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Bayesian inference1

A simple example of Bayesian inference

We will illustrate Bayesian inference using a simple example involving dice. Consider a box with 100
dice, 90 of which are fair and 10 of which are biased. The probability of observing some number of pips after
rolling a fair or biased die is given in the following table:

Observation Fair Biased
1
6

1
21

1
6

2
21

1
6

3
21

1
6

4
21

1
6

5
21

1
6

6
21

The probability of a high roll is larger for the biased dice than for the fair dice. Suppose that you draw a
die at random from the box and roll it twice, observing a four on the first roll and a six on the second roll.
What is the probability that the die is biased?

A Bayesian analysis combines ones prior beliefs about the probability of a hypothesis with the likelihood.
The likelihood is the vehicle that carries the information about the hypothesis contained in the observations.
In this case, the likelihood is simply the probability of observing a four and a six given that the die is biased
or fair. Assuming independence of the tosses, the probability of observing a four and a six is

Pr[ , | Fair] =
1
6
× 1

6
=

1
36

for a fair die and
Pr[ , | Biased] =

4
21

× 6
21

=
24
441

1This section of the supplemental material is taken from the MrBayes manual.
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for a biased die. The probability of observing the data is 1.96 times greater under the hypothesis that the
die is biased. In other words, the ratio of the likelihoods under the two hypotheses suggests that the die is
biased.

Bayesian inferences are based upon the posterior probability of a hypothesis. The posterior probability
that the die is biased can be obtained using Bayes’s (1) formula:

Pr[Biased | , ] =
Pr[ , | Biased] × Pr[Biased]

Pr[ , | Biased] × Pr[Biased] + Pr[ , | Fair] × Pr[Fair]

where Pr[Biased] and Pr[Fair] are the prior probabilities that the die is biased or fair, respectively. As we
set up the problem, a reasonable prior probability that the die is biased would be the proportion of the dice
in the box that were biased. The posterior probability is then

Pr[Biased | , ] =
24
441 × 1

10
24
441 × 1

10 + 1
36 × 9

10

= 0.179

This means that our opinion that the die is biased changed from 0.1 to 0.179 after observing the four and
six.

Depending upon one’s viewpoint, the incorporation of prior beliefs about a parameter is either a strength
or a weakness of Bayesian inference. It is a strength in as much as the method explicitly incorporates prior
information in inferences about a hypothesis. However, it can often be difficult to specify a prior. For the
dice example, it is easy to specify the prior as we provided information on the number of fair and biased dice
in the box and also specify that a die was randomly selected. However, if we were to simply state that the
die is either fair or biased, but did not specify a physical description of how the die was chosen, it would have
been much more difficult to specify a prior specifying the probability that the die is biased. For example,
one could have taken the two hypotheses to have been a priori equally probable or given much more weight
to the hypothesis that had the die fair as severely biased dice are rarely encountered (or manufactured) in
the real world.

Bayesian inference of phylogeny

Bayesian inference of phylogeny is based upon the posterior probability of a phylogenetic tree, τ . The
posterior probability of the ith phylogenetic tree, τi, conditioned on the observed matrix of aligned DNA
sequences (X) is obtained using Bayes’s formula:

f(τi|X) =
f(X|τi)f(τi)∑B(s)

j=1 f(X|τj)f(τj)

[throughout, we denote conditional probabilities as f(·|·)]. Here, f(τi|X) is the posterior probability of the ith
phylogeny and can be interpreted as the probability that τi is the correct tree given the DNA sequence data.
The likelihood of the ith tree is f(X|τi) and the prior probability of the ith tree is f(τi). The summation in
the denominator is over all B(s) trees that are possible for s species. This number is B(s) = (2s−3)!

2s−2(s−2)! for

rooted trees, B(s) = (2s−5)!
2s−3(s−3)! for unrooted trees, and B(s) = s!(s−1)!

2s−1 for labelled histories. Typically, an
uninformative prior is used for trees, such that f(τi) = 1

B(s)

DNA sequence data.—We consider an aligned matrix of s DNA sequences:

X = {xij} =

Species 1
Species 2
Species 3

...
Species s




A A C C T

A A C G G

A C C C T
...

...
...

...
...

A C C C T
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Figure 1.—An example of a phylogenetic tree for s = 5 species. The branch lengths are denoted vi.

The data matrix consists of the sequences for s species for c = 5 sites from a gene (c is the length of the
aligned DNA sequences). The observations at the first site are x1 = {A, A, A, . . . , A}′. In general, the
information at the ith site in the matrix is denoted xi.

Phylogenetic models.—What is the probability of observing the data at the ith site? To calculate this
probability, we assume a phylogenetic model. A phylogenetic model consists of a tree (τi) with branch
lengths specified on the tree (vi) and a stochastic model of DNA substitution. Figure 1 shows an example
of a phylogenetic tree of s = 5 species. The tips of the tree are labeled 1, 2, . . . , s and the internal nodes
of the tree are labeled s + 1, s + 2, . . . , 2s − 1; the root of the tree is always labeled 2s − 1. The lengths of
the branches are denoted vi and are in terms of the number of substitutions expected to occur along the ith
branch. In general, the ancestor of node k will be denoted σ(k); the ancestor of node 4 is σ(4) = 8. The
ancestor of the root is σ(2s − 1) = ∅.

