in the low recombining parts
of the D. melanogaster genome (PRESGRAVES, 2005), that the rate of non-synonymous
(dy) relative to the rate of synonymous (dg) substitution is positively correlated to the
frequency of recombination (BETANCOURT and PRESGRAVES, 2002) and that the overall
efficiency of selection appears to be lower in the regions of the genome with low rates of
recombination (PRESGRAVES, 2005; LARRACUENTE et al., 2008). Likewise it has been
shown that dy/dg is higher on the Y or W chromosome than on the other chromosomes
in humans (WYCKOFF et al., 2002) and birds (BERLIN and ELLEGREN, 2006) and the
fourth chromosome of Drosophila species (ARGUELLO et al., 2010). In contrast, BuL-
LAUGHEY et al. (2008) found no correlation between dy/ds and the rate of recombination

in primates.

It is thought that the correlation between dy/ds or P,/Ps and the rate of recombina-
tion is due to regions of the genome with little or no recombination having low effective
population size and hence reduced effectiveness of natural selection (BETANCOURT et al.,
2009). P,/P; is negatively correlated to the rate of recombination because regions with
low effective population size allow more slightly deleterious mutations to segregate for
longer. In contrast, dy/ds can either be positively or negatively correlated to the rate of
recombination depending on the prevalence of advantageous mutations. If advantageous
mutations are common then regions of the genome with high rates of recombination are
expected to evolve faster because they have a higher effective mutation rate, and because
selection is effective on a greater proportion of mutations. In contrast, if advantageous
mutations are rare then regions of the genome with high rates of recombination may
have low values of dy/dgs because selection against slightly deleterious mutations is more

effective.

Although it is well established that N, varies across the genome in a few species, it is
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unclear whether this is true of all species and, more importantly, how much variation in N,
there is and whether this variation results in differences in the effectiveness of selection.
Here we test whether there is variation in the effective population size by considering
whether there is significant variation in neutral diversity, taking into account that this
might be due to variation in the mutation rate by using the divergence between species
to control for differences in the mutation rate. We also quantify the variation in N.. We
estimate N, from the nucleotide diversity at putatively neutral sites, since this is expected
to be equal to 4N i in a diploid organism, where N, is the effective population size and
i is the mutation rate per generation. We use the divergence between two species at
neutral sites as an estimate of the mutation rate per generation. Note that since we are
comparing loci within a genome they all share the same generation time (unless they are
on the sex chromosomes or in the mitochondrial DNA) and so this does not have to be
explicitly taken into account. We can therefore estimate the effective population size for
each locus. However, although each individual estimate is unbiased, the distribution of
these values has a variance that is greater than the true variance because of sampling
error; a locus might have a particularly low diversity just by chance, and not because its
effective population size is particularly low. To get round this problem we use a hierachical
Bayesian framework to estimate the distribution of N, across genes taking into account

the sampling error associated with both the polymorphism and divergence data.

We test for and investigate the variation in the effective population size in 10 eukaryotic
species including humans, Drosophila melanogaster, Arabidopsis thaliana and Saccha-
romyces paradozus (Table 1). We find that there is statistically significant variation in N,
across genes, but that it is rather modest in most of the organisms. We also investigate
whether variation in N, within a genome leads to variation in the proportion of effectively
neutral mutations, by testing whether the ratio of the number of non-synonymous to
synonymous polymorphisms is correlated to the effective population size, in a way which
circumnavigates the obvious non-independence between the two variables. We find overall
evidence for a correlation between these two parameters and hence conclude that even

modest variation in the effective population size is sufficient to generate variation in the



effectiveness of natural selection.

Materials and Methods

Sequence data We obtained data from different plant species, mouse, fruitfly and yeast
using publicly available data from Genbank (http://www.ncbinlm.nih.gov/Genbank).
Polymorphism data for Homo sapiens were downloaded from Enivironmental Genome
Project (egp.gs.washington.edu) and Seattle SNPs (pga.gs.washington.edu) web-sites and
for Arabidopsis thaliana from http://walnut.usc.edu/2010. The annotated protein-coding
genome of A. thaliana was obtained from TAIR 8 (ftp://ftp.arabidopsis.org), the anno-
tated Arabidopis lyrata genome was obtained from JGI (http://genome.jpi-psf.org ). The
annotated protein-coding genome of Pan troglodytes, Macaca mulatta and Rattus norvegi-
cus were obtained from Ensembl (http://www.ensembl.org/info/data/ftp/index.html).
The S.cerevisae genome chromosome 111 was obtained from http://www.yeastgenome.org.
We restricted our analysis of D. melanogaster to data from the Zimbabwe population,
from the S.paradozus dataset to the European population and from the human dataset
to African populations, since all of these represent the ancestral populations of the three
species (GARRIGAN and HAMMER, 2006; STEPHAN and L1, 2007; LITI et al., 2009). Qual-

itatively similar results were obtained in the three cases when using global data.

Preparation of the data The analysis was performed using protein coding sequences.
Coding regions were assigned using protein coding genomic data or if given, taken from
the GenBank input files. Sequences were aligned using Clustalw using default parameter
values (THOMPSON et al., 1994). The outgroup ortholog was assigned using the best
BLAST (ALTSCHUL et al., 1990) hit or, if given, taken from the polymorphism dataset.
We only used polymorphism data for which we could assign an outgroup sequence. For
all analyses the number of synonymous substititions and polymorphisms served as the
neutral standard. For computational reasons all sites had to have been sampled in the

same number of chromosomes within each species; because some loci had been sampled



in more individuals than others and other loci had missing data, we reduced the dataset
to a common number of chromosomes by randomly sampling the polymorphisms at each
site without replacement. The numbers of synonymous and nonsynonymous sites and
substitutions were estimated by randomly selecting one allele from the polymorphism
data and comparing it against the outgroup using the F3x4 model implemented in PAML
(YANG, 1997) in which codon frequencies are estimated from the nucleotide frequencies
at the three codon positions. The proportion of sites estimated by PAML was also used
to compute the numbers of synonymous and non-synonymous sites for the polymorphism
data. Although, how we choose to define a site can be important in some circumstances
(BIERNE and EYRE-WALKER, 2003) this is not likely to be a problem in the current con-
text because we use the same definition for both the divergence and polymorphism data;
as such the number of sites effectively cancels out in most of our analyses (however see
discussion of selection on synonymous codon bias below). Statistics concerning numbers

of loci, numbers of sites as well as polymorphic sites are shown in Table 1.

