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Abstract: Studies that measured mutation rates in human populations using pedigrees have reported
values that differ significantly from rates estimated from the phylogenetic comparison of humans
and chimpanzees. Consequently, exchanges between mutation rate values across different timescales
lead to conflicting divergence time estimates. It has been argued that this variation of mutation
rate estimates across hominoid evolution is in part caused by incorrect assignment of calibration
information to the mean coalescent time among loci, instead of the true genetic isolation (speciation)
time between humans and chimpanzees. In this study, we investigated the feasibility of estimating
the human pedigree mutation rate using phylogenetic data from the genomes of great apes. We found
that, when calibration information was correctly assigned to the human—chimpanzee speciation
time (and not to the coalescent time), estimates of phylogenetic mutation rates were statistically
equivalent to the estimates previously reported using studies of human pedigrees. We conclude that,
within the range of biologically realistic ancestral generation times, part of the difference between
whole-genome phylogenetic and pedigree mutation rates is due to inappropriate assignment of fossil
calibration information to the mean coalescent time instead of the speciation time. Although our
results focus on the human—chimpanzee divergence, our findings are general, and relevant to the
inference of the timescale of the tree of life.
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1. Introduction

The study of mutation rates constitutes a fundamental problem in genetics and evolution [1,2].
Traditionally, the rate at which mutations occur has been measured on a generational basis [3,4].
However, with the advent of the molecular clock theory in the 1960s, mutation rates have also been
measured per year [5]. In this sense, the age of the Homo—Pan split, gathered from the fossil record,
has been widely used as calibration information for the estimation of the yearly substitution rates in
several human loci [6], but only with the sequencing of the genomes of humans and chimpanzees,
calculation of whole-genome substitution rates became feasible. It was shown that the genome-wide
genetic divergence between humans and chimpanzees was roughly 0.012 substitutions per site [7-9].
Assuming that the age of the Homo—Pan split is approximately 7 million years ago (Ma) [6,10], a yearly
substitution rate of 0.09 x 10~8 substitutions /nucleotide site/year (s/s/y) was inferred.

Apart from phylogenetic estimates relying on the Homo—Pan fossil calibration, the advent of
high throughput sequencing technologies allowed the inference of the whole-genome mutation
rate per nucleotide site by genome wide comparisons and direct estimates of de novo mutations
of parent-offspring trios, with estimates varying from 0.96 to 1.2 x 108 substitutions/nucleotide
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site/generation (s/s/g) [11]. A similar estimate was calculated for Western chimpanzees
(1.2 x 1078 s/s/g) based on whole-genome comparison in pedigrees [12]. To convert pedigree-based
generational rates into per-year rates, the duration (in years) of the generation time is required. On
that account, to make pedigree and phylogenetic mutation rates comparable, the generation time of
the ancestor of humans and chimpanzees should be set at ~12 years. However, this value is too small
when compared to previous studies that calculated ancestral Homo—Pan generation time ranging from
15 to 26 years [8,13,14]. Consequently, genome-wide phylogenetic mutation rates estimated using
the Homo—Pan fossil calibration are higher than pedigree-based estimates. Under strict neutrality,
however, both values are expected to be equivalent [1], and exchanges of phylogenetic and pedigree
rates evidently impact the reconstruction of the hominine evolutionary timescale [15].

Previous works have proposed that the discrepancy between phylogenetic and pedigree mutation
rates can be explained by a general reduction in the mutation rate per year during the evolution
of great apes, due to gradual increase in generation times towards the lineage that gave rise
to modern humans [16,17]. This reduction, known as the hominoid slowdown hypothesis, was
initially reported based on a limited amount of genetic data [18,19], but was later confirmed with
genome-wide datasets [20,21]. Nonetheless, factors other than generation time might account for the
discrepancy between pedigree and phylogenetic rates, without requiring the slowdown hypothesis.
Misspecification of fossil calibration information is the most obvious example [22]. This is because
phylogenetic rates are estimated using calibration information from the paleontological record, which
brings a number of limitations. Besides the scarcity of fossil findings, the ages of fossils rarely (if
ever) correspond to the time of the average genetic divergence across loci between species, i.e., the
mean genome-wide coalescent time [23]. At best, fossils register the minimum age of the speciation
time. In classical molecular phylogenetics, however, it is customary to consider the average genetic
divergence between species (dr) as equal to the total amount of genetic divergence (d;) accumulated
after the age of the complete isolation between species () (Figure 1). We expect, however, the difference
between dr and d; to be significant in cases such as the comparison of recently isolated species or
when the effective population size of the ancestral lineage was large [24]. Thus, the assignment of
fossil calibration information to T instead of T overestimates the substitution rate [25,26]. In fact, this
issue is unlikely to be ameliorated even if all the fossils of a lineage were perfectly recorded, because of
discrepancies between the rates of phenotypic and genome evolution.