The second part of the phylogenetic model consists of a stochastic model of DNA substitution. Here, the
typical assumption is that DNA substitution is a continuous-time Markov process. The heart of the model
is a matrix specifying the instantaneous rate of substitution from one nucleotide state to another:

Q = {qij} =




· πCrAC πGrAG πT rAT

πArAC · πGrCG πT rCT

πArAG πCrCG · πT rGT

πArAT πCrCT πGrCT ·




where the matrix specifies the rate of change from nucleotide i (row) to nucleotide j (column). The nucleotides
are in the order A, C, G, T. The diagonals of the matrix are specified such that the rows each sum to 0. The
equilibrium (or stationary) frequencies of the four nucleotides are denoted πi (π = {πA, πC , πG, πT }). This
matrix specifies the most general time-reversible model of DNA substitution and is referred to as the GTR
model (2). Because the rate of substitution and time are confounded, the Q matrix is rescaled such that
−

∑
πiqii = 1 for all i (making the average rate of substitution 1). Over a branch of length v the transition

probabilities are calculated as P(v,θ) = {pij(v,θ)} = eQv. The parameters of the substitution model are
contained in a vector θ.

The likelihood of a phylogeny.—The phylogenetic model consists of a tree (τi) with branch lengths (vi) and
a stochastic model of DNA substitution that is specified by a matrix of instantaneous rates. The probability
of observing the data at the ith site in the aligned matrix is a sum over all possible assignments of nucleotides
to the internal nodes of the tree:

f(xi|τj ,vj ,θ) =
∑

y

[
πy2s−1

(
s∏

k=1

pyiσ(k),xik
(vk,θ)

) (
2s−2∏

k=s+1

pyiσ(k),yik
(vk,θ)

)]

Here, yij is the (unobserved) nucleotide at the jth node for the ith site. The summation is over all 4s−1
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Figure 2.—The 16 possible assignments of nucleotides to the internal nodes of a tree of s = 3 species. The
observations at the site are xi = {C, C, A} and the unobserved nucleotides at the internal nodes of the tree
are denoted y.

ways that nucleotides can be assigned to the internal nodes of the tree. Figure 2 illustrates the possible
nucleotide assignments for a simple tree of s = 3 species. Felsenstein (3) introduced a pruning algorithm
that efficiently calculates the summation. Often, the rate at the site is assumed to be drawn from a gamma
distribution. This allows one to relax the assumption that the rate of substitution is equal across all sites.
If gamma-distributed rate variation is assumed, then the probability of observing the data at the ith site
becomes:

f(xi|τj ,vj ,θ, α) =
∫ ∞

0

{∑
y

[
πy2s−1

(
s∏

k=1

pyiσ(k),xik
(vkr, θ)

) (
2s−2∏

k=s+1

pyiσ(k),yik
(vkr, θ)

)]}
f(r|α) dr

where f(r|α) is the density of the rate r under the gamma model (4). The parameter α is the shape parameter
of the gamma distribution (here, the shape and the scale parameters of the gamma distribution are both set
to α). Typically, this integral is impossible to evaluate. Hence, an approximation first suggested by Yang
(5) is used in which the continuous gamma distribution is broken into K categories, each with equal weight.
The mean rate from each category represents the rate for the entire category. The probability of observing
the data at the ith site then becomes:

f(xi|τj ,vj ,θ, α) =
K∑

n=1

{∑
y

[
πy2s−1

(
s∏

k=1

pyiσ(k),xik
(vkrn,θ)

) (
2s−2∏

k=s+1

pyiσ(k),yik
(vkrn,θ)

)]}
1
K

Assuming independence of the substitutions across sites, the probability of observing the aligned matrix of
DNA sequences is

f(X|τj ,vj ,θ, α) =
c∏

i=1

f(xi|τj ,vj ,θ, α)

Importantly, the likelihood can be calculated under a number of different models of character change. For
example, the codon model describes the substitution process over triplets of sites (a codon) and allows the
estimation of the nonsynonymous/synonymous rate ratio (6, 7). Similarly, models of DNA substitution have
been described that allow nonindenpendent substitutions to occur in stem regions of rRNA genes (8). Finally,
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one can calculate likelihoods for amino acid (9), restriction site (10), and, more recently, morphological data
(11).

Bayesian inference of phylogeny.—As described so far, the likelihood depends upon several unknown
parameters; generally, the phylogeny, branch lengths, and substitution parameters are unknown. The method
of maximum likelihood estimates these parameters by finding the values of the parameters which maximize
the likelihood function. Currently, programs such as PAUP* (12), PAML (13), and PHYLIP (14) estimate
phylogeny using the method of maximum likelihood.