Testing for variation in diversity and the effective population size We investi-
gated whether there was significant variation in the level of diversity across the genome
using two tests. If we assume there is free recombination within and between loci (or no
recombination within and between loci) then variation in diversity can be tested using a
simple (2xk) x? test of independence across the k loci within each species, where for each
locus we have the number of sites with a polymorphism and the number of sites without
a polymorphism. Note that this test is only valid when the same number of chromosomes
have been sampled across all loci. However, some of the variation in diversity between
loci might be due to variation in the genealogy if there is limited or no recombination
between loci. We therefore applied a variant of the classic HKA test, but we removed the

divergence information from the test. The test statistic X2 is set up as follows:

X?=> (P, - E(P))*/Var(P) (1)

i=1



where E(P;) and Var(P;) are the expected value and variance of the number of segregating

polymorphisms, P, in gene i:

E(P,) = Mf Z 1/j (2)
Var(R) = B(R) + (M6 Y 1/7 3)

with n being the number of alleles, L. the number of loci, § = 4N and M; the number
of sites in gene i. Estimates of § were obtained by minimizing the value of X?2. X? is

expected to be x? distributed with (L-1) degrees of freedom.

Any variation that we detect in diversity might be due to variation in the mutation rate
or variation in the local effective population size. We therefore performed two further
analyses to investigate whether there was variation in diversity that could not be explained
by variation in the mutation rate, as measured by synonymous divergence between species.
The first test was a second approximate (2xk) x? test of independence, performed as
follows. For each locus we have the number of sites used to estimate the level of silent
site divergence (L,4), the estimated number of substitutions (D), the number of sites
used to estimate silent site diversity (L,) and the number of sites with a polymorphism
(P). Since Lg and L, can be different we reduced the divergence or polymorphism dataset,
whichever was larger, to the size of the other, resampling without replacement the numbers
of substitutions or polymorphisms as appropriate; for example if Ly was half L,, we
sampled L, sites from the divergence data to generate a sub-sample of the substitutions
(D) over L, = L, sites. We can then perform a (2xk) x* test where the cells for each
gene are the number of sites of sites with a substitution (D’) and the number of sites with
a polymorphism (P’). Note that the dataset will be reduced using this method resulting
in a loss of power. Furthermore this test is only approximate because we assume that the
number of substitutions is binomially distributed, whereas in fact it has a more complex
distribution because of the correction for multiple hits. Some of the expected values can
be very small in both y? tests: we therefore checked the p-values from the y? tests by

generating the null distribution for the test. This was performed by randomly assigning



polymorphisms and substitutions across the contingency table preserving the marginal
totals. We then recalculated the statistic and performed this 1000 times. The p-value
was the proportion of such randomly generated values that exceeded the observed value.
Generally we found that the p-value from randomisation, and the p-value assuming our
test statistics were x? distributed, were similar (Table S1). We therefore present the

results from the standard x? test.

This test assumes free recombination between sites within loci and loci (or no recombina-
tion between sites and loci). A more conservative test is the classic HKA test which tests
for heterogeneity in the ratio of diversity divided by divergence between loci assuming no
recombination within loci, but free recombination between loci. We perfomed the multiple
locus HKA test using software provided by J. Hey (http://genfaculty.rutgers.edu/hey/software##HKA).
To perform this test we had to exclude loci with zero divergence; for most species this con-
stituted a small fraction of the total number of loci. However we had to exclude §. bicolor

from the analysis because too many loci showed zero divergence.

Recombination and density of selected sites We obtained estimates of recombina-
tion rate variation along chromosomes for A. thaliana (SINGER et al., 2006), D. melanogaster
(HEY and KLIMAN, 2002), H. sapiens (KONG et al., 2002) and M. musculus (DUMONT
et al., 2011). Gene density was estimated as the proportion of coding sites in window sizes
of 50KB, 500KB and 5MB. Since results are qualitatively similar, we only discuss results
for the window size of 500KB. Conservation scores (SIEPEL et al., 2005) were obtained
from the UCSC genome browser (http://genome.ucsc.edu/) for D. melanogaster across

15 species, H. sapiens across 17 species and M. musculus across 30 species.

Bayesian analysis To estimate the distribution of N, we used a hierachical Bayesian
analysis in which we estimate the parameters of the distribution of N, (Figure S1). If
we assume that the population size is stationary the expected number of polymorphisms
segregating in a sample of n sequences, P, and the number of differences between the

outgroup and a single sequence from the ingroup, D, are



n—1

P, =4uL,N, Y 1/i (4)
=1

D, = 2utLy (5)

where L, and L, are the number of sites which can have a polymorphism or substitu-
tion respectively, p is the nucleotide mutation rate per generation and ¢ is the time of
divergence. We are interested in the distribution of N,. To estimate this distribution we
assume that NV, and p follow a log-normal or a gamma distribution. Assuming free recom-
bination and using equations (4) and (5) above we can write the likelihood of observing