Using whole genomes, we were prompted to investigate whether the correct assignment of the
Homo—Pan fossil calibration information to the speciation time T instead of the mean coalescent time
T leads to an accurate estimate of the phylogenetic rate of great apes, consequently reducing the
discrepancy between the phylogenetic rate and the empirically measured human pedigree rates using
a between-species phylogenetic data of great apes. To do so, we assembled a dataset consisting of
orthologous genomic regions randomly collected across the genomes of the great apes.
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Figure 1. Difference between the genetic divergence (T), which is calculated by the mean coalescent
time between human—chimpanzee gene pairs (d1/2), and the speciation time (1), which is the time
of the genetic isolation between species (d1/2). dt is the total genetic distance between humans and
chimpanzees; d; is the total genetic distance accumulated after the speciation time 1; and d; is the
amount of sequence divergence existent in the ancestral population, before the complete genetic
isolation between species. To correctly calibrate the hominoid timescale, the age of the oldest fossil
belonging to the Homo or Pan lineages should be assigned to T, which is equivalent to the time that d; /2

requires to accumulate. Assigning the calibration to T will overestimate the phylogenetic mutation
rate, because dt > di. The values of dt, d1, and d, are measured in substitutions/site.

2. Materials and Methods

In this study, we investigated whether the incorrect use of Homo—Pan calibration information, as
a result of incorrectly accounting for the amount of polymorphism present prior to the speciation of
humans and chimpanzees (d, = 8, Figure 1), leads to an overestimation of the phylogenetic mutation
rate. Therefore, we expect that, if the calibration is correctly assigned to the speciation time T (d;/2)
instead of T (d1/2), the estimated phylogenetic mutation rate will decrease and approach the short-term
pedigree rates reported in the literature from empirical analyses (Table 1).

Table 1. Estimates of human mutation rates per generation from several whole genome population-level
studies. * Obtained through the comparison of contemporaneous and ancient human sequences and
converted from a yearly estimate of 0.38-0.49 x 1078, assuming a human generation time of 29 years.

Study Mean Rate (s/s/g)
1000 Genomes Project Consortium [27] 1.0-1.2 x 108
Roach et al. [28] 1.1 x 1078
Conrad et al. [29] 0.97-1.17 x 1078
Cambpell et al. [30] 0.89-1.43 x 108
Kong et al. [31] 1.20 x 1078
Michaelson et al. [32] 1.0 x 10~8
Fuetal. [33]* 1.10-1.42 x 108
Lipson et al. [34] 1.55-1.75 x 108
Besenbacher et al. [35] 1.16-1.38 x 1078
Rahbari et al. [36] 1.13-1.43 x 10~8
Amster and Seela [37] 1.2 x 10~8

Wong et al. [38] 1.05 x 10~8
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2.1. Sequences and Alignments

We composed a phylogenetic dataset consisting of 15,744 alignments of 5000 bp segments
interspaced by more than 107 bp along the genome that were collected randomly across the
syntenic alignments of Homo, Pan, Gorilla, and Pongo available in Ensembl’s Compara database
(www.ensembl.org/info/genome/compara). Pongo was used as outgroup throughout the analyses. To
avoid methodological biases associated with rate heterogeneity among lineages, all segments analyzed
failed to reject the molecular clock at 5% significance level by employing the likelihood ratio test (LRT)
as implemented in the baseml program of the PAML 4 package [39].

2.2. Average Coalescent Times and Speciation Times

The total genetic distance between any pair of nucleotide sequences collected from different
species is composed of two processes (Figure 1): (1) the average number of substitutions per site
accumulated after the speciation process (d1); and (2) the average number of substitutions per site
accumulated before the speciation, in the ancestral population that gave rise to both species being
compared (d = 6). If the speciation time of the species pair is 7, Part (1) is given by d; = 2ut, whereas
Part (2) is given by the expectation of coalescent theory. If the effective size of the ancestral population
was N, the expected waiting time of a pair of alleles is exponentially distributed with A =1/2N,, i.e.,
with mean = 2N,. Then, the average number of substitutions between a pair of alleles in the ancestral
population is given by d = 2 (2N,), which equals 4N, 1. This expression describes the fundamental
mutation parameter 0. Therefore, the total genetic distance between a pair of species is given by
dt =dj + 6. Evidently, if the molecular clock holds, i.e., mutation rates were homogeneous across
branches, the age of the average coalescent time, as measured in substitutions per site (s/s), is dr/2.
Likewise, the age of the speciation time (in s/s) is d1/2 (Figure 1).

