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The chronological scenario of the evolution of hominoid primates has been
thoroughly investigated since the advent of the molecular clock hypothesis.
With the availability of genomic sequences for all hominid genera and other
anthropoids, we may have reached the point at which the information from
sequence data alone will not provide further evidence for the inference of
the hominid evolution timescale. To verify this conjecture, we have compiled a genomic data set for all of the anthropoid genera. Our estimate
places the Homo/Pan divergence at approximately 7.4 Ma, the Gorilla lineage
divergence at approximately 9.7 Ma, the basal Hominidae divergence at
18.1 Ma and the basal Hominoidea divergence at 20.6 Ma. By inferring the
theoretical limit distribution of posterior densities under a Bayesian framework, we show that it is unlikely that lengthier alignments or the availability of new genomic sequences will provide additional information to reduce
the uncertainty associated with the divergence time estimates of the four
hominid genera. A reduction of this uncertainty will be achieved only by
the inclusion of more informative calibration priors.

Introduction
Since the seminal study of Sarich & Wilson (1967), the
inference of divergence times of the genera of hominids
has been a recurrent theme in molecular dating analyses. All of the major developments in the field of divergence time estimation have been rapidly applied to the
problem of the evolutionary timescale of the great apes
and other hominoids (Goodman et al., 1983; Templeton, 1983; Hasegawa et al., 1985; Yoder & Yang, 2000;
Schrago & Russo, 2003; Hobolth et al., 2007). Apart
from the obvious interest in obtaining a clearer picture
of the evolution of our own species, these studies were
also motivated by the large amount of molecular data
that are publicly available for hominids. For instance,
the genome of at least one species of all of the genera
of great apes has been published to date (Lander et al.,
2001; Venter et al., 2001; Locke et al., 2011; Scally
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et al., 2012). However, one may speculate whether the
molecular data available to estimate the chronology of
hominid diversification is fundamentally complete. In
this sense, the inference of the hominid timescale
should be performed with the minimum possible
stochastic error.
Recent estimates have reported a large precision associated with the ages of hominid diversification (Chatterjee et al., 2009; Perelman et al., 2011; Wilkinson et al.,
2011). In addition, Yang & Rannala (2006) found that
the primate data set of approximately 150 000 bp used
by Steiper et al. (2004) nearly approached the theoretical limit of information from sequence data. Thus, it is
possible that the study of divergence times of the genera of Hominidae will be minimally altered by the
inclusion of additional sequence data or even new
genomes and that the uncertainty associated with the
hominid timescale is now essentially determined by the
uncertainty of the calibration information obtained
from the fossil record. To test this hypothesis, we have
compiled an ideal data set of genes that evolved statistically under rate homogeneity. We show that the data
available thus far have reached the saturation of information from sequence data and that new primate genomic sequences will probably not alter the uncertainty
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of the timescale of the diversification of hominid genera
unless they permit the inclusion of new informative
calibration priors.

Materials and methods
Sequence selection and alignment
Alignments of orthologous genes of the anthropoid
species with completed or partially completed genome
projects were obtained from the OrthoMam database
(Ranwez et al., 2007). These consisted of genomic data
from Callithrix (The Human Genome Center, Baylor
College of Medicine), Macaca (Gibbs et al., 2007),
Nomascus (The Broad Institute of Harvard and MIT),
Pongo (Locke et al., 2011), Gorilla (Scally et al., 2012),
Pan (Mikkelsen et al., 2005) and Homo (Lander et al.,
2001; Venter et al., 2001). Fig. 1 presents the phylogenetic nomenclature used throughout this study. A total
of 9335 orthologous alignments were downloaded. Of
these, 249 alignments were eliminated from further
analyses because they contained more than 50%
indel sites. To reduce the rate variation among
branches, which would amplify the variance of the
divergence time estimates, we subjected the remaining
alignments to a test of the molecular clock. Using
PhyML 3 (Guindon & Gascuel, 2003), we inferred the
phylogenetic tree for each gene independently, with
the substitution model chosen by the likelihood ratio
test (LRT) implemented in HyPhy (Pond et al., 2005).
The inferred trees were then analysed using PAML 4.5
(Yang, 2007) to estimate whether the log-likelihood of
the topology enforcing the molecular clock was significantly lower than that of the topology in which the
branch lengths were freely estimated (Felsenstein,
1988). Only those genes that failed to reject the molecular clock were used for the divergence time estimation, consisting of 1367 genes, with a total of
1 619 994 nucleotide sites. The two main data sets