Bayesian inference is based instead upon the posterior probability of the parameter. As described above,
the posterior probability of the ith tree is

f(τi|X) =
f(X|τi)f(τi)∑B(s)

j=1 f(X|τj)f(τj)

where the likelihood function is integrated over all possible values for the branch lengths and substitution
parameters:

f(X|τi) =
∫

vi

∫
θ

∫
α

f(X|τi,vi,θ, α)f(vi)f(θ)f(α) dvi dθ dα

Markov chain Monte Carlo.—Typically, the posterior probability cannot be calculated analytically. How-
ever, the posterior probability of phylogenies can be approximated by sampling trees from the posterior prob-
ability distribution. Markov chain Monte Carlo (MCMC) can be used to sample phylogenies according to
their posterior probabilities. The Metropolis-Hastings (MH) algorithm (15, 16, 17) is an MCMC algorithm
that has been used successfully to approximate the posterior probabilities of trees (18, 19).

The MH algorithm works as follows. Let Ψ = {τ, v,θ, α} be a specific tree, combination of branch lengths,
substitution parameters, and gamma shape parameter. The MH algorithm constructs a Markov chain that
has as its stationary frequency the posterior probability of interest (in this case, the joint posterior probability
of τ , v, θ, and α). The current state of the chain is denoted Ψ. If this is the first generation of the chain, then
the chain is initialized (perhaps by randomly picking a state from the prior). A new state is then proposed,
Ψ′. The probability of proposing the new state given the old state is f(Ψ′|Ψ) and the probability of making
the reverse move (which is never actually made) is f(Ψ|Ψ′). The new state is accepted with probability

R = min
(

1,
f(Ψ′|X)
f(Ψ|X)

× f(Ψ|Ψ′)
f(Ψ′|Ψ)

)

= min
(

1,
f(X|Ψ′)f(Ψ′)/f(X)
f(X|Ψ)f(Ψ)/f(X)

× f(Ψ|Ψ′)
f(Ψ′|Ψ)

)

= min


1,

f(X|Ψ′)
f(X|Ψ)︸ ︷︷ ︸

Likelihood Ratio

× f(Ψ′)
f(Ψ)︸ ︷︷ ︸

Prior Ratio

× f(Ψ|Ψ′)
f(Ψ′|Ψ)︸ ︷︷ ︸

Proposal Ratio




A uniform random variable between 0 and 1 is drawn. If this number is less than R, then the proposed state
is accepted and Ψ = Ψ′. Otherwise, the chain remains in the original state. This process of proposing a new
state, calculating the acceptance probability, and either accepting or rejecting the proposed move is repeated
many thousands of times. The sequence of states visited forms a Markov chain. This chain is sampled (either
every step, or the chain is “thinned” and samples are taken every so often). The samples from the Markov
chain form a valid, albeit dependent, sample from the posterior probability distribution (20). As described
here, the Markov chain samples from the joint probability density of trees, branch lengths, and substitution
parameters. The marginal probability of trees can be calculated by simply printing to a file the trees that
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Figure 3.—Plots of the log probability of observing the data (loge L) through time for each of the four data
sets.

are visited during the course of the MCMC analysis. The proportion of the time any single tree is found in
this sample is an approximation of the posterior probability of the tree.

Programs for Bayesian inference of phylogeny.—There are a few programs for the Bayesian analysis of
phylogenetic trees. BAMBE (22) and MrBayes (23) approximate the posterior probability of phylogenies
using MCMC (specifically, the MH algorithm). BAMBE assumes uniform priors on phylogenies and branch
lengths. The program uses an improved method for calculating likelihoods that is very fast. MrBayes imple-
ments a larger number of substitution models and priors for parameters. Another program, MCMCTREE in
the PAML package of programs (13) calculates posterior probabilities of trees using a combination of Monte
Carlo and MCMC integration. The program works for up to s = 11 species. Besides the algorithm for
approximating posterior probabilities, the program differs from BAMBE in assuming a birth-death process
prior on phylogenies. This prior places equal weight on labelled histories (where a labelled history differs
from a rooted tree in considering the relative speciation times).

Inferring large trees

Evidence for convergence in topology

In all of our analyses we ran at least two Markov chains, each of which started from a random tree. Each
chain consists of a total of n = 4 chains, all except one of which are heated. Each of these chains was also
started from a randomly chosen tree. We examined a number of diagnostics to determine if the chains had
reached stationarity. For one, we examined the correlation between the posterior probabilities of individual
clades found in both chains. These results are depicted in the full paper and show that the inferences that
would be drawn from different chains are largely the same. Another way of examinining convergence is to
look at the behavior of one or more parameters through time. For example, we examined the log probability
of observing the data through time for the chains. These results are shown in Figure 3. The chains start with
trees that poorly explain the data but rapidly find better trees, eventually sampling trees which fluctuate
around a specific log probability.