P, polymorphisms and D, substitutions
L=]][X(D. D)X (P, P)M(N, | on)M (1 | 0,,) (6)

where X(S,5(x)) is the Poisson distribution and M (N, | oy, ) is the probability density of
the distribution of N,, and M(u | 0,) is the probability density of the distribution of the
mutation rate; these distributions are parameterised such that the mean is fixed at unity
leaving us to estimate the shape parameter. If there is no recombination within a locus

then we can rewrite equation (4) as

n—1
Py =4mpL,N. Y 1/i (7)
i=1

where 7 is the length of the genealogy scaled such that E[r] = 1. We can rewrite equation
(6), and the likelihood then becomes

L=[IX(De, D)X (P, PYM(N. | o, )M (1 | 0,)M (7 | ) (8)

To calculate the probability density distribution M (7 | n) of genealogy lengths we ran-
domly simulated 10,000 genealogies, scaling them such that the average total length was
unity. In theory it is possible to accommodate ancestral polymorphism into the method,

however we found that the method rarely gave stable estimates of oy, particularly in the

10



no recombination model. We therefore concentrated on datasets in which the influence of
ancestral polymorphism was likely to be minimal - i.e. in which the average divergence
was > 5x the average of Oy, (Table 1). If we assume that the ancestral NV, of a locus is
correlated to the current N, we expect ancestral polymorphism to decrease the apparent

variation in V..

To estimate the posterior distribution of the parameters oy, and o, we used a Monte-
Carlo Markov chain running the Metropolis-Hastings algorithm (HAsTINGS, 1970). Un-
fortunately because we have very few synonymous polymorphisms per gene this method
tends to underestimate the true value of oy, . For most datasets this underestimation is
small, but it can be large. We therefore estimated the extent of bias by simulating data
under a range of parameter values using the actual numbers of sites from the real data
such that the expected numbers of polymorphisms and substitutions were equal to the
mean values. For example, if we estimated oy, to be 0.5 and o, to be 0.1 we simulated
data for o, values of 0.1, 0.2 and 0.3 and for oy, values between 0.4 and 1.0 in steps
of 0.05. For each simulated dataset we estimated oy, and using linear regression we in-
ferred the relationship between oy_(estimated) and oy, (true). Using this relationship we
inferred the true value of o, from the value estimated from the real data (Figures S2 and
S3). To obtain a corrected SE we multiplied the observed standard error by the ratio of
the corrected estimate of oy, divided by the observed estimate of ox,. This slightly un-
derestimates the true SE since we have not taken into account the small amount of error
associated with estimating the regression line. To test for heterogeneity in oy, between
species we assumed that the estimate of o, was normally distributed; under this assump-
tion (oy, — on,)?/var(oy,) is x? distributed with k-1 degrees of freedom for k species.
oy, was calculated as a weighted average, where the weights were inversely proportional

to the variance of the estimate (EYRE-WALKER, 1996).

Variation of efficiency of selection We tested whether the strength of selection on
non-synonymous mutations was correlated to the effective population size, which can be

seen as testing if the fraction of deleterious mutations varies with .. This can be done
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by considering the correlation of P,/Ps and 6, or P,/Ps and N, (=0,/(4u)), where P,
and P, are the numbers of non-synonymous and synonymous mutations respectively and
N, values are point estimates from the genetic diversity and mutation rates taken from
the literature. However, P, and 6, are not independent. We overcome this problem by
splitting P, into two independent values by generating a random hypergeometric variable

as follows (PIGANEAU and EYRE-WALKER, 2009; STOLETZKI and EYRE-WALKER, 2011):

Py = Hypergeometric(Ps, Ly — Py, 0.5P;) 9)

PsZZPs_Psl (10)

One of the P, values is used to estimate P,/Ps (see below) and the other one is used to
estimate fg. There are two further problems to consider with this method, first, P, /P;
can be an overestimate or underestimate of the true value of P, /P; and second the ratio
P,/ P; is undefined if P; = 0. Both of these problems can be overcome by considering the

correlation between ¢ and s (PIGANEAU and EYRE-WALKER, 2009):

Y= (11)

Hence using our method to split P, into independent values we have two independent
pairs of fg and v; we only present results from one pair. Some of the datasets contain
relatively little polymorphism which results in substantial variance of ¢. To overcome
this problem we sum data across loci. For this we ranked loci according to their neutral
diversity obtained from 6,5 and binned them into groups of size n (e.g. 2, 4, 8 and 16). For
each group average 6, and corresponding N, values were calculated. Furthermore, for
each group, the sums of P, and P,; were calculated in order to calculate ;. Note, that ¢,
can be obtained in a similar manner, however results were qualitatively comparable and
we therefore only show results for ¢; vs 3 and N.,. Also we only show results for group
size 4 because results for group sizes > 2 were similar. The correlations were performed
by calculating Spearman’s rank correlation and probabilities were combined using the

unweighted Z-method (WHITLOCK, 2005).
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Results

To investigate variation in the effective population size within genomes, we assembled
protein coding sequences from 10 species. The datasets are from six plant species, three
animal species and one fungus. The datasets range in size from 66 to 918 loci per species
and from 8 to 40 sequences per gene (Table 1). In all analyses we assume that synonymous

mutations are neutral.