were composed of this pool of 1367 genes. The first
data set, hereafter referred to as full, consisted of the
complete alignment of the “clock-like” genes. For the second data set, only those genes that recovered the correct
phylogenetic relationship of the primate species used
were selected, resulting in 373 genes, with a total of
560 880 nucleotide sites. It is worth mentioning that,
although the molecular clock could not be rejected for
the individual genes, rate variation among genes prevents the application of the strict clock to the concatenated supermatrix. Moreover, the strict clock is a
special case of the relaxed clock when rate variation
among branches is null (Drummond et al., 2006).
To further investigate the effect of the sequence
length on the uncertainty of the divergence time estimates, we composed three groups of alignments in
which subsamples with alignment lengths of approximately 1 kbp, 10 kbp and 100 kbp were created by
randomly drawing genes from the “clock-like” pool. We
created 10 alignments in each group; thus, we analysed
30 additional alignments composed of subsamples (10
from each of the three alignment group lengths). The
precision of the estimates was measured either by calculating the standard deviation of the marginal posterior density or by the width (w) of the 95% highest
probability density (HPD) interval of the posterior.
Lastly, to verify whether the inclusion of additional
genomic sequences would provide further information
on the estimates of the hominid divergence times, we
constructed two reduced data sets, both excluding Callithrix. The first reduced set contained Homo, Pan, Gorilla,
Pongo, Nomascus and Macaca sequences. In the second
reduced set, we also eliminated Nomascus and Gorilla,
maintaining only 4 terminals, based on the rationale
that, because the Nomascus and Gorilla divergences did
not contain any additional calibration information,
their elimination would not affect the estimates of the
ages of other hominid divergences. If valid, we would
demonstrate that unless new calibration priors are used,

Fig. 1 Primate phylogeny illustrating
the major anthropoid clades (sensu
Groves, 2001). The nodes in which
calibration information was entered are
shown in black circles.
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any increase in the taxonomic sampling provided by
the sequencing of additional primate genomes would
likely not bring any additional information regarding
the timescale of hominid divergences.
Divergence time estimation and the infinite sites
analysis
The divergence time estimation was conducted under a
Bayesian framework using BEAST 1.7.2 (Drummond &
Rambaut, 2007) and the MCMCTree program of the
PAML package (Yang, 2007). All BEAST analyses were
conducted using the concatenated alignment of genes
under the GTR+Γ4+I model of nucleotide substitution,
which was chosen by the LRT in HyPhy. In MCMCTree, we used the HKY+G model, because it was the
parametric richer model available in the program. We
used the following models of evolutionary rates, as they
allow for rate independence between the branches: the
uncorrelated lognormal model in BEAST (Drummond
et al., 2006) and the independent model of MCMCTree
(Rannala & Yang, 2007). Both programs implement
the Markov chain Monte Carlo (MCMC) algorithm to
approximate the joint posterior density of divergence
times. After an adjustable period of burn-in, the Markov chains were run for 50 000 000 generations and
sampled every 1000th cycle. The analyses of the MCMC
output were conducted using the CODA package
(Plummer et al., 2006) in the R environment (www.
r-project.org).
With the aim of investigating whether the posterior
density of the divergence time estimates of hominoids
had reached the limiting distribution when the data
consisted of infinite sites, we adopted the strategy of
Rannala & Yang (2007; Yang & Rannala, 2006), who
derived the posterior densities of divergence times
when the branch lengths parameters are considered
given and fixed at their maximum likelihood (ML) estimates. Under these assumptions, the stochastic error
associated with the ML estimate is eliminated, and the
variance of the posterior density of node ages is exclusively determined by the uncertainty of the calibration
information used. Therefore, if the precision of the posterior density is close to that predicted under the infinite sites approach, the maximum amount of
information has been obtained from the molecular
data. This result indicates that a further reduction of
the variance of the posterior density will only be
achieved by the adoption of informative calibration
priors.
Calibration information
We used the calibration information described by
Benton & Donoghue (2007), which places the Homo/
Pan divergence from 6.5 to 10 Ma and the Cercipithecoid/Hominoid divergence from 23.0 to 33.9 Ma. These

