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amplification of Dhh and Ihh, the ScShh fragment was obtained by nested PCR. The
amino-acid sequences used for degenerate primers were: ScShh first PCR, KQFIPNVA
and AHIHCSV ScShh second, nested PCR, PNYNPDI and GFDWVYYE. The longer
ScShh (348 bp) fragment was obtained from cDNA pools of stage 27 S. canicula
embryos by RT– PCR using a degenerate forward primer and a ScShh-specific reverse
primer (GRYEGKIT and TTCGTAGTAGACCCAGTC). The nucleotide sequences of
ScEn1, ScShh, ScTbx4, ScTbx5, ScdHand and ScBmp4 cDNA are deposited in the
GenBank database under the accession numbers: AF393834– AF393837, AY057890 and
AY057891.

In situ hybridization
S. canicula embryos were removed from their egg casings and dissected from the yolk mass.
Wholemount in situ hybridization on younger S. canicula embryos was carried out as
previously described23 and this is based on methods used for other vertebrate embryos24.
Older embryos were treated with dimethyl sulphoxide (DMSO) instead of proteinase K
treatment by placing them in 2 ml of DMSO/methanol (1:1) on ice until they sank. Then
0.5 ml of 10% Triton X-100 (Sigma) in distilled water was added, and the embryos were
incubated for an additional 20 minutes at room temperature25,26. After washing in PBT
(1% Tween 20 (Sigma) in PBS), embryos were hybridized with probes as described
previously for chick embryos24. Some whole-mount in situ samples were embedded in
gelatin, and frozen sections were cut.

RT–PCR
RT– PCR was performed as previously described27. The primers used for PCR
amplification of ScShh (172 bp) were 5 0 -GAGCTGACAGGCTGATGACAC-3 0 and
5 0 -TGGTGATGTCCACAGCTCGGC-3 0 . The PCR cycle was at 96 8C for 20 seconds,
55 8C for 40 seconds and 72 8C for 1 minute for 32 cycles. Relative levels of transcripts
were compared to levels of internal control using 18S ribosomal RNA primers
(Ambion). Both ScShh and 18S rRNA primers were added into the same reaction
solution.

Observation of cartilaginous pattern
S. canicula embryos to be stained for cartilage were fixed in 5% TCA (trichloroacetic acid),
stained in 0.1% Alcian blue in 70% acid alcohol, dehydrated in ethanol and cleared in
methyl salicylate.