Variation of diversity and N, within a genome using y? and HKA tests The
level of genetic diversity appears to vary considerably within each genome (Figure 1);
however, the number of polymorphisms per gene is generally quite low and hence this
variation might be due to sampling error. To test whether the variation is significant we
used two tests, which make different assumptions about the rate of recombination within
loci - either free or no recombination. Both tests suggest that there is variation in the
level of diversity in most species; all species are significant assuming free recombination
and 6 out of 10 are significant assuming no recombination. This variation in diversity
between loci could be due to variation in the effective population size or to variation
in the mutation rate. To investigate whether variation in the mutation rate might be
responsible, we estimated the number of synonymous substitutions for each locus (Dg),
between the species of interest and an outgroup species. In many species there is a
significant positive correlation between Dg and Ps (Table 3) suggesting that part of
the variation in diversity is due to variation in the mutation rate. However, if we test
whether there is significant variation between loci taking into account the mutation rate,
as estimated from the divergence between species, using either a y? test of independence
or the more conservative HKA test, then we find significant evidence in the majority of
species, whether or not we assume free or no recombination within loci; 9 out of 10 loci
for free recombination test and 6 out of 9 loci for the no recombination test (the HKA
test could not be performed on S.bicolor due to the large number of genes in which the

divergence was zero).
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Correlates of N, The variation in N, across the genome is likely to be due to genetic
hitch-hiking and background selection. Both processes are expected to be stronger in
regions of the genome with low rates of recombination and a high density of sites subject
to natural selection. To investigate which, if either of these factors is responsible for the
variation in N,, we investigated whether the variation in N, was correlated to the rate
of recombination and density of selected sites in four species for which this data was
available: D. melanogaster, human, mouse and A. thaliana. We measured the density
of selected sites as either the number of nucleotides in annotated exons (genic density),
or the number of nucleotides in conserved regions (conserved site density), as annotated
in the UCSC conservation track, in windows of size 50KB, 500KB and 5MB, where the
window is centred on the gene from which the polymorphism data was taken (there is no
conservation track for A. thalaiana, so in this species we just investigated the density of
genic sites). Results for the different window sizes were generally consistent, so we present
the results from the 500KB window size. We estimated N, as the synonymous diversity

divided by synonymous divergence.

In D. melanogaster we find, as others have done, that our estimate of N, is positively
correlated to recombination rate (Spearman’s correlation coefficient r=0.45, P < 0.01). It
is however also positively correlated to the density of conserved sites (r=0.24, P < 0.01),
which is unexpected, though not genic sites (r=0.03, P = 0.65). The positive correlation
with conserved site density might be due to the positive correlation that exists between
the density of conserved sites and the rate of recombination (r=0.56, P < 0.01), and
indeed if we perform a multiple regression we find that the correlation between N, and
the density of conserved sites disappears (P=0.74), while the positive correlation between

N, and recombination rate remains (P < 0.01).

In humans we find, as others have done, that both diversity (r=0.14, P=0.02) and diver-
gence (r=0.18, P < 0.01) are positively correlated to the rate of recombination (LERCHER
and HURST, 2002; HELLMANN et al., 2005), and there is, as a consequence, no correla-
tion between estimates of N. and the rate of recombination (r=0.026, P=0.69). N, is

significantly negatively correlated to the density of genic sites (r=-0.19, P < 0.01), but
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not conserved sites (r=-0.085, P = 0.17). Using multiple regression does not alter this

picture; N, is only correlated to the density of genic sites.

In mouse we see no significant correlations between estimates of N, and the rate of re-
combination (r=0.054, P=0.72), the density of genic (r=0.089, P=0.53) or conserved sites

(r=0.093, P=0.51). This picture is unaffected by the use of multiple regression.

In A. thaliana we see a pattern like that in humans; both diversity (r=0.10, P=0.04) and
to a lesser extent divergence (r=0.064, P=0.11) are positively correlated to recombination
rate, and NN, is positively but not significantly correlated to recombination rate (r=0.080,
P=0.11). N, is significantly negatively correlated to genic density (r=-0.11, P=0.02).

Unfortunately there is no data on conserved sites in this species.

Quantifying variation of N, Since we find evidence for variation in N, in many
of our species we attempted to quantify the amount of variation using a hierarchical
Bayesian model. We assume underlying distributions for N, and p (e.g. log-normal
distributions) and estimate the shape parameters oy, and o, and hence the variances
of these distributions; the mean of each distribution is constrained to be equal to one
(see materials and methods). We investigate two different models: in the first we assume
free recombination and in the second we assume no recombination within loci, but free
recombination between loci. These two models are likely to set the upper and lower bounds
on the true level of variation in N,. Under the free recombination model all the variation
in diversity is attributed to variation in N,, variation in the mutation rate and sampling
error. In the model with no recombination, variation in diversity may additionally be due
to variation in the coalescent process. Hence, the free recombination model gives an upper

estimate on the variation in /N, and the no recombination model gives a lower bound.

We applied our method to the polymorphism data from each of the 10 eukaryotic species to
estimate the variation of N, within each genome along with the variation in the mutation
rate, 0, (Table 4). As expected in all cases the estimate of oy, is larger when free

recombination is assumed, but the estimates from the two models are highly correlated
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(r=0.95). The estimate of o0, is unaffected by the model of recombination assumed.
We find evidence that the value of oy, varies between species for both the free and no
recombination models (P = 2.5 x 107 and P = 4.2 x 107® respectively). We find that the
level of variation of N, is the lowest for Mus musculus and highest for Capsella rubella
for both recombination models. The estimates of oy, and o, were of similar magnitude
for each taxon suggesting that overall variation in the mutation rate and variation in the

effective population size contribute a similar amount to the variation in diversity.

The level of variation in N, we estimate using our method is quite modest. For example,
C.rubella has the highest estimate of oy, , but under this distribution the genes in the
90th percentile have an N, that is only 7.2-fold greater than those in the 10th percentile,
i.e. 80% of genes have an effective population size within 7.2-fold of each other. Four
species have estimates of oy, of less than 0.6 meaning that the difference between the

90th and 10th percentile is less than 4-fold.

The estimated distribution appears to fit the data reasonably well (Figure 2). We would
not expect the fit to be perfect, particularly at the lower end of the distribution, since
this is where sampling error is a major issue; e.g. many genes have no polymorphism
because of sampling error, not because they have an effective population size of zero.
It is possible that assuming a log-normal distribution places some unwanted constraints
on the estimation procedure; in particular the probability density tends to zero for low
N.. We therefore also fitted a gamma distribution to the data (Table S3); with this
distribution the probability density does not necessarily decline to zero near the origin.
However, the estimated distributions are very similar to those obtained assuming a log-
normal distribution (Figures S4 and S5). The species which show low variation in N, are
also those which tend to show little evidence of variation in N,, as judged by the x? or
HKA tests. This implies that failure to detect variation in N, is largely because there is

limited variation in NN, rather issues with statistical power.