The number of substitutions per site accumulated since the mean coalescent time of humans and
chimpanzees, dr/2, was estimated by maximum likelihood in PhyML 3 [40]. The collected genomic
segments were concatenated into a supermatrix of 78,720,000 bp. The model of sequence evolution
employed to account for multiple hits was chosen by in HyPhy employing the LRT implemented in
modeltest (GTR + G + I). By comparing the whole genomes of humans and chimpanzees, previous
works have calculated dt/2 to be 0.0062 s/s [7]. Therefore, we used this value as a gold standard to
evaluate the estimates obtained with our datasets.

2.3. Estimation of Mean Speciation Times T

Speciation time between humans and chimpanzees, i.e., d1 /2 (Figure 1), was inferred with the
BPP software [41]. This software performs Bayesian inference of the speciation time and ancestral
population sizes via a Markov chain Monte Carlo (MCMC) algorithm using the method of Rannala
and Yang [14]. We ran BPP’s MCMC analysis independently twice. In each run, chains were sampled
every 1000th generation until 20,000 samples were obtained. Because BPP runs a Bayesian algorithm,
prior distributions for parameters must be assigned. In this regard, a gamma distribution G (x =2,
3 = 200) was used as prior for the 8 parameter. This is the default distribution used in BPP, and it
contemplates a wide range of 6 values reported in empirical datasets. For the T parameter at the root
node, which is the speciation time between humans and orangutans measured in substitutions/site,
we assigned a gamma prior G (x =16.7, 3 = 1264.0), which has a mean equal to half the genetic distance
between humans and orangutans (0.013 s/s). This prior was obtained by fitting a gamma density to
the distribution of dt/2 between humans and orangutans estimated from the loci analyzed. The MASS
package of the R programming environment was used to fit the gamma distribution.

2.4. Fossil African Great Apes and Humans

To estimate absolute yearly mutation rates (substitutions/site/year) from speciation times, one
must divide the estimate of T obtained in BPP, which is measured in s/s (d1/2), by the absolute
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speciation time between Homo and Pan, measured in years. Although the fossil record of the great apes
is not complete, it is generally regarded that Sahelanthropus tchadensis from Chad is one of the earliest
species belonging to the evolutionary lineage leading to humans after the genetic isolation (speciation)
from the chimpanzee lineage [10]. Stratigraphic analyses placed this fossil at approximately seven
million years ago (Ma). In this study, we thus considered this age as the speciation time between Homo
and Pan. We reaffirm that we assigned this calibration to d; /2 instead of dr/2 to measure the yearly
phylogenetic rate. To account for the uncertainty associated with the fossil calibration information
assigned to the age of the Homo—Pan speciation, we also calculated the phylogenetic rate using a wide
range of paleontological speciation times, from 3.5 to 15 Ma.

2.5. Generation Times

To obtain the estimates of evolutionary rates per generation, the time duration (in years) of a
single generation of the ancestor of humans and chimpanzees is needed. In the literature, the value of
this parameter often ranges from 15 to 20 years [8,42,43]. Schrago [13], using the estimates for living
species reported by Langergraber et al. [44], performed ancestral state reconstruction of continuous
characters to infer the ancestral generation time at 26.3 years. An estimate close to 26 years was also
corroborated by the applying other analytical approaches [45]. Because this issue is still contentious,
we calculated the phylogenetic rate setting the ancestral Homo—Pan generation time to 15, 20 and
26.3 years. To investigate the impact of this value on phylogenetic rates, we further examined a wide
range of generation times, varying from 10 to 30 years.

3. Results and Discussion

The average number of substitutions per site accumulated since the mean coalescent time (dt/2)
was 0.00625 s/s, which was close to the estimate from human-chimpanzee whole-genome comparison
(Table 2). However, when the difference between mean coalescent and speciation times was accounted
for, the average number of substitutions accumulated since the complete genetic isolation of humans
and chimpanzees, the speciation time 7 (d; /2), decreased to 0.00473 s/s. Therefore, considering 7 Ma
as the absolute age of the speciation of both species, the yearly evolutionary rate was inferred at
0.068 x 1078 s/s/y.