We also examined the topological variance between and within chains to check for convergence. Before
convergence on the target distribution is reached, the trees from separate chains will tend to be more different
than trees from a single chain. When the chains have reached the target distribution, the mean topological
distance will be the same within and among chains. Thus, convergence can be monitored by comparing the
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mean topological distance within chains (W) and between chains (B). Initially, the ratio B/W is likely to
be considerably larger than 1. When the ratio is close to 1.0, it is likely that the chains have converged to
the target distribution. Robinson and Foulds measure of topological distance was used (24); it is equivalent
to twice the number of unique taxon bipartitions found in one of the two trees but not in both. The mean
topological distance within each chain was estimated by drawing 1000 or 5000 random pairs of trees from
the chain. The mean topological distance within chains is simply the mean of the means for each chain.
The mean topological distance between chains was estimated by drawing 1000 or 5000 random pairs of trees
from different chains. All chains were started from random trees. This means that the topological distance
between chains was initially close to the maximum value, equivalent to twice the number of taxa in the
analysis minus 6. Thus, the initial topological distance between chains was close to 206 for the butterfly
analysis, 240 for the flavivirus analysis, 274 for the Astragalus analysis, and 708 for the angiosperm analysis.

Flavivirus Mean topological distance
Trees sampled Draws Chain 1 Chain 2 Within (W) Between (B) Ratio B/W

625-1250 1000 71.24 43.10 57.17 98.33 1.720
1250-2500 1000 48.15 31.62 39.89 44.65 1.119
2500-5000 1000 34.34 33.95 34.14 35.00 1.025
5000-10000 1000 36.41 42.01 39.21 40.74 1.039
10000-20000 1000 37.61 44.15 40.88 41.89 1.025
5000-20000 1000 38.15 44.45 41.30 41.79 1.011

Butterfly Mean topological distance
Trees sampled Draws Chain 1 Chain 2 Within (W) Between (B) Ratio B/W

625-1250 1000 87.10 68.20 77.65 100.99 1.300
1250-2500 1000 85.36 63.96 74.66 85.05 1.139
2500-5000 1000 74.27 68.71 71.49 75.19 1.052
5000-10000 1000 71.05 64.44 67.75 68.63 1.013
10000-20000 1000 74.19 69.38 71.78 72.95 1.016
5000-20000 1000 73.90 67.84 70.87 71.67 1.011

Astragalus Mean topological distance
Trees sampled Draws Chain 1 Chain 2 Within (W) Between (B) Ratio B/W

625-1250 1000 124.51 152.62 138.56 150.55 1.087
1250-2500 1000 121.26 113.45 117.35 122.38 1.043
2500-5000 1000 115.64 114.69 115.16 117.46 1.020
5000-10000 1000 116.02 118.80 117.41 118.53 1.009
10000-20000 1000 117.42 117.55 117.49 117.62 1.001
5000-20000 5000 117.41 118.69 118.05 118.27 1.002

Angiosperm atpB Mean topological distance
Trees sampled Draws Chain 1 Chain 2 Within (W) Between (B) Ratio B/W

1250-2500 1000 178.16 273.99 226.08 348.42 1.541
2500-5000 1000 119.18 212.42 165.80 223.42 1.348
5000-10000 1000 123.27 161.71 142.49 156.23 1.096
10000-20000 1000 126.21 134.63 130.42 135.22 1.037
20000-40000 1000 123.20 123.67 123.43 126.13 1.022
10000-40000 1000 125.98 128.75 127.36 129.52 1.017
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Figure 4.—MCMC converges to the correct tree in simulation. DNA sequences were simulated under the
Jukes-Cantor model on symmetrically branching trees of s = 128 or s = 256 species. All of the branches of
the trees were 0.1 expected substitution per site in length. The graphs show the topological distance, dT (1),
from the true tree through time for chains that started from randomly chosen trees. The topological distance
either plateaus near the true tree for the short sequences (c = 100) or to the true tree for the long sequences
(c = 1000). Bayesian analysis assumed the correct model of DNA substitution.

Finally, we examined the ability of the MCMC method to converge to the correct tree(s) by performing
simulations of 128 and 256 sequences. Sequences were simulated under the Jukes-Cantor model of DNA
substitution. In all simulation replicates, the chains converged to trees that were either identical to or very
close to the true tree (Figure 4).
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Phylogenetic trees

For each data set, we constructed a 50% majority rule consensus tree of the trees sampled by the MCMC
procedure. The numbers at the interior nodes indicate the posterior probability that the clade is correct under
the model. Polytomious nodes indicate that various resolutions of the polytomy have posterior probabilities
less than 0.5.
Flavivirus (25)