Variation in the efficiency of selection Although we estimate the variation in the

effective population size to be modest, it is of interest to investigate whether this translates
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into significant differences in the efficiency of natural selection across the genome. To
investigate this we tested whether there was a correlation between ¢ = P, /(P; + 1) and
either 6, or N, for each locus in a manner which controls for the obvious non-independence
of the two variables (see materials and methods). We remove the non-independence by
splitting P, into two independent parts and we use 1 because it reduces the bias inherent
in the estimation of P,/P;; furthermore it allows P,/P; to be calculated for all genes
(P1cANEAU and EYRE-WALKER, 2009). This test is not very powerful since ¢ has a
large variance; furthermore it is statistically biased in a manner which tends to generate a
positive correlation between 1 and 6 or N.. We therefore follow the approach suggested
by (PIGANEAU and EYRE-WALKER, 2009) and grouped genes according to their 6 or N,
value. The results are qualitatively similar for groupings of 4, 8 and 16 genes, so we present
the results for groups of 4. There is a significant negative correlation between both 6, and
1 and N, and ¢ in A. lyrata and C. grandifiora, and a marginally significant correlation
between ¢ and 6y in D. melanogaster, although only the correlations in C. grandiflora
are significant after correction for multiple tests; otherwise the correlations are generally
weak and non-significant. However, overall we find significant evidence for a negative
correlation between ¢ and 6, or N, if we combine probabilities: between ) and 6, P=0.043

and between ¢ and N, P=0.021.

The relationship between ¢ and N, can potentially yield information about the distri-
bution of fitness effects (DFE; LOEWE et al., 2006; LOEWE and CHARLESWORTH, 2006;
WooOLFIT, 2006; ELYASHIV et al., 2010). If we assume that the DFE for non-synonymous
mutations is a gamma distribution, and that synonymous mutations are neutral, then
P,/ P, is expected to be proportional to N #, where 3 is the shape parameter of the
gamma distribution (WELCH et al., 2008). Hence we can estimate /3 by considering the
slope of the regression line between log(1)) and log(N,). Since the log of zero is undefined
we grouped genes in groups of size n such that no group had a zero estimate of 1 or
N.. We attempted to estimate  in the species which individually showed a significant
correlation between ¢ and N,. However, we could not perform the analysis of A. lyrata

because the diversity is so low that it was impossible to define groups that did not have

17



zero values for both ¢ and V.. The estimates of § using this method are 0.41 (SE=0.15)
in C.grandiflora and 0.23 (0.15) in D. melanogaster; these are similar to those obtained
using an independent method that uses the site frequency spectrum (KEIGHTLEY and
EYRE-WALKER, 2007): 0.27 (0.08) for C. grandiflora and 0.29 (0.07) for D. melanogaster
(Table S2). This suggests that the gamma distribution is a reasonable approximation to

the DFE, at least for mutations of weak effect.

Discussion

The effective population size (V) is one of the most important parameters in population
genetics and evolutionary biology. It has been shown that N, varies across the genome
of Drosophila melanogaster and some plant species, and it is thought that it might vary
across the human genome (HELLMANN et al., 2005). Here we have shown that it varies
in most species that we have considered. However, the variation in V. is not consistently
correlated to either the rate of recombination or the density of selected sites. This might
in part be because the variation in NV, is quite limited; most genes in a genome have an N,
which is within a few fold of most other genes. Nevertheless the variation is sufficient to
cause differences in the effectiveness of natural selection on segregating non-synonymous

polymorphisms.

There are a number of factors which might have led us to over- or underestimate the
variation in N,. First, we have assumed that there is either free recombination or no
recombination within loci to estimate the variation in the effective population size. This
is unsatisfactory since we know that recombination is one of the factors which generates
variation in the effective population size, at least in species like Drosophila, in which
there is a correlation between diversity and the rate of recombination. Unfortunately it
is not easy to get around this problem. However, as we have noted earlier, the estimate
assuming free recombination should give an upper estimate on the amount of variation,
because under this method all variation in the diversity is assumed to arise from sampling

error and variation in the mutation rate and N,. In reality, some of the variation between
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genes will be a consequence of variation in the length of the genealogy in genes with little

or no recombination.

Second, we have used the divergence between species as an estimate of the mutation rate,
but if the mutation rate at a locus changes through time, for which there is evidence
(AGUILETA et al., 2006; HODGKINSON and EYRE-WALKER, 2011), then we will tend to
overestimate the variation in N,; this is most easily seen by assuming there is variation
in the mutation rate, but no variation in N.; if the mutation rate has changed through
time then the divergence will not be a perfect measure of the recent mutation rate and

there will appear to be variation in N,.