Table 2. Estimates of the mean Homo/Pan genetic distances and absolute yearly evolutionary rates by
applying the paleontological calibration at the mean coalescent time (T) and the speciation time ().

Mean Coalescent Time (T) Speciation Time (1)

Genetic Distance (dr/2) Yearly Evolutionary Rate > Genetic Distance (d1/2) ! Yearly Evolutionary Rate 2
0.00625 * 0.089 x 1078 0.00473 + 0.000040 0.067-0.068 x 108

! In substitutions/site; 2 in substitutions/site/year, adopting the age of the Homo/Pan split at 7 Ma; * the errors
associated with the maximum likelihood estimates approached zero, because the number of sites analyzed was
very large.

If the generation time of the ancestor of humans and chimpanzees was 15 years, the generational
mutation rate was inferred at approximately 0.99 x 10-8 s/s/g, when this value was increased to
26.3 years, the generational mutation rate shifted to approximately 1.77 x 1078 s/s/g (Table 3). Thus,
when fossil calibration was correctly placed, the generational mutation rates calculated with the
phylogenetic dataset were closer to the empirical estimates obtained from short-term pedigree-based
analyses of humans reported in Table 1.



Life 2018, 8, 49 60f11

Table 3. Estimates of generational evolutionary rates (substitutions/nucleotide site/generation) using
phylogenetic information from the inferred speciation time, assuming ancestral Homo—Pan generation
times of 15, 20 and 26.3 years.

Ancestral Homo—Pan Generation Time (Years) Evolutionary Rate
15 0.99 x 1078-1.03 x 1078
20 1.33 x 1078-1.37 x 1078
26.3 1.75 x 1078-1.81 x 108

When varying both the values of the fossil calibration age and the ancestral generation time, the
mutation rates calculated using our estimated Homo—Pan speciation time (d; /2 = 0.00473 s/s) were
within the range of empirical pedigree rates, which varies from 0.89 to 1.75 s/s/g, corresponding to
the minimum and maximum values reported in Campbell et al. [30] and Lipson et al. [34] (Figure 2).
For instance, if the Homo—Pan split took place between 5.7 and 7.3 Ma, which is the range that encloses
most estimates reported in the literature (timetree.org) [46], to account for the minimum and maximum
values of the pedigree mutation rate, the generation time of the Homo—Pan ancestor should be as low
as 10.8 and as high as 27.0 years (Figure 2). Within this range, phylogenetic and pedigree mutation
rates are statistically equivalent.
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Figure 2. Plot of the estimated pedigree rates (15) assigning the calibration information to 0.00473 s/s,
i.e., the inferred average number of substitutions per site accumulated since the speciation of Homo and
Pan. To calculate the pedigree rates, a wide range of ancestral Homo—Pan generation times (g) and ages
of the human—chimpanzee speciation (Tyg1) were used. The blue area establishes the minimum and
maximum limits of g obtained from empirical the studies of Campbell et al. [30] (lower estimate) and
Lipson et al. [34] (upper estimate), respectively. We also show the line for the average rate calculated
from the estimates published so far (~1.0 x 1078 s/s/g). The boxplot shows the distribution of
estimates of T, from various studies available in the timetree.org database.

The magnitude of the difference between the phylogenetic rate estimates and the short-term
pedigree rates was thus conditional on both the values of the generation time of the ancestor of humans
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and chimpanzees and the age of the Homo—Pan split. Because the uncertainty associated with the
ancestral Homo-Pan generation time is arguably more contentious than the speciation time of both
lineages, we focused our analysis on this variable, setting the split at 7 Ma. With g = 15 years, estimates
of phylogenetic rates were indistinguishable from the values inferred by previous whole genome
pedigree studies (Table 1). When generational time increased, the estimates also increased, departing
from pedigree-based estimates. Kong et al. [31] showed that the number of human de novo mutations
increases with the paternal age in order of about two mutations per year, while this parameter is
not significantly affected by the maternal age at the time of conception. These results corroborate
the idea that a larger number of divisions during spermatogenesis is responsible for the increase of
the generational mutation rate [47]. The long-term, phylogenetic, effects of these results are yet to
be explored.