DiI labelling
DiI (1,1-dioctadecyl-3,3,3 0 ,3 0 -tetramethylindo-carbocyanine perchloride; Molecular
Probes; 3 mg ml21 in DMSO) was injected into chick wing-bud using a micropipette
to label a small group of cells. Embryos were then incubated for 96 h and fixed in
4% paraformaldehyde in PBS. The average size of the initial DiI injected dot was
40 – 50 mm.
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Population geneticists have long sought to estimate the distribution of selection intensities among genes of diverse function
across the genome. Only recently have DNA sequencing and
analytical techniques converged to make this possible. Important
advances have come from comparing genetic variation within
species (polymorphism) with fixed differences between species
(divergence)1,2. These approaches have been used to examine
individual genes for evidence of selection. Here we use the fact
that the time since species divergence allows combination of data
across genes. In a comparison of amino-acid replacements among
species of the mustard weed Arabidopsis with those among
species of the fruitfly Drosophila, we find evidence for predominantly beneficial gene substitutions in Drosophila but predominantly detrimental substitutions in Arabidopsis. We attribute this
difference to the Arabidopsis mating system of partial selffertilization, which corroborates a prediction of population
genetics theory3 – 6 that species with a high frequency of inbreeding are less efficient in eliminating deleterious mutations owing
to their reduced effective population size.
We analysed Arabidopsis data for 12 genes of diverse function for
† Present address: Department of Statistics, University of Oxford, Oxford OX1 3TG, UK.
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which alleles were sequenced from two species. In each case,
multiple alleles were sequenced from the partly self-fertilizing
species A. thaliana and one allele from the closely related outcrossing species A. lyrata. For comparison, we analysed 34 genes
from D. melanogaster and its sibling species D. simulans. Presentation of the data for each individual gene conventionally takes the
form of a two-by-two table (Table 1), in which the number of
nucleotide differences in each gene that do not change the encoded
amino acid (synonymous) are categorized either as fixed within
species but different between species (Ks) or as polymorphisms
within one or both species (Ss). Similarly, the number of nucleotide
differences in each gene that do change the encoded amino-acid
(replacement) are categorized as either fixed (Ka) or polymorphic
(Sa).
We use the term DPRS to refer to the layouts in Table 1 because, in
clockwise order, the headings are divergence (D), polymorphism
(P), replacement (R), and synonymous (S). Table 1 shows the
means and s.d. (and range) of the counts in each cell for the genes
from Arabidopsis and Drosophila. By itself, none of the individual
DPRS tables is very illuminating as to whether amino-acid replacements (Ka) are selectively neutral relative to synonymous substitutions (Ks). In the absence of selection, the ratio of the expectations
of Ks to Ss should equal the ratio of the expectations of Ka to Sa, so
that selection is detected as a significant P value in a conventional
test for homogeneity1,2. Among the individual DPRS tables, when
the P values are corrected for multiple comparisons, there is only
one gene in the Arabidopsis data that is significant at the 5% level,
and only two genes in the Drosophila data that are significant at the
5% level (Fisher exact tests, data not shown).
Although few of the individual DPRS tables are significant, each
contains information about the selective forces impinging on the
amino-acid replacements. A theoretical framework for extracting
this information derives from considerations of the equilibrium flux
of fixations and limiting probability densities of nucleotide substitutions affected by mutation, selection and random genetic drift
taking place simultaneously and independently at multiple sites in a
DNA sequence2. In this framework, known as a Poisson random
field (PRF), the magnitude of each cell observed in a DPRS table is
an independent Poisson random variable whose expected value2 is
given by the corresponding equation in Table 1 (bottom). The
symbols n and m are the number of alleles sequenced from each of
the species being compared. The quantity 12 vs is the expected
number of synonymous mutations that occur in the gene in the
entire population in any generation; 12 va is the corresponding
quantity for non-synonymous mutations (amino-acid replacements), excluding those mutations that are so deleterious that
they have a negligible chance of becoming polymorphic or fixed.
The parameter of greatest present interest is g, which is the selection
intensity in favour of (if g . 0) or against (if g , 0) amino acid
replacements; g is scaled according to the haploid effective population number Ne; hence, g equals the selection coefficient multi-

plied by Ne. (The haploid effective size is twice the diploid effective
size.) Although synonymous sites in some genes are known to be
under selection for optimal codon usage, this effect is usually
small7,8 and is not explicitly taken into account in the present
formulation. Consequently, g can be thought of as the magnitude
of selection affecting amino-acid replacements relative to that affecting synonymous substitutions. Because our main interest is in
variation in the intensity of selection among genes, we assume that
all amino-acid polymorphisms and fixed differences in the same gene
have a common g, but that g can differ from one gene to the next. The
fourth parameter, t, is the number of generations since the species
diverged from a common ancestor, again expressed as a multiple of
Ne. The three functions in Table 1 (bottom) are defined as
LðnÞ ¼

FðnÞ ¼

GðnÞ ¼

n21
X
1
i
i¼1

ð1

1 2 xn 2 ð1 2 xÞn 1 2 e22gx
dx
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Although each DPRS table has four parameters (vs, va, g and t)
and four observations (Ka, Ks, Sa and Ss), the divergence time t is a
common parameter. This implies that each gene contributes valuable information about the distribution of g among genes. We
therefore chose an analytical method that borrows information
from all the genes to make inferences about the magnitude of
selection for any individual gene. This approach greatly increases
the power and accuracy of the inferences regarding selection.
A suitable framework is provided by the hierarchical Bayesian
model described in Box 1 (refs 9, 10). For each species pair, we
assume that the magnitude of g for each gene is drawn randomly
and independently from a normal distribution with mean m and
standard deviation j. The hierarchical structure is achieved by
assuming that m and j are themselves random variables. On the
basis of this model we estimate the probability distribution of m
given the observed data and show that this distribution for genes in
Arabidopsis is significantly different from that for genes in
Drosophila.
The equation for the posterior distribution p(g, t, v, m, j j D)
given in the box is analytically intractable. Nevertheless, parameter
estimates based on the posterior distribution are possible. The
approach is first to define a Markov chain that has p(g, t, v, m, j j D)
as its stationary distribution. The means, modes, variances and
other quantities for individual parameters are approximated by
sampling from one or more long trajectories of this Markov chain
with different starting positions. The Markov chain is defined by a
sampling method, called Markov Chain Monte Carlo (MCMC)11,
whose properties result in convergence to p(g, t, v, m, j j D). By