3

data were entered as normal priors, with the mean set
at the average between the minimum and maximum
values of the range and the standard deviation set to
include the minimum and maximum values of the
range delimiting 99% of the area under the curve. This
strategy resulted in normal priors N(8.25, 0.9) and
N(28.45, 3.4). The divergence between the orang-utan
and other hominoids was calibrated by a gamma distribution with a shape parameter = 15 and a scale parameter = 1, corresponding to a distribution with a
mean = 15 Ma and a 95% HPD interval from 9.2 to
21.9 Ma. This calibration was based on the fossil record
of Lufengpithecus, Sivapithecus and Khoratpithecus from
the Miocene of Asia (Hartwig, 2002; Chaimanee et al.,
2003, 2004). Lastly, for the root of the tree, the Platyrrhini/Catarrhini divergence was calibrated by a normal
prior with a mean = 44 Ma and a standard deviation = 10.5 Ma. This distribution is centred at the average value for the divergence obtained from the
timetree.org database, and the large standard deviation
results in a 95% HPD interval from 26.7 Ma, which is
approximately the age of the earliest platyrrhine record,
Branisella sp. (Takai & Anaya, 1996), to 61.3 Ma. We
used normal and gamma priors instead of adopting
hard bounds because of the uncertainty associated with
the upper and lower limits. The maximum range of a
divergence time is particularly difficult to be established
and several strategies were proposed to deal with this
issue (Marshall, 2008; Wilkinson & Tavare, 2009;
Laurin, 2012). Finally, it is worth mentioning that the
node ages inferred here are based on the average
genetic divergence between lineages. This is the measure commonly used by relaxed clock methods. Thus,
the divergence times do not necessarily imply speciation times, that is, the cessation of gene flow between
lineages (Burgess & Yang, 2008).

Results
For both of the data sets studied, the divergence times
of the six primate nodes were robust with regard to the
method (BEAST or MCMCTree). For the full data set,
the largest discrepancy between the methods was found
for the root node in which the Platyrrhini/Catarrhini
divergence was dated at 51.5 Ma (39.3–63.5) in BEAST
and 53.3 Ma (41.6–65.0) in MCMCTree (Table 1).
However, the difference was reduced in the data set
with the correct topologies only: BEAST dated the root
at 50.1 Ma (36.7–62.7) and MCMCTree at 51.4 Ma
(34.6–64.9) (Table 2), a statistically negligible difference. For all of the other divergences, the differences
between the methods were generally less than 1 Ma.
The Homo/Pan divergence was dated at approximately
7.3 Ma using the full data set (the average between the
BEAST and MCMCTree estimates). The age of the node
was estimated at 7.4 Ma using the infinite sites
approach. The width of the 95% HPD interval was
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Table 1 Divergence times of selected primate genera using genes that failed to reject the molecular clock.
Node

Divergence

BEAST

MCMCTree

Infinite sites

1
2
3
4
5
6

Homo/Pan
Gorilla
Pongo
Nomascus
Macaca
Callithrix

7.2
9.4
18.0
20.4
27.7
51.5

7.4
9.7
18.1
20.5
28.2
53.3

7.4
9.7
18.1
20.6
28.2
53.2

(5.7–8.7)/3.0*
(7.6–11.4)/3.8
(14.6–21.4)/6.8
(16.5–24.2)/7.7
(22.9–32.6)/9.7
(39.3–63.5)/24.2

(5.9–8.8)/2.9*
(7.8–11.7)/3.9
(14.6–21.5)/6.9
(16.8–24.4)/7.6
(23.4–33.1)/9.7
(41.6–65.0)/23.4

(6.0–8.9)/2.9
(8.0–11.6)/3.6
(14.7–21.7)/7.0
(16.8–24.6)/7.8
(23.3–33.2)/9.9
(40.7–66.1)/25.4

*In Ma, the mean and 95% HPD interval.