Langergraber et al. [44] inferred a generation time of 19 years for gorillas and 25 years for
chimpanzees from genetic parentage data from a large number of individuals from both species.
Assuming a short-term rate between 0.97 x 1078 and 1.36 x 1078 s/s/g, the authors suggested that
mutation rate for humans and African apes lies between 0.03 x 1078 and 0.07 x 10~ s/s/y. However,
the maximum value of the pedigree generational estimates adopted in that study corresponds to a
rate estimated using highly polymorphic microsatellites (1.36 x 1078 s/s/g) which are expected to
have a higher rate compared to the whole genome estimates [48]. If estimates from fast evolving
microsatellites are ruled out and only whole genome pedigree generational rates are considered, we
found that the rate estimated here lies within the 95% confidence interval of previous pedigree-based
studies. On the other hand, Lipson et al. [34] reported a high genome-wide rate of 1.65 4- 0.10 x 108
mutations per generation using an approach based on the relationship between local heterozygosity
in diploid genomes, recombination rates, and genetic distance. The rate estimated by Lipson and
colleagues approaches the phylogenetic rate estimated here assuming an ancestral generation time
between 20 and 26.3 years. Differently from pedigree comparisons, Lipson et al.’s new calibration
method, dubbed as the ancestral recombination density, avoids direct individual genome comparisons
and therefore is free from the bias related to the distinction between de novo mutations and sequencing
errors in pedigree-based analysis, which are expected in direct comparisons of single generation data
of a small subset of individuals [11].

Because the phylogenetic rate should not be higher than the pedigree evolutionary rate at neutral
loci, we argue that the generation time of the ancestor of Homo and Pan was likely lower than 26.3 years,
lying between 15 and 20 years. It is worth mentioning that the credibility interval of previously reported
estimates of Homo/Pan ancestral generation time included this 15-20-year range [13].

The inference of the Homo—Pan speciation time T assumed a simple speciation model of no gene
flow taking place after the speciation process, and recent works have reported post-speciation gene flow
in primates [49,50]. Although models that allow for post-speciation gene flow were proposed [51,52],
we have opted for investigating a simpler scenario in our study to avoid overparameterization. In
fact, gene flow will reduce the average genetic distance between species (coalescent time), decreasing
the phylogenetic mutation rate estimate, and minimizing the discrepancy between phylogenetic and
pedigree rates.

Although our study focused on the divergence between humans and chimpanzees, overestimation
of the phylogenetic rate by incorrect assignment of the calibration information to the coalescent time
instead of the speciation time affects any divergence in the tree of life. Because the difference between
the coalescent time and the speciation time depends on the effective population size of the ancestor
of the two daughter lineages, the larger the ancestral N, the larger will be the overestimation of the
phylogenetic rate. Indeed, very large N.s were reported for lineages from plants (2,290,000, [53]) to
invertebrates (72,584,531, [54]) [55]. In this sense, studies that borrow evolutionary rates from closely
related lineages to infer dated phylogenies should be cautious of such bias. Using overestimated rates
will lead to younger divergence times along the tree of life.
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4. Conclusions

We showed that, using a long-term (phylogenetic) dataset of African great apes, it is feasible to
estimate a phylogenetic rate that is statistically comparable to the estimates of short-term (pedigree)
human mutation rates. Using a dataset of randomly sampled orthologous genomic segments under
the molecular clock, phylogenetic estimates approached pedigree-based rate estimates when the
fossil calibration was correctly assigned to the Homo—Pan speciation time, instead of the mean genetic
divergence time. The long-term/short-term agreement, however, required that the generation time
of the Homo—Pan ancestor lie between 15 and 20 years. We argue, therefore, that estimates of human
mutation rates behaved as theoretically predicted and previous incongruences were partly caused by
incorrect handling of fossil calibration information. Although we analyzed an example from primates,
incorrect assignment of calibration to coalescent times should impact any divergence in the tree of
life, leading to overestimates of phylogenetic rates that would compromise the accurate timing of
evolutionary divergences.

Author Contributions: Conceptualization and Methodology, R.T.C. and C.G.S.; Formal Analysis, R.T.C., EM.C.-P.
and C.G.S.; Writing—Original Draft Preparation, R.T.C. and C.G.S.; Writing—Review and Editing, R.T.C., EM.C.-P.
and C.G.S; and Supervision and Funding Acquisition, C.G.S.

Funding: This work was funded by National Research Council of Brazil (CNPq) grants 310974 /2015-1 and
440954/2016-9 to CGS.

Acknowledgments: The authors thank Beatriz Mello for helpful comments on the first draft of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kimura, M. The Neutral Theory of Molecular Evolution; Cambridge University Press: New York, CA, USA, 1983.
2. Nei, M. Mutation-Driven Evolution; Oxford University Press: New York, CA, USA, 2013.