Third, we have assumed that synonymous mutations are neutral, but there is evidence of
selection in humans (IIDA and AKASHI, 2000) and other species (DURET, 2002; POND and
MUSE, 2005); although it is clear that selection has acted upon synonymous mutations in
the past in Drosophila melanogaster, the evidence of selection currently acting is contradic-
tory (AKASHI, 1996; MCVEAN and VIEIRA, 2001; ZENG and CHARLESWORTH, 2010) and
biased gene conversion may be acting (GALTIER et al., 2006; ZENG and CHARLESWORTH,
2010). Most of the other species we have analysed have not been investigated in any de-
tail. We need to consider two models. In the first model, let us assume that there is
no variation in N, but that there is variation in the strength of selection on synonymous
codons. Such a model would generate apparent variation in N, with the genes subject to
the strongest selection apparently having the highest N., because negative selection affects
divergence to a greater extent than polymorphism (KIMURA, 1983). However, this would
lead to the regions of the genome with the lowest diversity apparently having the highest
effective population size. This is clearly not the case; if we split P, into two independent
samples, using a hypergeometric distribution, then we find a positive correlation between
our estimate of N, and P, (Table 3). In the second model, let us imagine that there is
variation in /N, and variation in the strength of selection on codon usage bias, but that
they are uncorrelated to each other. In this case selection on codon usage bias will tend to
generate an overestimate of the variation in N,.: as N, increases selection becomes more

effective, but this reduces the divergence more than the level of polymorphism, yielding a
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higher apparent effective population size. So genes in regions of high N, will tend to have
an exaggerated N.. There is also another effect that needs to be considered. We have
estimated the level of synonymous divergence using the method of Goldman and Yang
(GOLDMAN and YANG, 1994; YANG and NIELSEN, 1998), which assumes that codon bias
is due to mutation bias; however, this method will tend to overestimate the synonymous
substitution rate if codon bias is due to selection, because it will incorrectly infer that
genes with high bias have a small number of synonymous sites, and hence a relatively
large number of substitutions (BIERNE and EYRE-WALKER, 2003; YANG, 2006). As a
consequence the divergence in high biased genes will be overestimated, but at the same
time the mutation rate will tend to be underestimated because of the action of selection.

These two factors may cancel each other out.

Fourth, we have only applied our method to protein coding sequences, so we are esti-
mating the variation in the effective population size that applies to the proteome; there
might be further variation in N, in regions that are relatively devoid of protein coding
sequences, such as heterochromatin. Whether this is important depends on whether there
are functional sequences within these regions. We have also only considered genes on the
autosomes and occasionally the homogametic sex-chromosome (14 loci in H.sapiens). We
have not considered genes on the heterogametic sex chromosome, which often appear to
have much lower effective population sizes. However, the heterogametic sex chromosome

usually has very few genes (GRAVES, 2006).

Fifth, in estimating the variation in N, we have assumed that there is either free recom-
bination or no recombination and the population size has been stationary. Variation in
population size can generate variation in diversity between loci, which may for example
be mistaken for the signature of genetic hitch-hiking (TAJIMA, 1989; PLUZHNIKOV et al.,
2002). In principle we could take this into account by estimating a demographic model
from the polymorphism data while simultaneously estimating the variation in N,. This

is difficult and is beyond the scope of the current work.

Finally, we have not taken into account ancestral polymorphism within our method. Ig-
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noring ancestral polymorphism will lead us to underestimate the variation in /N, because
loci with large N, will tend to have higher divergences than loci with small N, and this
will appear as though these loci have higher mutation rates; variation in N, will there-
fore be underestimated because the mutation rate has been overestimated. In principle
it is possible to include ancestral polymorphism within the method, but we observe a
lack of convergence, probably because the number of polymorphisms for each gene was
so low. However, we have chosen datasets in which divergence is generally considerably
larger than diversity; for example, we chose macaque as the outgroup to humans because
variation in N, does appear to generate variation in the divergence between human and

chimpanzee (MCVICKER et al., 2009).

Despite finding variation in N, in many of the species we tested, we find no consistent
evidence that N, is correlated to either the rate of recombination or the density of selected
sites, the two factors which we would have expected variation in N, to depend upon. This
is probably in part due to the fact that we are using synonymous diversity; as such our
estimates of diversity are subject to considerable error. The lack of a strong correlation
between recombination rate and N, may also be due to the fact that the genetic maps in
A. thaliana and mouse are relatively crude. Furthermore, for our mouse species we are
using an F2 genetic linkage map constructed from intercrosses between M. m. domesticus
and M. m. castaneus to infer recombination rates for Mus musculus castaneus. In humans
it has previously been shown that diversity over divergence is correlated positively to
recombination rate (HELLMANN et al., 2005) and that d,,/d; is correlated to gene density
(BULLAUGHEY et al., 2008). In contrast to HELLMANN et al. (2005) we do not find
a significant correlation between N, and recombination rate, but they used long non-
coding sequences to investigate diversity over divergence; their estimates were therefore
subject to much less error than ours. It is surprising that there is a correlation between
genic density but not conserved site density in humans. This might be due to the fact
that there is approximately twice as much variation in genic density as conserved site
density (coefficient of variation 0.79 versus 0.30). It might also be due to differences in

the DFE between the two types of sites; background selection is most effective when the
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strength of selection acting upon deleterious mutations is similar in magnitude to the rate

of recombination (NORDBORG et al., 1996).

In contrast genetic hitch-hiking depends upon the rate of advantageous mutation and
sequences undergoing considerable adaptive evolution may not appear as conserved; the
correlation between N, and the density of genic sites may therefore suggest that hitch-
hiking is more important in generating variation in V., than background selection. The
lack of a correlation between N, and the density of selected sites in Drosophila, once
correlations to the rate of recombination have been taken into account may reflect the
fact that the variation in NV, is generated by genetic hitch-hiking and a lot of adaptive

evolution goes on outside coding sequences (ANDOLFATTO, 2005).