Table 2 Divergence times of selected primate genera using genes that failed to reject the molecular clock and that presented no topological
incongruence with the standard primate phylogeny.
Node

Divergence

BEAST

MCMCTree

Infinite sites

1
2
3
4
5
6

Homo/Pan
Gorilla
Pongo
Nomascus
Macaca
Callithrix

6.8
9.8
17.5
20.8
29.2
50.1

7.0
10.1
17.9
21.3
29.7
51.4

7.0
10.1
17.8
21.2
29.6
52.7

(5.4–8.4)/3.0*
(7.8–11.9)/4.1
(14.2–20.7)/6.5
(16.9–24.6)/7.7
(24.2–34.1)/9.9
(36.7–62.7)/26.0

(5.6–8.6)/3.0
(8.0–12.2)/4.2
(14.5–21.4)/6.9
(17.3–25.3)/8.0
(24.6–34.7)/10.1
(34.6–64.9)/30.3

(5.5–8.6)/3.1
(8.0–12.2)/4.2
(14.3–21.3)/7.0
(17.2–25.2)/8.0
(24.5–34.8)/10.3
(40.0–65.7)/25.7

*In Ma, the mean and 95% HPD interval.

essentially identical using the full data set, measuring
3.0 Ma in BEAST and 2.9 Ma in both MCMCTree and
infinite sites (Table 1). When genes with the correct
topologies were used, the age of the human/chimp
divergence decreased slightly to approximately 6.9 Ma,
which was very similar to the age of the node under
the infinite sites model (7.0). The precision of the estimates was also measured to be approximately 3.0 Ma
(Table 2). Therefore, the use of genes with correct
topologies did not significantly affect either the estimation of the age of the divergence or the precision of the
estimate.
The age of the node that separates the Gorilla and
Homo/Pan lineages was inferred at 9.4 and 9.7 Ma using
the full data set (Table 1), and the estimated age was
estimated at 9.7 Ma using the infinite sites model. The
width of the 95% HPD intervals varied from 3.9 Ma
(MCMCTree) to 3.6 Ma (infinite sites). The divergence
was slightly older for the correct topology data set,
ranging from 9.8 Ma (the BEAST estimate) to 10.1 Ma
(the estimates of both MCMCTree and infinite sites)
(Table 2). The widths of the HPD intervals of the estimates were also wider, at approximately 4.2 Ma.
For the full data set, the age of the orang-utan divergence, that is, the time to the recent common ancestor
(TMRCA) of the great apes, was dated at approximately
18 Ma (18.1 Ma for the infinite sites), with the width
of the 95% HPD interval ranging from 6.8 Ma (BEAST)
to 7.0 (infinite sites) (Table 1). This value varied
from 17.5 Ma (BEAST) to 17.9 Ma (MCMCTree) when
the data set with the correct topologies was used, and
the infinite sites analysis measured the age of the

divergence at 17.8 Ma. The precision of the estimates
ranged from 6.5 Ma (BEAST) to 7.0 (infinite sites)
(Table 2).
The Nomascus divergence, which marks the age of the
TMRCA of the Hominoidea, ranged from 20.4 Ma
(BEAST) to 20.6 Ma (infinite sites) in the full data set,
with credibility interval widths varying from 7.6 Ma
(MCMCTree) to 7.8 Ma (infinite sites) (Table 1). Using
the correct topology data set, the age ranged from 20.8
Ma (BEAST) to 21.3 Ma (MCMCTree) and was 21.2 Ma
using the infinite sites model. The width of the credibility intervals ranged from 7.7 Ma (BEAST) to 8.0 Ma
(MCMCTree and infinite sites) (Table 2).
Outside hominoids, the Cercopithecoid/Hominoid
divergence (TMRCA of extant Catarrhini primates) was
dated from 27.7 Ma (BEAST) to 28.2 Ma (MCMCTree
and infinite sites) for the full data set, with the width
of the 95% HPD intervals varying from 9.7 Ma (BEAST
and MCMCTree) to 9.9 (infinite sites) (Table 1). The
age was estimated to be slightly older using the genes
with the correct topology, ranging from 29.2 Ma
(BEAST) to 29.7 Ma (MCMCTree), with an estimate of
29.6 Ma using the infinite sites approach. The credibility intervals were also wider, varying from 9.9 Ma
(BEAST) to 10.3 Ma (infinite sites).
When the divergence times were estimated using
subsamples of the original alignment, the averages of
the estimates from the 1 kbp, 10 kbp and 100 kbp
sampling strategies were similar to those obtained using
the full data set with the MCMCTree and the infinite
sites models (Fig. 2, see further information in Table
S1). Regardless of the inclusion of the alignments with
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Fig. 2 Divergence times (Ma) inferred from (1) 1 kbp data sets; (2) 10 kbp data set; (3) 100 kbp data set; (4) full data set analysed using
MCMCTree; and (5) infinite sites. In (1), (2) and (3), the bars depict the maximum and minimum values obtained among the 10
subsamples. (a) Homo/Pan divergence; (b) the Gorilla lineage divergence; (c) the Pongo divergence; (d) the Nomascus divergence; (e) the
Cercopithecoid/Hominoid divergence, as represented by the Macaca divergence; and (f) the Catarrhini/Platyrrhini divergence.