Table 1 Observed and expected numbers of amino-acid changes that are fixed between species or polymorphic within species
Amino-acid change

Divergence

Polymorphism

...................................................................................................................................................................................................................................................................................................................................................................

Arabidopsis
Synonymous
Replacement
Drosophila
Synonymous
Replacement
Poisson random-field expected values
Synonymous

Replacement

K s ¼ 26:7 ^ 14:0 (range 1–55)
K a ¼ 11:2 ^ 6:6 (range 3– 26)

Ss ¼ 9:5 ^ 7:1 (range 1 –25)
Sa ¼ 9:3 ^ 6:5 (range 2– 19)

K s ¼ 18:5 ^ 12:5 (range 1–49)
K a ¼ 10:9 ^ 16:3 (range 0 –75)

Ss ¼ 17:4 ^ 17:2 (range 0 –69)
Sa ¼ 5:7 ^ 8:9 (range 0– 37)



1 1
EðK s Þ ¼ vs t þ þ
m n


2g
EðK a Þ ¼ va 12e
22g ½t þ GðmÞ þ GðnÞ

EðSs Þ ¼ vs ½LðmÞ þ LðnÞ

EðSa Þ ¼ va



2g
ÿ2g


½FðmÞ þ FðnÞ

1ÿe
...................................................................................................................................................................................................................................................................................................................................................................
Arabidopsis data are means ^ s.d. among 12 genes from A. thaliana and A. lyrata; the number of alleles ranges from 14 to 21 (mean 17.6), and the length of coding region sequenced from 531 to 1,674
base pairs (bp) (mean 935 bp). Drosophila data are means ^ s.d. among 34 genes from D. melanogaster and D. simulans; the number of alleles ranges from 5 to 62 (mean 10.8) and the length of
coding region sequenced from 270 to 7,683 bp (mean 1172 bp).
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custom, a relatively large number of iterations at the beginning of
each realization of the Markov chain is disregarded as a ‘burn-in’
period. This is a protection against possible bias caused by the
starting conditions.
For each trajectory in the MCMC simulations, we chose arbitrary
initial values for m and j, the selection parameters, and the
divergence time. Then, for each gene in turn, given its value of g,
a value for va was drawn from a gamma distribution
(
G a þ K a þ Sa ;
)

2g
½t þ GðmÞ þ GðnÞ þ FðmÞ þ FðnÞ
bþ
1 2 eÿ2g

that depend on ḡ, j2 and k. This procedure of updating the g, v, t, m
and j2 is then repeated to form the Markov chain of parameter
values whose stationary distribution is given by p(g, t, v, m, jjD).
The range of the uniform distributions used to update the selection
parameters and the divergence time were chosen by preliminary
trials to yield an acceptance rate of about 50%.
For each species pair, we ran five independent chains from
overdispersed starting points for 106 iterations each. The first 105
iterations were treated as burn-in and disregarded. The chains
converged and mixed very fast, yielding estimated scale reduction
factors14 close to 1 (1.00001 for Arabidopsis and 0.99994 for