MVE
JEZ34094
JE826309
JEZ34095
JEZ34097
JEM73710
Nakayama
Saigon
Beijing
P3
HK8526
Indonesia
DH20
JED90195
JEU04522
SA14 USA
Kamiyama
Thailand
JEZ34096
S892
JEM18370
KUN
WN
SLE
Den1M87512
Den1D00505
Den1c92
Den1D00502
Den1D00503
Den1D00501
Den1X76219
Den1BR90
DEN3
D3Philip56
D3Indon73
D3Tahiti89
D3Indon75
D3Indon78
D3Indon85
D3Malay74
D3Philip83
D3Thail86
D3Thail87
D3Thail73
D3Thail62
D3India84
D3Moza85
D3SLanka91
D3SLanka89
D3Lanka81
D3SLanka85
D3Samoa86
D3PRico77
D3Tahiti65
D3PRico63
Den2M29095
Den2m24450
Den2d00346
Den2m24451
Den2M84727
Den2m24446
Den2m24445
Den2x15434
Den2d00345
Den2d10514
Den2110050
Den2m24449
DEN2SL975
DEN2SL206
DEN2SEY42
DEN2SEY52
Den2110054
Den5110055
Den2110051
DEN2BURKFA
DEN2INDON
Den2m24448
Den2m15075
DEN2Brazil
Den2m24444
Den2x15214
Den2110052
DEN2PHILIP
DEN2INDIA
Den254319
Den2m19197
DEN2PR159
DEN4
DE4Domin80
DE4Phile56
YF
YFVCG
YFVCAPSIDM
YFVENVA
YFVENVB
YFVCMENS
SRE
TYU
POW
KFD
LGT
OHF
FETBE
FETBE 205
TBEVs
WTBE
GGE
TSE
SSE
IrishMa54
LI I
LI 31
LI M
LI SB526
LI 261
LI G
LI 369
LI A
LI K
Negishi
LI 917
LI NOR
CFA

0.56

0.78
0.80

0.81

0.83

0.86

0.87

0.88

0.92

0.92

0.92

0.98

1.00

1.00

1.00

0.92

1.00

0.46

0.93

0.67

0.98
0.83

0.96

0.99

0.58
1.00

1.00
1.00

1.00

1.00
1.00

0.98

0.23
0.22

0.99

0.73
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1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.79

1.00

1.00

1.00

1.00

1.00

1.00

1.00

0.84

1.00

1.00

1.00

1.00

0.47
0.97

1.00
0.96

1.00
1.00

1.00

0.91

0.92

0.92
1.00

0.84

1.00

0.64

0.97

1.00

0.60

0.58

0.69
1.00

0.36

0.37

1.00

0.89

1.00

1.00
1.00

1.00

1.00

1.00

1.00
1.00

0.93

1.00

1.00

1.00
1.00

1.00

1.00

1.00

0.58
1.00

0.41

1.00
1.00

1.00
0.76

0.76
0.94

0.95

1.00

0.95
0.97

0.97

0.79

0.83

0.45

0.49

0.81

0.85

0.76
0.42

0.39
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Butterfly (26)
Pieris
Delias

Anthocharis
Heliconius

Neruda
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Eueides
Dione
Agraulis
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Philaethria

Dryadula
Dryas
Acraea
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Actinote
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Boloria
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Cupha
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Limenitis

Adelpha
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Vanessa

Symbrenthia
Polygonia
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Hypolimnas
Precis

Junonia
Biblis
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Mestra
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Batesia
Panacea
Catonephele