small size, the largest discrepancies found among estimates were less than 1 Ma for the Homo/Pan (0.8 Ma),
Gorilla (0.9 Ma) and the Macaca (0.5 Ma) divergences.
The root node, the Catarrhini/Platyrrhini separation,
resulted in the most heterogeneous estimates, with a
difference of 6.5 Ma between the maximum and minimum estimates, followed by the Pongo (3.3 Ma) and
Nomascus (1.9 Ma) divergences. The differences
between the subsamples for all of the node ages were
significantly reduced when the 100 kbp alignments
were used, a pattern most dramatically depicted in the
root node (Fig. 2f).
Although the means of the posterior densities were
generally homogeneous, the standard deviation of the
posterior densities presented a pattern of reduction from
the 1 kbp data sets to the infinite sites estimates (Fig. 3).
Moreover, for all of the nodes, the differences
between the standard deviations (SD) were smaller
between the full data set MCMCTree estimate and the
infinite site estimates. This result demonstrates a
tendency of stabilization (a plateau in the graph) that is
most exemplified by the Homo/Pan (Fig. 3a) and the
Gorilla (Fig. 3b) divergences for which the difference
between the SDs of the MCMCTree data set and infinite

sites was 0.015 and 0.011 Ma respectively. This difference was also very small for the divergences of the
Pongo ( 0.030 Ma), Nomascus (0.036 Ma) and Macaca
( 0.044 Ma) lineages. The value shifted to 0.222 Ma
in the root node. Likewise, the maximum and minimum SD values of the posterior density among the
subsamples generally decreased from the 1 kbp to
100 kbp alignments; the only exception was the Homo/
Pan divergence.
The reduction of the number of terminals demonstrated that the ages of the divergences were little
affected by the presence of Nomascus and Gorilla
(Table 3). The widths of the 95% HPD interval of the
Homo/Pan divergence were measured as 2.9 and 3.3 Ma,
with and without including Nomascus and Gorilla,
respectively, and are fundamentally the same values
from the full data set estimates, including the mean,
which varied from 7.3 to 7.4 Ma. As in the full data set,
the age of the basal hominid divergence, the Pongo
separation, was dated at approximately 18 Ma. The w
values ranged from 7.8 Ma (with Nomascus and Gorilla)
to 8.1 (without Nomascus and Gorilla), measures that
were approximately 1 Ma wider than the credibility
width for the full data set.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3 Standard deviations of the posterior densities of node ages (Ma) inferred from (1) 1 kbp data sets; (2) 10 kbp data set; (3) 100 kbp
data set; (4) full data set analysed with MCMCTree; and (5) infinite sites. In (1), (2) and (3), the bars depict the maximum and minimum
values obtained among the 10 subsamples. (a) Homo/Pan divergence; (b) the Gorilla lineage divergence; (c) the Pongo divergence; (d) the
Nomascus divergence; (e) the Cercopithecoid/Hominoid divergence, as represented by the Macaca divergence; and (f) the Catarrhini/
Platyrrhini divergence.

Table 3 Divergence times of a reduced data set of primates using genes that failed to reject the molecular clock and that presented no
topological incongruence with the standard primate phylogeny.
Node

Divergence

With Nomascus and Gorilla

Without Nomascus and Gorilla

1
2
3
4
5

Homo/Pan
Gorilla
Pongo
Nomascus
Macaca

7.4
9.8
18.3
21.0
29.7

7.3 (5.8–9.1)/3.3
NA
18.5 (14.9–23.0)/8.1
NA
29.6 (22.3–35.7)/13.4

(6.0–8.9)/2.9
(7.9–11.9)/4.0
(14.7–22.5)/7.8
(16.9–25.6)/8.7
(24.4–35.3)/10.9

*In Ma, the mean and 95% HPD interval.