Across species we find evidence that variation in N, leads to variation in the effectiveness
of natural selection on non-synonymous mutations across the genome (Table 5). However,
this is individually significant for just two genomes: C. grandiflora and A. lyrata. A lack
of a correlation in other genomes may be due to the fact that we have little power to
detect the correlation since i) some of the datasets are quite small, ii) there is limited
variation in N, and iii) in most of these species the DFE is very leptokurtic. The kurtosis
of the DFE is such that changes in effective population size do not greatly change the
proportion of mutations that are effectively neutral. It can be shown that under a gamma
DFE the proportion of effectively neutral mutations is proportional to N # (OHTA, 1977;
KiMURA, 1979, 1983; WELCH et al., 2008). Since [ values are typically between 0.1
and 0.3 in most species (Table S2), changes in N, tend to cause small changes in the
proportion of effectively neutral mutations; for example a ten-fold increase in effective
population size will reduce the proportion of effectively neutral mutations by only 37% if
beta is 0.2. We find no evidence of a significant negative correlation between v and either
fs or N, in humans, in agreement with the work of (BULLAUGHEY et al., 2008). They
found no evidence that the ratio of the non-synonymous (dy) to the synonymous (dg)
substitution rate between human, chimpanzee and macaque was correlated to the rate of

recombination.
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We find evidence that the amount of variation in N, varies between species, however
there are no obvious correlates of this variation. Both plants and animals have species
with high and low levels of variation. Surprisingly we find no obvious effect of self-
fertilization as suggested by previous studies (CUTTER and PAYSEUR, 2003; ROSELIUS
et al., 2005). A.thaliana, C.rubella and B.stricta are all self-fertile with selfing rates of
around 0.95, 1 and 0.94 respectively (CHARLESWORTH and VEKEMANS, 2005; SONG et al.,
2006; FOXE et al., 2009), whereas the closely related species A. lyrata and C. grandiflora
are obligate outcrossing species. However, the variation in N, seems to be relatively
low for C.grandiflora and B.stricta and similar for the two Arabidopsis species. It also
should be noted that the confidence intervals on the estimate of N, in C.rubella are very
large and a substantial amount of variation is still shared between C.grandiflora and
C.rubella so these estimates are not independent. Moreover, the lack of an effect for
self-compatibility in our estimates of IV, for Arabidopsis may be not surprising as self-
compatibility might have been evolved relatively recently in Arabidopsis (BECHSGAARD
et al., 2006; TANG et al., 2007). Furthermore, both Arabidopsis species have high sequence
diversity in pericentromeric regions (BOREVITZ et al., 2007; KAWABE et al., 2008) which
is not caused by varying mutation rates. Therefore this could be a major determinant of

variation in N, in those species and interfere with the effects of the breeding system.

Although the variation we observe in the effective population size appears to be modest,
it does appear to influence both the level of neutral genetic diversity, and the effective-
ness of selection. This potentially has important implications. If slightly deleterious
mutations contribute substantially to phenotypic traits, then variation in the effective
population size may affect where the genetic variation underlying fitness and other traits
is distributed. For example, (ROCKMAN et al., 2010) have recently shown that expression
QTLs (eQTLs) tend to be present in regions of the C.elegans genome with the highest
rates of recombination and lowest density of genes, where N, is expected to be largest.
However, population genetic theory also suggests that such weakly selected mutations are
unlikely to contribute much to the overall genetic variance in fitness unless the proportion

of mutations under such weak selection is large (EYRE-WALKER, 2010). Variation in the
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effective population might also affect the rate of adaptive evolution, as appears to be the
case in Drosophila (BETANCOURT and PRESGRAVES, 2002). Advantageous mutations
can potentially come from three sources. They can be generated de novo, in which case
we expect regions of the genome to adapt faster because the number of chromosomes
an advantageous mutation can occur in is larger, and selection will be more effective on
a greater proportion of the advantageous mutations. Advantageous mutations can also
arise from standing genetic variation (PRITCHARD et al., 2010; PRITCHARD and RIENZO,
2010). If these mutations were previously strongly deleterious, the genetic variation is not
expected to depend upon N, unless the mutations are highly recessive. If, however, the
advantageous mutations were previously neutral or weakly selected, regions of the genome

with high N, are expected to have more genetic variation and hence adapt more rapidly.
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Figure 1: Distribution of the number of polymorphisms per site across genes for four species.

0.20

Number of genes

Number of genes

60

40

20

100 150

50

D.melanogaster

0.0 0.1 0.2 0.3 0.4 0.5
P per site
H.sapiens
T T T T 1
0.00 0.01 0.02 0.03 0.04
P per site



9¢

A.thaliana D.melanogaster

o _ o _
— —
[o0) [o0)
o o
oy oy
c @9 | c 9 _]
() o () o
=] =] \
o o
(] < (] <
L o 7] L o 7] \
o N N
o o
o | >P , . o k
e | T T T T | e | T T T T |
0 1 2 3 4 5 0 1 2 3 4 5
P per site/D per site P per site/D per site
C.grandiflora H.sapiens
e _ e _
— —
[o0) [o0)
o o
oy oy
c @9 | c 9 _]
() o () o
=} =}
o o
o < _| o I ]
£ \ g3
o \ o
o 7] \ o 7] \
e | T T T T | e | T T T T |
0 1 2 3 4 5 0 1 2 3 4 5
P per site/D per site P per site/D per site

Figure 2: Distribution of the per site polymorphism/divergence ratio across genes for four species and corresponding distributions of N,
(solid line) estimated by the Hierarchical Bayesian analysis assuming a log-normal distribution.
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Table 1: Summary of data sets used for the analyses

Species Outgroup Loci  Sites  Alleles 6, ds Dataset

Drosophila melanogaster — D.simulans 302 40920 8 0.019 0.13 SHAPIRO et al. (2007)

Homo sapiens Macaca mulatta 434 170441 32 0.001 0.08 EGP/PGA'!