which is the posterior distribution of va given the data and all other
relevant parameters. Similarly, a value for vs was chosen from its
posterior distribution
G½a þ K s þ Ss ; b þ t þ 1=m þ 1=n þ LðmÞ þ LðnÞ
In both cases we choose a and b to be close to 0 and hence
uninformative.
Iterative updating of the selection parameters proceeds by
Metropolis sampling12 as follows. For each gene in turn, choose a
proposed new value of g – call it g 0 – from a narrow uniform
distribution centred on g. Evaluate the Poisson means in Table 1
(bottom) and calculate the likelihood of the data for the value g 0
(using the current value of va) and multiply by the prior probability
of g 0 calculated from the normal distribution with mean m and
variance j2. This is essentially the posterior probability for g 0 , and if
it is greater than the posterior probability for g, set g ¼ g 0 ;
otherwise set g ¼ g 0 only if a uniform random number in [0, 1]
is less than the ratio of the posterior probabilities. The mutation
parameters for each gene in turn are updated by Gibbs sampling13,
which is implemented by choosing new values from the updated
gamma distributions. Once all the selection and mutation parameters have been updated, the divergence time is updated by
Metropolis sampling in a manner analogous to the updating of the g
values. To update m and j, first calculate the sample mean (ḡ) and
variance (s2g) of the updated g values. Then sample j2 from its
posterior distribution, which is inverse-gamma-distributed with
parameters that depend on s2g and the number of genes k. Finally,
update m, which is normally distributed with mean and variance
+8
+6
+4

γ

+2
0
–2

Rank order within each organism

Figure 1 Means of the posterior distributions of the selection parameters g (dots) and the
95% credible intervals (vertical lines), in rank order according to the mean, for the genes
in Arabidopsis (open circles) and Drosophila (filled circles). From left to right the
Arabidopsis genes are AP3, PgiC, PI, AP1, ChiA, CAL, TFL1, FAH1, Adh1, F3H, LFY and
CHI, and the Drosophila genes are per, Pgi, Acp26Ab, Adh, Est-6, pn, boss, CecA2,
Anon1G5, tty, ref(2)p, Anon1E9, Tpi, Anon1A3, CecA1, slgA, Pp4-19C, AnnX, Cdic, Bap,
shakB, gld, Dhc-Yh3, runt, Acp26Aa, z, 6-Pgd, Yp2, Rh3, ase, Acp29AB, cta, G6pd and
ci. Sources of the data are referenced in the Supplementary Information.
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Box 1
Hierarchical bayesian analysis of polymorphism and
divergence
In bayesian statistics, assumptions about the forms of the underlying
distributions (prior distributions) of parameters are combined with
current data by the use of a likelihood function. The result is the posterior
distribution of the parameters, given the data. In our case, the
parameters of interest include a vector g of continuous-time selection
coefficients (Malthusian fitnesses). We assume that the individual g
values, one for each gene, are independent samples from a normal
distribution of selection coefficients with some unknown mean m and
unknown variance j2. The values of m and j2 are of interest, as are the
species divergence time (t) and the vector of mutation parameters (v).
For k DPRS tables, there are k selection coefficients and 2k mutation
parameters. We adopt the bayesian approach because it enables
estimates with specified degrees of confidence even for correlated
parameters, it allows the sharing of data across DPRS tables to
estimate the divergence time, and it provides a powerful
computational tool. The goal is to use the observed data (D) to make
inferences about the posterior distribution of the parameters (g, t, v, m,
j). This posterior distribution is symbolized as p(g, t, v, m jj D). The
bayesian formulation of our model is given formally by
pðg; t; v; m; jjDÞ ¼ Ð Ð Ð Ð Ð

PðDjg; t; vÞfðgjm; jÞgðmjjÞhðjÞpðvÞqðtÞ
½PðDjg; t; vÞfðgjm; jÞgðmjjÞhðjÞpðvÞqðtÞdgdtdvdmdj

Properties of individual parameters in the posterior distribution are
used for estimates and credible intervals (bayesian confidence
intervals). The value of the expression P(Dj g, t, v) is calculated from
the independent Poisson distributions whose means are given in
Table 1 (bottom), and the other functions are the assumed prior
probability distributions. For example, f(g j m, j) is a normal distribution
with mean m and variance j2, whereas g(m j j) and h(j) embody the
hierarchical feature that m and j are themselves treated as random
variables, with g(m j j) a normal distribution and h(j) such that 1/j2 is a
gamma distribution. These choices are motivated by the facts that the
sample mean of independent observations from a normal distribution,
given j, is itself normal, and that the distribution of the sample
variance is gamma. We also assume that the prior p(v) for mutation is
gamma, because with this choice the distribution of these parameters
in the posterior distribution has the same form as in the prior
distribution, and that the prior q(t) for the divergence time is uniform.
These priors are all chosen to be ‘uninformative’ in the sense that the
parameters in the posterior distribution are determined primarily by
the current data and not by the characteristics of the prior distribution.
Many simplifications result from this bayesian formulation as applied
to DPRS tables. For example, because the DPRS tables are
independent, the multivariate distribution f(D j g, t, v) can be written as a
product of univariate distributions f(D j gi, t, vi), where the subscript i
indexes the gene (i = 1, 2, ..., k). Likewise, the multivariate normal
distribution g(g j m, j) can be written as a product of univariate normal
distributions of the form g(gi;jm,j). Because mutation enters the
equations in the DPRS tables multiplicatively, updating the mutation
parameters conditional on g and t is straightforward. These
simplifications also imply that many of the parameters become
uncorrelated in their conditional distributions.
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Figure 2 Estimated distribution of the mean value of the selection parameter (g) across genes in Arabidopsis (solid line) and Drosophila (dashed line).