Discussion
Our results indicate that the timescale of the diversification of hominid genera has reached the point of minimum uncertainty associated with the age estimates
because both the 95% HPD intervals and the standard
deviations of the posterior densities are very close to
the value predicted by the theoretical limit (Yang &
Rannala, 2006; Rannala & Yang, 2007). In addition, the
inclusion of new terminals will probably have little or
no effect on the precision of the divergence time

estimates of the Hominidae genera. Although further
precision may be achieved with more informative calibration priors, the molecular data per se will likely not
provide any additional information. We describe the
current scenario as a possibility because the methods
based on the species tree reconstruction from multiallelic intraspecific data sets may shed new light on this
issue (Rannala & Yang, 2003; Knowles & Carstens,
2007; Edwards, 2009; Liu et al., 2009). Such data sets
are likely to become usual as the cost of genomic
sequencing decreases. However, these methods are
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generally more parametric than the Bayesian dating
analysis; thus, the variance of the estimates will possibly not decline when compared with that obtained
using a large alignment of genes that failed to reject the
molecular clock hypothesis.
Although the timescale of the diversification of hominid genera was inferred with minimum uncertainty, it
should not be assumed that those ages refer to the
speciation times of hominids. This is because our node
ages were inferred from average genetic divergences, and
several genes may have diverged much before the cessation of gene flow (Pamilo & Nei, 1988). To estimate
speciation times, one should use another family of methods (Rannala & Yang, 2003; Degnan & Rosenberg, 2009).
Nevertheless, it is likely that our conclusion still holds
under those coalescent-based approaches.
It is worth noting that the uncertainty associated
with the node ages of our timescale is not smaller
when compared with other recent genomic estimates.
For instance, Kumar & Hedges (1998) and Kumar et al.
(2005) have proposed estimates of the Homo/Pan divergence with widths of the 95% confidence interval of
only 1.96 Ma and 2.04 respectively. In fact, w-values
as low as 1.3 Ma are found in the literature (dos Reis
et al., 2012). Nonetheless, a recent combined analysis
of fossil modelling and molecular data rendered an
estimate of w equal to 3.9 Ma for the Homo/Pan genetic
divergence (Wilkinson et al., 2011). Therefore, the
uncertainty associated with hominid divergences presents some variation, which is probably caused by the
method applied and the variance of the calibration
priors. Here, we showed that sequence information
has already reached the theoretical limit and that
increased sequence lengths and taxonomic sampling
will not significantly alter the hominid timescale.
Accordingly, if divergence time studies applied the
same methodological framework, any discrepancy
among the precision of the divergence estimates would
be correlated with the information from the prior
distributions used to calibrate the timescale. A similar
point had been raised by Kumar et al. (2005) and Yang
& Rannala (2006), who conducted a meta-analysis of
Steiper et al. (2004).
It is also relevant to assert that the posterior distributions of divergence times were heavily impacted by the
data likelihood. For instance, in MCMCTree analysis,
the 95% HPD interval of the marginal prior distribution
of the age of the divergence between the Gorilla and
Homo/Pan ranged from 7.6 to 19.0 Ma (results not
shown), while the posterior ranged from 7.8 to
11.7 Ma (Table 1). Thus, the prior alone was not
responsible for the width credibility intervals; the inclusion of data shifted the width of the interval from 11.4
to 3.9 Ma. Our results demonstrated that it is unlikely
that this width (3.9 Ma) will be further reduced by
additional sequences or even by the inclusion of new
species terminals.
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As indicated in the plots of the 95% HPD interval
against the age of the nodes, the estimates obtained
with BEAST and MCMCTree using the large alignments
are close to the theoretical limit (Fig. 4a). The largest
difference among the estimates is found at the root
node; all of the other ages are fundamentally identical.
The regression line that fitted the points of the limiting
distribution resulted in the equation w = 0.43t, which
means that, for each 10 Ma (t), approximately 4.3 Ma
is added to the credibility interval (w). It is noteworthy that the MCMCTree regression line presented a
smaller coefficient, 0.41, indicating that the estimates
are more precise than the theoretical limit. This difference, however, is probably due to the random nature
of the MCMC algorithm; in fact, two of the 100 kbp
subsamples also randomly presented smaller coefficients (Fig. 4b). This same reasoning applies to the
anomalous behaviour found for the data presented in
Fig. 3 in which the standard deviations of the ages of
some nodes are smaller than the theoretical limit
(Fig. 3c, e, f).
The w x t plots also illustrated that when the
sequence length decreased (from 100 to 1 kbp), the
uncertainty of the estimates increased (Fig. 4b–d). For
instance, the average coefficient of the 1 kbp subsamples was 0.58, and the values shifted to 0.53 and 0.48
in 10 kbp and 100 kbp subsamples respectively. As the
calibration information used was identical in every
case, the difference was produced by the stochastic
error associated with the limited number of nucleotide
sites analysed. In all cases, the fit of the regression line
was significant (p < 1%) and very high (average R2 
0.98 for all comparisons). Yang & Rannala (2006) have
reported that even small alignments may result in
divergence time estimates close to the theoretical limit.
We showed that in the case of primate divergences, the
1 to 10 kbp alignments still resulted in estimates with
large variances. However, the comparison depicted in
Fig. 4a shows that the theoretical limit had been
reached.
Another interesting finding is that the adoption of
genes that resulted in trees with the correct topology
of primates did not alter the inferred chronology of
hominoid divergences. Both the mean and 95%
HPD intervals were close to those estimated using the
full data set (Tables 1 and 2), indicating that the
uncertainty of the inferred divergence times was little
influenced by the gene tree/species tree problem.
Moreover, the taxon sampling did not affect the hominid divergence times. The addition of Nomascus and
Gorilla, both terminals connected to calibration-free
nodes, had literally no influence on the ages of the
Homo/Pan, Gorilla and Pongo divergences. Nevertheless,
it is worth mentioning that when compared to the full
data set divergences, the TMRCA of the Hominidae
(orang-utan lineage divergence) presented wider
credibility intervals. Such a small discrepancy further
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(a)