3.  Haldane, ].B.S. The rate of spontaneous mutation of a human gene. J. Genet. 1935, 31, 317-326. [CrossRef]
4. Drake, ].W.; Charlesworth, B.; Charlesworth, D.; Crow, J.F. Rates of spontaneous mutation. Genetics 1998,

148, 1667-1686. [PubMed]

Nei, M.; Kumar, S. Molecular Evolution and Phylogenetics; Oxford University Press: New York, CA, USA, 2000.

6.  Benton, M.].; Donoghue, P.C.J.; Asher, R.].; Friedman, M.; Near, T.].; Vinther, ]. Constraints on the timescale
of animal evolutionary history. Palacontol. Electron. 2015, 18, 1-107. [CrossRef]

o

7. The Chimpanzee Sequencing and Analysis Consortium. Initial sequence of the chimpanzee genome and
comparison with the human genome. Nature 2005, 437, 69-87. [CrossRef] [PubMed]

8. Chen, FC,; Li, W.H. Genomic divergences between humans and other hominoids and the effective population
size of the common ancestor of humans and chimpanzees. Am. |. Hum. Genet. 2001, 68, 444-456. [CrossRef]
[PubMed]

9.  Ebersberger, I.; Metzler, D.; Schwarz, C.; Paabo, S. Genomewide comparison of DNA sequences between
humans and chimpanzees. Am. . Hum. Genet. 2002, 70, 1490-1497. [CrossRef] [PubMed]

10. Brunet, M.; Guy, F; Pilbeam, D.; Mackaye, H.T.; Likius, A.; Ahounta, D.; Beauvilain, A.; Blondel, C.;
Bocherens, H.; Boisserie, ].R.; et al. A new hominid from the Upper Miocene of Chad, Central Africa. Nature
2002, 418, 145-151. [CrossRef] [PubMed]

11. Campbell, C.D.; Eichler, E.E. Properties and rates of germline mutations in humans. Trends Genet. 2013, 29,
575-584. [CrossRef] [PubMed]

12.  Venn, O.; Turner, I.; Mathieson, I.; de Groot, N.; Bontrop, R.; McVean, G. Strong male bias drives germline
mutation in chimpanzees. Science 2014, 344, 1272-1275. [CrossRef] [PubMed]

13.  Schrago, C.G. The effective population sizes of the anthropoid ancestors of the human-chimpanzee lineage
provide insights on the historical biogeography of the great apes. Mol. Biol. Evol. 2014, 31, 37-47. [CrossRef]
[PubMed]


http://dx.doi.org/10.1007/BF02982403
http://www.ncbi.nlm.nih.gov/pubmed/9560386
http://dx.doi.org/10.26879/424
http://dx.doi.org/10.1038/nature04072
http://www.ncbi.nlm.nih.gov/pubmed/16136131
http://dx.doi.org/10.1086/318206
http://www.ncbi.nlm.nih.gov/pubmed/11170892
http://dx.doi.org/10.1086/340787
http://www.ncbi.nlm.nih.gov/pubmed/11992255
http://dx.doi.org/10.1038/nature00879
http://www.ncbi.nlm.nih.gov/pubmed/12110880
http://dx.doi.org/10.1016/j.tig.2013.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23684843
http://dx.doi.org/10.1126/science.344.6189.1272
http://www.ncbi.nlm.nih.gov/pubmed/24926018
http://dx.doi.org/10.1093/molbev/mst191
http://www.ncbi.nlm.nih.gov/pubmed/24124206

Life 2018, 8, 49 9of11

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Rannala, B.; Yang, Z. Bayes estimation of species divergence times and ancestral population sizes using DNA
sequences from multiple loci. Genetics 2003, 164, 1645-1656. [PubMed]

Scally, A.; Durbin, R. Revising the human mutation rate: Implications for understanding human evolution.
Nat. Rev. Genet. 2012, 13, 745-753. [CrossRef] [PubMed]

Goodman, M. Rates of Molecular Evolution: The Hominoid Slowdown. Bioessays 1985, 3, 9-14. [CrossRef]
[PubMed]

Li, W.H.; Tanimura, M. The Molecular Clock Runs More Slowly in Man Than in Apes and Monkeys. Nature
1987, 326, 93-96. [CrossRef] [PubMed]

Bailey, W.J.; Fitch, D.H.; Tagle, D.A.; Czelusniak, J.; Slightom, J.L.; Goodman, M. Molecular evolution of the
psi eta-globin gene locus: Gibbon phylogeny and the hominoid slowdown. Mol. Biol. Evol. 1991, 8, 155-184.
[CrossRef] [PubMed]