Drosophila). After the burn-in, each chain was sampled every 100
generations, yielding 45,000 sample points for each species pair.
Using the results of MCMC, we estimated the mean of the
posterior distribution of the selection intensity g for each gene.
These are shown in rank order in Fig. 1, along with the 95% credible
intervals. For the 12 Arabidopsis genes, 10 have their mean g , 0,
whereas for the 34 Drosophila genes, 32 have their mean g . 0.
Among the 12 Arabidopsis genes, 6 credible intervals are entirely
negative (do not overlap 0), and among the 34 Drosophila genes, 9
are entirely positive. The detection of non-zero selection parameters
for so many genes contrasts with conventional significance tests and
demonstrates the power of the bayesian analysis.
The posterior distribution of m also shows a significant difference
between the organisms (Fig. 2). For Arabidopsis genes, most of the
posterior distribution for the average selective effect of polymorphic
or fixed amino-acid replacements has m , 0, and in fact the
probability that m . 0 is about 0.03. In contrast, for Drosophila
genes, most of the posterior distribution has m . 0, and indeed the
probability that m , 0 is about 0.0004. The overall probability that m
for Arabidopsis is actually greater than m for Drosophila is P ¼ 0.001,
which we estimated by comparing the 45,000 sample values for each
data set in all possible pairs.
We conclude from Figs 1 and 2 that the average amino-acid
replacement that is polymorphic or fixed in Drosophila is beneficial,
whereas the average amino-acid replacement that is polymorphic or
fixed in Arabidopsis is slightly deleterious. This result is consistent
with a recent decrease in effective population size in A. thaliana,
which is predicted3 – 6 to result from its mode of reproduction largely
by self-fertilization15. A. lyrata reproduces by outcrossing16, and
phylogenetic evidence indicates that partial selfing is a derived trait17.
If A. thaliana and A. lyrata were to share many ancestral polymorphisms, some of these would be scored as fixed differences.
However, these species show substantial sequence divergence
(Table 1, top) and are estimated to have diverged 5–6 Myr ago17.
Our analysis indicates that the 95% credible interval for the
divergence time t between the species, in multiples of the haploid
effective population size, is 6.9 –11.2. Considering that a newly
arisen neutral mutation that is destined to become fixed has an
average fixation time of t ¼ 2 (as a multiple of the haploid effective
size), extensive shared polymorphism seems unlikely. For the
Drosophila species, which diverged 1 –3 Myr ago18, the 95% credible
interval for t is 3.7 –4.8.
Tight linkage of the nucleotide sites within a gene is also an issue.
However, computer simulations indicate that the effect of linkage is
to bias the estimates of g towards 0 (data not shown). Hence,
linkage would tend to make the differences in the selection parameters between Arabidopsis and Drosophila seem somewhat smaller than they really are.
Beyond the present application, hierarchical bayesian analysis
affords a theoretical framework for a science of evolutionary
genomics. In principle it could discriminate between the evolutionary forces that affect proteins of diverse function, identifying effects
specific to sex, tissue and developmental stage of expression, cellular
534

location, three-dimensional structure and mechanism of action.
The analysis could also sort out the evolutionary forces affecting
upstream, downstream, intronic and intergenic regions of genes.
Even in this era of high-throughput genomic sequencing, the
acquisition of genome-wide polymorphism-divergence data presents a formidable challenge.
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