(b)

(c)

(d)

Fig. 4 Linear regressions between the widths of the 95% credibility intervals (Ma) against the node age (Ma). (a) Full data set. The solid
line and solid black circles represent the theoretical limits. The dashed lines and open circles depict the estimates from the BEAST analysis.
The dotted line and triangles depict the estimates using MCMCTree. (b - d) 100 kbp to 1 kbp data sets. The solid lines and solid black
circles represent theoretical limits. The dashed lines and open circles depict the estimates from the 10 subsamples, with alignments of
approximately 100 (a), 10 (b) and 1 (d) kbp.

confirms our conclusions because the difference was
caused by the exclusion of Callithrix, a terminal that,
unlike Nomascus, added additional calibration information.
Finally, the divergences presented here are in agreement with the fossil record of anthropoid primates; our
estimates are also equivalent when compared with the
works published recently. For example, the exhaustive
analysis, with large species sampling conducted by Perelman et al. (2011), dated the Homo/Pan divergence at
6.6 Ma, whereas we inferred it at approximately
7.3 Ma. When the credibility interval is taken into
account, the divergences are statistically equivalent.
Even the study of dos Reis et al. (2012), which presented very precise estimates for mammalian divergences, is not at odds with the our hominoid
chronological scale. The Platyrrhini/Catarrhini divergence, the root node, is an exception. Our estimates
placed this divergence around 50 Ma, approximately
10 Ma older than recent estimates, varying from 37.7
(dos Reis et al., 2012) to 43.5 Ma (Perelman et al.,
2011). A great part of such discrepancies may be due to
the modelling applied to evolutionary rate at the root

node, together with the large standard deviation of the
prior distribution.
In conclusion, our study has demonstrated that the
available sequence data from genome projects have
achieved the saturation of information regarding the
estimates of the divergence times of the four genera
of the Hominidae. The differences among studies in
the measures of uncertainty associated with the
inferred ages are likely due to the set of calibration
priors used because even taxon sampling played a
minor role when no calibration prior was added to
the data set. Therefore, to obtain a more precise chronology of hominid divergences, developments in
methodological approaches or modelling strategies
are required. Although a significant effort has been
directed to genome projects over the last decade,
chronological inference from molecular data heavily
depends on paleontological research and on the availability of a good fossil record. After reaching saturation of information from sequence data, the adoption
of informative calibration priors is the most effective
strategy to reduce the credibility intervals of divergence times.
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