Koop, B.E;; Goodman, M.; Xu, P.; Chan, K,; Slightom, J.L. Primate Eta-Globin DNA-Sequences and Mans
Place among the Great Apes. Nature 1986, 319, 234-238. [CrossRef] [PubMed]

Kim, S.H.; Elango, N.; Warden, C.; Vigoda, E.; Yi, S.V. Heterogeneous genomic molecular clocks in primates.
PLoS Genet. 2006, 2, 1527-1534. [CrossRef] [PubMed]

Scally, A.; Dutheil, J.Y.; Hillier, L.W.; Jordan, G.E.; Goodhead, I.; Herrero, J.; Hobolth, A.; Lappalainen, T.;
Mailund, T.; Marques-Bonet, T.; et al. Insights into hominid evolution from the gorilla genome sequence.
Nature 2012, 483, 169-175. [CrossRef] [PubMed]

Ho, S.Y.W.; Phillips, M.].; Cooper, A.; Drummond, A.]. Time dependency of molecular rate estimates and
systematic overestimation of recent divergence times. Mol. Biol. Evol. 2005, 22, 1561-1568. [CrossRef]
[PubMed]

Emerson, B.C. Alarm bells for the molecular clock? No support for Ho et al.’s model of time-dependent
molecular rate estimates. Syst. Biol. 2007, 56, 337-345. [CrossRef] [PubMed]

Edwards, S.; Beerli, P. Perspective: Gene divergence, population divergence, and the variance in coalescence
time in phylogeographic studies. Evolution 2000, 54, 1839-1854. [CrossRef] [PubMed]

Peterson, G.I.; Masel, J. Quantitative Prediction of Molecular Clock and K-a/K-s at Short Timescales.
Mol. Biol. Evol. 2009, 26, 2595-2603. [CrossRef] [PubMed]

Ho, S.Y.W.; Lanfear, R.; Bromham, L.; Phillips, M.].; Soubrier, J.; Rodrigo, A.G.; Cooper, A. Time-dependent
rates of molecular evolution. Mol. Ecol. 2011, 20, 3087-3101. [CrossRef] [PubMed]

1000 Genomes Project Consortium. A map of human genome variation from population-scale sequencing.
Nature 2010, 467, 1061-1073. [CrossRef] [PubMed]

Roach, J.C.; Glusman, G.; Smit, A.FA.; Huff, C.D.; Hubley, R.; Shannon, P.T.; Rowen, L.; Pant, K.P;
Goodman, N.; Bamshad, M.; et al. Analysis of Genetic Inheritance in a Family Quartet by Whole-Genome
Sequencing. Science 2010, 328, 636—639. [CrossRef] [PubMed]

Conrad, D.E; Keebler, ]. E.M.; DePristo, M.A.; Lindsay, S.J.; Zhang, Y.J.; Casals, F; Idaghdour, Y.; Hartl, C.L.;
Torroja, C.; Garimella, K.V.; et al. Awadalla for the 1000 genomes project. Variation in genome-wide mutation
rates within and between human families. Nat. Genet. 2011, 43, 712-715. [CrossRef] [PubMed]

Campbell, C.D.; Chong, ].X.; Malig, M.; Ko, A.; Dumont, B.L.; Han, L.; Vives, L.; O'Roak, B.J.; Sudmant, PH.;
Shendure, J.; et al. Estimating the human mutation rate using autozygosity in a founder population.
Nat. Genet. 2012, 44, 1277-1281. [CrossRef] [PubMed]

Kong, A.; Frigge, M.L.; Masson, G.; Besenbacher, S.; Sulem, P; Magnusson, G.; Gudjonsson, S.A.;
Sigurdsson, A.; Jonasdottir, A.; Wong, W.S.; et al. Rate of de novo mutations and the importance of
father’s age to disease risk. Nature 2012, 488, 471-475. [CrossRef] [PubMed]

Michaelson, ].J.; Shi, Y.J.; Gujral, M.; Zheng, H.C.; Malhotra, D.; Jin, X,; Jian, M.H.; Liu, G.M.; Greer, D.;
Bhandari, A.; et al. Whole-Genome Sequencing in Autism Identifies Hot Spots for De Novo Germline
Mutation. Cell 2012, 151, 1431-1442. [CrossRef] [PubMed]