Myscelia
Diaethria

Temenis
Dynamine

Hamadryas
Eunica
Doxocopa

Asterocampa
Eulaceura

Memphis
Zaretis
Hypna

Prepona
Polyura

Caligo
Bia

Opsiphanes
Antirrhea
Caerois

Morpho
Tisiphone

Oressinoma
Amathusia
Cercyonis

Pedaliodes
Corades

Megisto
Taygetis

Lymanopoda
Steroma
Lethe

Haetera
Melanitis

Mycalesis
Oleria

Ceratinia
Dircenna
Hypoleria

Pteronymia
Hyaliris

Hypothyris
Napeogenes
Mechanitis

Scada
Thyridia

Tithorea
Elzunia

Danaus
Tirumala
Euploea

Lycorea
Anetia

Ideopsis
Parantica
Methona

Melinaea
Athyrtis

Tellervo
Marpesia

Chersonesia
Libytheana

1.00

1.00

0.79

0.85

0.77

1.00

0.88

0.65

1.00

1.00

0.47

0.38

0.46

0.45

0.69
0.39

0.99

0.23

0.59

1.00
1.00

1.00

0.96
0.96

1.00
1.00

0.49

1.00

1.00
1.00

0.33

0.83

1.00
0.60

0.58

0.62

0.74

0.95
0.99

0.90

0.79

0.28

0.18

0.29

0.70
0.55

1.00

1.00

0.26

0.98

0.58
0.59

0.99
0.90

0.94

1.00

1.00

0.93
0.77

0.83

0.99

0.96

1.00
0.69

0.77
0.83

0.69

0.77

0.83
0.86

0.80

0.50

0.99

0.57
0.38

0.33
0.84

0.60

0.83

1.00

0.94

0.31

0.16

0.17

1.00

0.30

0.68

0.18
0.23

1.00

0.52
0.99

0.69

0.56

0.58

1.00

0.55

1.00

0.27
1.00

1.00

1.00

0.84
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Astragalus (27)
Astragalus paposanus
Astragalus pehuenches
Astragalus asymmetricus
Astragalus oxyphysus
Astragalus nuttallii
Astragalus douglassii
Astragalus allochrous
Astragalus thurberi
Astragalus pachypus
Astragalus mollissimus
Astragalus calycosus
Astragalus neuquenensis
Astragalus arnottianus
Astragalus patagonicus
Astragalus palenae var grandif
Astragalus palenae var palenae
Astragalus moyanoi
Astragalus unident
Astragalus pickeringii
Astragalus garbancillo
Astragalus arizonicus
Astragalus nothoxys
Astragalus arthuri
Astragalus monoensis
Astragalus inyoensis
Astragalus speirocarpus
Astragalus tetrapterus
Astragalus collinus
Astragalus alvordensis
Astragalus filipes
Astragalus curvicarpus
Astragalus eremiticus
Astragalus cibarius
Astragalus chamaemeniscus
Astragalus utahensis
Astragalus purshii
Astragalus lentiginosus
Astragalus salmonis
Astragalus caricinus
Astragalus sheldoni
Astragalus reventus
Astragalus obscurus
Astragalus spatulatus
Astragalus sesquiflorus
Astragalus ceramicus
Astragalus cremnophylax
Astragalus oocalycis
Astragalus preussi
Astragalus praelongus
Astragalus asclepiadoides
Astragalus woodruffii
Astragalus linifolius
Astragalus kentrophyta
Astragalus didymocarpus
Astragalus cobrensis
Astragalus tenellus
Astragalus miser
Astragalus molybdenus
Astragalus shultziorum
Astragalus rusbyi
Astragalus brandegei
Astragalus monumentalis
Astragalus scopulorum
Astragalus bisulcatus
Astragalus polaris
Astragalus neglectus
Astragalus lindheimeri
Astragalus rattanii
Astragalus tener
Astragalus sabulonum
Astragalus leptaleus
Astragalus gilviflorus
Astragalus aretioides
Astragalus humillimus
Astragalus hallii
Astragalus nuttallianus
Astragalus lonchocarpus
Astragalus bodini
Astragalus echinatus
Astragalus cicer
Astragalus chaborasicus
Astragalus adsurgens
Astragalus asterias
Astragalus tribuloides
Astragalus pulchellus
Astragalus agrestis
Astragalus cerasocrenus
Astragalus echidnaeformis
Astragalus peristereus
Astragalus alpinus
Astragalus polycladus
Astragalus nankotaizanensis
Astragalus australis
Astragalus williamsii
Astragalus robbinsii
Astragalus eucosmus
Astragalus siliquosus
Astragalus corrugatus
Astragalus oreganus
Astragalus canadensis
Astragalus falcatus
Astragalus boeticus
Astragalus edulis
Astragalus cymbicarpos
Astragalus hamosus
Astragalus americanus
Astragalus umbellatus
Astragalus membranaceus
Astragalus chinensis
Astragalus alopecias
Astragalus atropilosulus
Astragalus cysticalyx
Sphaerophysa salsula
Eremosparton flaccidum
Smirnovia
Sutherlandia frutescens
Lessertia herbacea
Lessertia brachystachya
Colutea arborescens
Astragalus sinicus
Astragalus complanatus
Clianthus puniceus
Carmichaelia williamsii
Carmichaelia stevensonii
Swainsona pterostylis
Astragalus vogelii
Astragalus epiglottis
Biserrula pelecinus
Oxytropis splendens
Oxytropis viscida
Oxytropis sericea
Oxytropis campestris
Oxytropis oreophila
Oxytropis lambertii
Oxytropis multiceps
Oxytropis besseyi
Oxytropis pilosa
Oxytropis szovitsii
Oxytropis deflexa
Caragana arborescens