Mus musculus Rattus norvegicus 66 5127 20 0.010 0.21 HALLIGAN et al. (2010)
Arabidopsis thaliana A.lyrata 918 64927 24 0.008 0.14 NORDBORG et al. (2005)

Capsella grandiflora Neslia paniculata 251 31273 8 0.019 0.16 SLOTTE et al. (2010)

Sorghum bicolor S.propinquum 134 6799 14 0.004 0.02 HAMBLIN et al. (2006)

Boechera stricta A.thaliana 129 10048 40 0.003 0.21 SONG et al. (2009); GOSSMANN et al. (2010)
Arabidopsis lyrata A.thaliana 66 5260 24 0.018 0.15 ROsS-IBARRA et al. (2008); FOXE et al. (2008)
Capsella rubella A.thaliana 49 5014 16 0.004 0.29 FOXE et al. (2009); GUO et al. (2009)
S.paradozus S.cerevisiae 94 28019 8 0.002 0.36 TSAI et al. (2008)

U'EGP: http://egp.gs.washington.edu and PGA: http://pga.gs.washington.edu August 2010

Number of synonymous sites (Sites) and nucleotide diversity () are from the polymorphism data. Average divergence between the
species pairs at silent sites (d).



Table 2: Results of the y? tests of independence and HKA tests

Diversity Diversity and Divergence
Species P-value (x?) P-value (HKA) P-value (x?) P-value (HKA)
D.melanogaster <1 x 1073 0.015 <1x1073 <1x1073
H.sapiens <1x1073 <1x1073 <1x1073 <1x1073
M.musculus <1x1073 0.432* 0.066* 0.429*
A.thaliana <1x1073 <1x1073 <1x1073 <1x1073
C.grandiflora <1x1073 0.462* <1x1073 0.565*
S.bicolor <1x1073 <1x1073 5.3x1073 n.a.
B.stricta <1x1073 0.434* 6x1073 0.01
A.lyrata <1x1073 5.4x1073 <1x1073 2.3x1073
C.rubella <1x1073 <1x1073 <1x1073 <1x1073
S.paradozrus 1.9%x1073 0.94* <1x1073 0.35*

* not significant (P>0.05)
Results of the y? tests of independence and HKA tests for diversity and

diversity /divergence data. For details see material and methods. P-values are given for
each species.
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Table 3: Results of correlates of P

P, vs D, P, vs N,

Species p P-value p P-value

D.melanogaster 0.18 3.82 x 1079 0.46 1.87 x 1077
H.sapiens 0.29 1.62 x 1079 0.38 3.02 x 1016
M.musculus 0.38 5.98 x 1079 0.33 3.55 x 1079
A.thaliana 0.16 1.13 x 107% 0.44 5.94 x 10=%
C.grandiflora 0.35 3.00 x 10798 0.52 2.53 x 10719
S.bicolor 0.54 3.17 x 107 0.40 7.31 x 10797
B.stricta 0.10* 4.02 x 107% 0.14* 6.18 x 10792
A.lyrata 0.22* 1.03 x 1079 0.62 1.21 x 107%
C.rubella 0.12* 6.34 x 107 0.65 2.35 x 10797
S.paradozus 0.04* 7.91 x 1079 0.42 1.01 x 107%

* not significant (P>0.05)

Results of the Spearman’s rank correlates of P,. The non-independence of P, and N, is taken into account by splitting the dataset into
independent halves (see materials and methods). Correlation coefficients (p) and P-values are given for each species.



Table 4: Estimates of the variation of N, in 10 eukaryotic species.

17

Species Free recombination No recombination
o, (Std) on, (Std) o, (Std) on, (Std)

D.melanogaster 0.370 (0.024) 0.743 (0.048) 0.372 (0.024) 0.516 (0.072)
H.sapiens 0.522 (0.021) 0.682 (0.07) 0.52 (0.02) 0.578 (0.11)
M.musculus 0.369 (0.045) 0.35 (0.119) 0.372 (0.045) 0.247 (0.15)
A.thaliana 0.419 (0.015) 0.83 (0.04) 0.423 (0.015) 0.809 (0.065)
C.grandiflora 0.355(0.021) 0.475 (0.043) 0.351 (0.021) 0.165 (0.067)
S.bicolor 0.689 (0.092) 0.903 (0.263) 0.710 (0.095) 0.675 (0.292)
B.stricta 0.441 (0.039) 0.503 (0.174) 0.443 (0.0379) 0.411 (0.178)
A.lyrata 0.276 (0.053) 0.729 (0.119) 0.278 (0.054) 0.651 (0.139)
C.rubella 0.263 (0.042) 1.191 (0.21) 0.258 (0.043) 1.126 (0.243)

S.paradozrus

0.23 (0.023)

0.566 (0.208)

0.23 (0.0218)

0.387 (0.131)

Estimates of the variation of N, in 10 eukaryotic species. Results are for an underlying Log-Normal distribution for N, and p assuming
either free recombination or no recombination (see materials and methods). For each dataset the mean shape parameters oy, and o,
and in parentheses their standard deviations (Std) obtained from the posterior distribution are given.
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Table 5: The correlation of P, /(Ps+1)=v and 6, and N, respectively in 10 eukaryotic species.

Species Y vs. O (groups of 4) 1 vs. N, (groups of 4)
n p P-value n p P-value
D.melanogaster 77 -0.172  0.067 77 -0.1 0.194
H.sapiens 110 -0.068  0.239 110 0.016 0.564
M.musculus 18  -0.253  0.155 18 -0.261 0.147
A.thaliana 231 0.051  0.781 231 0.055 0.799
C.grandiflora 64 -0.357  0.002 64 -0.483 2.673 x 107°
S.bicolor 35 0.093 0.702 35 0.001 0.504
B.stricta 33 0.164 0.818 33 -0.168 0.175
A.lyrata 18 -0.477 0.022 18 -0.507 0.016
C.rubella 13 0451 0939 13 0.491 0.955
S.paradozrus 25 -0.219 0.146 25 -0.019 0.462
combined (Z-method) 0.043 0.021

The non-independence of 1) and 0 is taken into account by splitting the dataset into independent halves (see materials and methods).
Correlation coefficients (p) and P-values (one-tailed) are given for each species.