1.00

0.94

0.58

1.00

0.96

1.00

1.00

0.96

0.67

1.00

0.94 1.00
0.96

0.81

0.99

0.74

0.95

1.00

0.97

0.94

0.99

0.99

0.86
0.93

0.75
0.59

0.91
0.83

0.63
0.50

0.98

1.00

0.95
0.99

0.96

0.89

0.59

0.98

0.52
0.97

0.89

0.80

0.96

1.00
0.96

0.72
1.00

1.00

1.00
0.99

1.00

1.00

1.00

1.00
1.00

0.78
0.99

0.62

1.00
1.00

1.00
1.00

1.00

0.61

0.75

0.91

0.82

1.00

0.56

0.99
1.00

1.00

1.00
0.93

1.00

0.99
1.00

1.00

0.88

1.00

1.00

0.67

0.93

0.99

1.00

0.97
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Angiosperms (Part 1) (28)
Nicotiana
Solanum
Ipomoea
Borago
Hydrophyllum
Antirrhinum
Saintpaulia
Buddleja
Catalpa
Globularia
Lavandula
Prosthantera
Thunbergia
Utricularia
Verbena
Jasminum
Bouvardia
Rubia
Cinchona
Coffea
Dishidia
Plumeria
Strychnos
Oncotheca
Aucuba
Garrya
Eucommia
Pyrencantha
Apium
Hedera
Pittosporum
Berzelia
Sambucus
Viburnum
Valeriana
Campanula
Lobelia
Roussea
Cichorium
Menyanthes
Corokia
Phelline
Escallonia
Gonocaryum
Helwingia
Ilex
Nemopanthus
Actinidia
Cyrilla
Styrax
Adinandra
Eurya
Ternstroemia
Argyrodendron
Pouteria
Manilkara
Barringtonia
Napoleonaea
Symplocus
Cobaea
Diospyros
Euclea
Idria
Impatiens
Marcgravia
Tetramerista
Sarracenia
Schima
Stuartia
Clethra
Erica
Anagallis
Androsace
Clavija
Maesa
Alangium
Cornus
Carpenteria
Hydrangea
Nyssa
Acer
Cupaniopsis
Koelreuteria
Aesculus
Ailanthus
Simarouba
Swietenia
Trichilia
Citrus
Poncirus
Ruta
Zanthoxylon
Ptaeroxylon
Bursera
Pistacia
Rhus
Shinus
Adansonia
Bombax
Chorisia
Gossypium
Ochroma
Sterculia
Tilia
Dombeya
Grewia
Theobroma
Cochlospermum
Bixa
Diegodendron
Anisoptera
Cistus
Helianthemum
Sarcolaena
Aquilaria
Phaleria
Thymelea
Muntingia
Brassica
Stanleya
Megacarpea
Capparis
Reseda
Floerkea
Carica
Tropaeolum
Alvaradoa
Picramnia
Bersama
Melianthus
Francoa
Geranium
Pelargonium
Stachyurus
Staphylea
Clidemia
Metrosideros
Vochysia
Fuchsia
Punica
Quisqualis
Afrostyrax
Averrhoa
Rourea
Eucryphia
Platytheca
Sloanea
Brexia
Celastrus
Euonymus
Stackhousia
Hippocratea
Plagiopteron
Salacia
Parnassia
Corallia
Erythroxylon
Dichapetalum
Irvingia
Linum
Reinwardtia
Dicella
Malpighia
Euphorbia
Humiria
Medusagyne
Ochna
Flacourtia
Goupia
Hymenanthera
Rinorea
Passiflora
Turnera
Salix
Balanites
Viscainoa
Guiacum
Krameria
Betula
Casurina
Myrica
Pterocarya
Trigonobalanu
sCoriaria
Corynocarpus
Datisca
Kedrostis
Xerosicyos
Dryas
Spirea
Geum
Eleagnus
Rhamnus
Humulus
Trema
Morus
Urtica
Pisum
Sophora
Polygala
Xanthophyllum
Heisteria
Opilia
Santalum
Thesium
Viscum

1.00
1.00

1.00

1.00

0.69
1.00

1.00

0.99
1.00

0.67

1.00

0.66

1.00

0.90
0.93

0.78

0.96

0.78
1.00

0.93

0.98
1.00

1.00

1.00

1.00
1.00

1.00

1.00

1.00

0.76

1.00

1.00
1.00

0.99
0.96

1.00

0.94

0.86
1.00

0.86

1.00
0.76

0.63

0.72

0.71

1.00
1.00

0.88

1.00
1.00

0.97

1.00

1.00

0.96

0.65

1.00

1.00
1.00

1.00

0.63
0.65

1.00

1.00
0.99

0.98

1.00

1.00

0.57
1.00

1.00

1.00
0.62

1.00

0.92
1.00

1.00

0.71
0.99

1.00

1.00

1.00
0.94

1.00

0.92

0.82

0.82

0.94

1.00

1.00

0.65

0.63

1.00

0.73

0.58

1.00

0.99

1.00 1.00

1.00

0.63
1.00

0.63

0.66

1.00

0.73
0.95

1.00

1.00
0.99

0.96

1.00

0.64

1.00

0.65

0.75

1.00

0.50

1.00

1.00

0.96

1.00

1.00

1.00

1.00

1.00

0.87
1.00

1.00

1.00

0.54

1.00

1.00
0.72

0.89
1.00

1.00
1.00

1.00

1.00

1.00

0.88

1.00

0.81

0.63

1.00

1.00

0.62

1.00
0.75

0.53
0.95

1.00
0.99

1.00

0.96

1.00

0.95

0.71

1.00

0.67

1.00

0.60

1.00
0.67

1.00 1.00

1.00
1.00

0.86
1.00

1.00
1.00

1.00

1.00

0.60
1.00

1.00

0.94

0.68

1.00

0.66

0.81

0.86
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Angiosperms (Part 2)

0.78
Aextoxicon
Berberidopsis
Amaranthus
Spinacia
Bougainvillea
Delosperma
Ercilla
Phytolacca
Rhipsalis
Limeum
Silene
Simmondsia
Rhabdodendron
Drosera
Nepenthes
Frankenia
Plumbago
Polygonum
Rheum
Altingia
Liquidambar
Astilbe
Boykinia
Heuchera
Chrysoplenium
Peltoboykinia
Saxifraga
Haloragis
Myriophyllum
Penthorum
Paeonia
Ribes
Itea
Pterostemon
Cercidiphyllum
Crassula
Dudleya
Sedum
Kalanchoe
Corylopsis
Hamamelis
Disanthus
Daphniphyllum
Leea
Vitis
Dillenia
Schumacheria
Tetracera
Myrothamnus
Gunnera
Tetracentron
Trochodendron
Buxus
Pachysandra
Didymeles
Lambertia
Roupala
Placospermum
Platanus
Nelumbo
Sabia
Caulophyllum
Nandina
Glaucidium
Hydrastis
Xanthoriza
Menispermum
Decaisnea
Dicentra
Euptelea
Ceratophyllum
Annona
Degeneria
Eupomatia
Galbulimia
Liriodendron
Magnolia
Myristica
Calycanthus
Idiospermum
Cinnamomum
Laurus
Hedycarya
Kibara
Gyrocarpus
Aristolochia
Lactoris
Asarum
Saruma
Houttuynia
Peperomia
Piper
Saururus
Belliolum
Drimys
Tasmannia
Canella
Cinnamodendron
Chloranthus
Sarcandra
Hedyosmum
Acorus
Androcymbium
Bomarea
Veratrum
Lapageria
Lloydia
Nomocharis
Tulipa
Tricyrtis
Xerophyllum
Anthericum
Asparagus
Ipheion
Bulbine
Xeronema
Ixiolirion
Conathera
Tecophilaea
Odontostomum
Rhodohypoxis
Barbacenia
Stemona
Sphaeradenia
Blandfordia
Apostasia
Cypripedium
Oncidium
Dioscorea
Tacca
Juncus
Oryza
Zea
Pleea
Tofieldia
Spathiphyllum
Austrobaileya
Illicium
Schisandra
Amborella
Brasenia
Nymphaea
Ephedra
Gnetum
Welwitschia
Ginkgo
Metasequoia
Taxus
Podocarpus
Pinus
Tsuga

0.69

0.95

1.00

0.70

0.94

1.00

0.92

1.00
1.00

1.00

0.91
1.00

1.00

1.00

0.99

1.00

1.00

0.98

0.72

0.95

1.00

1.00
1.00

1.00

0.84

0.78

1.00

0.51
0.50

1.00
1.00

0.93

1.00

0.91

1.00

1.00

0.98
1.00

0.62

0.98

0.95

1.00

0.99
1.00

0.99

1.00

0.57

1.00
1.00

0.84
1.00

1.00
1.00

1.00

1.00

1.00

0.98

0.93
0.79

1.00

1.00

0.99
1.00

1.00

0.88

1.00

0.82

0.86
1.00

1.00

1.00

0.72

1.00

1.00

1.00

1.00

1.00

1.00
1.00

1.00

1.00
1.00

0.99

1.00

0.57
1.00

0.97
1.00

1.00

1.00

1.00

1.00

0.84

0.76

1.00

1.00

1.00
1.00

1.00

0.95
0.96

1.00

0.61

1.00

1.00

1.00
1.00

0.98
1.00

1.00
0.96

0.52
0.80

1.00
1.00

0.82

0.77

1.00

1.00

0.99
1.00

1.00

1.00
0.93

0.51

0.57

0.69

1.00

1.00
1.00

0.87

1.00

0.98

0.55

1.00

0.87

1.00

1.00
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Substitution-model parameter estimates

Estimates of the parameters of the substitution model (θ). The instantaneous rate of change from
nucleotide i to nucleotide j is denoted rij , and is measured relative to the rate of change between G and
T (rGT = 1). The frequency of nucleotide i is denoted πi, the gamma shape parameter is α, and the rate
multiplier for codon position i is mi. The numbers in each column give the mean of the marginal posterior
probability distribution and the 95% credible interval (in parantheses) for the parameter.

Parameter (θ) Astragalus Butterfly Flavivirus Angiosperms
rAC 1.22 (0.76, 1.83) 1.14 (0.90, 1.44) 2.95 (2.50, 3.48) 1.61 (1.47, 1.74)
rAG 2.77 (1.90, 3.89) 4.78 (3.91, 5.85) 6.18 (5.33, 7.22) 3.82 (3.54, 4.10)
rAT 1.79 (1.20, 2.68) 1.06 (0.82, 1.36) 1.74 (1.45, 2.11) 0.27 (0.24, 0.31)
rCG 0.83 (0.53, 1.24) 0.75 (0.58, 0.98) 1.28 (1.04, 1.58) 1.56 (1.41, 1.73)
rCT 5.10 (3.60, 7.11) 5.38 (4.51, 6.49) 11.25 (9.76, 13.15) 4.99 (4.63, 5.38)
πA 0.23 (0.20, 0.26) 0.25 (0.23, 0.27) 0.25 (0.24, 0.26) 0.34 (0.33, 0.35)
πC 0.25 (0.23, 0.28) 0.27 (0.25, 0.29) 0.24 (0.23, 0.25) 0.15 (0.14, 0.15)
πG 0.26 (0.23, 0.29) 0.23 (0.21, 0.25) 0.27 (0.26, 0.28) 0.18 (0.17, 0.19)
πT 0.26 (0.23, 0.29) 0.26 (0.24, 0.28) 0.24 (0.23, 0.25) 0.33 (0.32, 0.34)
α 0.49 (0.27, 0.60) — — —

m1 — 0.31 (0.28, 0.35) 0.43 (0.41, 0.45) 0.35 (0.33, 0.36)
m2 — 0.25 (0.24, 0.26) 0.23 (0.21, 0.24) 0.24 (0.23, 0.26)
m3 — 2.45 (2.40, 2.53) 2.35 (2.32, 2.38) 2.39 (2.35, 2.42)
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