Fu, Q.; Mittnik, A.; Johnson, PL.; Bos, K.; Lari, M.; Bollongino, R.; Sun, C.; Giemsch, L.; Schmitz, R.; Burger, J.;
et al. A revised timescale for human evolution based on ancient mitochondrial genomes. Curr. Biol. 2013, 23,
553-559. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/12930768
http://dx.doi.org/10.1038/nrg3295
http://www.ncbi.nlm.nih.gov/pubmed/22965354
http://dx.doi.org/10.1002/bies.950030104
http://www.ncbi.nlm.nih.gov/pubmed/3842581
http://dx.doi.org/10.1038/326093a0
http://www.ncbi.nlm.nih.gov/pubmed/3102974
http://dx.doi.org/10.1093/oxfordjournals.molbev.a040641
http://www.ncbi.nlm.nih.gov/pubmed/2046542
http://dx.doi.org/10.1038/319234a0
http://www.ncbi.nlm.nih.gov/pubmed/3945312
http://dx.doi.org/10.1371/journal.pgen.0020163
http://www.ncbi.nlm.nih.gov/pubmed/17029560
http://dx.doi.org/10.1038/nature10842
http://www.ncbi.nlm.nih.gov/pubmed/22398555
http://dx.doi.org/10.1093/molbev/msi145
http://www.ncbi.nlm.nih.gov/pubmed/15814826
http://dx.doi.org/10.1080/10635150701258795
http://www.ncbi.nlm.nih.gov/pubmed/17464888
http://dx.doi.org/10.1111/j.0014-3820.2000.tb01231.x
http://www.ncbi.nlm.nih.gov/pubmed/11209764
http://dx.doi.org/10.1093/molbev/msp175
http://www.ncbi.nlm.nih.gov/pubmed/19661199
http://dx.doi.org/10.1111/j.1365-294X.2011.05178.x
http://www.ncbi.nlm.nih.gov/pubmed/21740474
http://dx.doi.org/10.1038/nature09534
http://www.ncbi.nlm.nih.gov/pubmed/20981092
http://dx.doi.org/10.1126/science.1186802
http://www.ncbi.nlm.nih.gov/pubmed/20220176
http://dx.doi.org/10.1038/ng.862
http://www.ncbi.nlm.nih.gov/pubmed/21666693
http://dx.doi.org/10.1038/ng.2418
http://www.ncbi.nlm.nih.gov/pubmed/23001126
http://dx.doi.org/10.1038/nature11396
http://www.ncbi.nlm.nih.gov/pubmed/22914163
http://dx.doi.org/10.1016/j.cell.2012.11.019
http://www.ncbi.nlm.nih.gov/pubmed/23260136
http://dx.doi.org/10.1016/j.cub.2013.02.044
http://www.ncbi.nlm.nih.gov/pubmed/23523248

Life 2018, 8, 49 100f 11

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lipson, M.; Loh, PR.; Sankararaman, S.; Patterson, N.; Berger, B.; Reich, D. Calibrating the Human Mutation
Rate via Ancestral Recombination Density in Diploid Genomes. PLoS Genet. 2015, 11, E1005550. [CrossRef]
[PubMed]

Besenbacher, S.; Liu, S.; Izarzugaza, ] M.G.; Grove, J.; Belling, K.; Bork-Jensen, J.; Huang, S.; Als, T.D.; Li, S.;
Yadav, R.; et al. Novel variation and de novo mutation rates in population-wide de novo assembled Danish
trios. Nat. Commun. 2015, 6, 5969. [CrossRef] [PubMed]

Rahbari, R.; Wuster, A.; Lindsay, S.J.; Hardwick, R.J.; Alexandrov, L.B.; Al Turki, S.; Dominiczak, A.;
Morris, A.; Porteous, D.; Smith, B.; et al. Timing, rates and spectra of human germline mutation. Nat. Genet.
2015, 48, 126-133. [CrossRef] [PubMed]

Amster, G.; Sella, G. Life history effects on the molecular clock of autosomes and sex chromosomes. Proc. Natl.
Acad. Sci. USA 2016, 113, 1588-1593. [CrossRef] [PubMed]

Wong, W.S.W.; Solomon, B.D.; Bodian, D.L.; Kothiyal, P; Eley, G.; Huddleston, K.C.; Baker, R.; Thach, D.C,;
Iyer, RK.; Vockley, ].G.; et al. New observations on maternal age effect on germline de novo mutations.
Nat. Commun. 2016, 7, 10486. [CrossRef] [PubMed]

Yang, Z.H. PAML 4: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol. 2007, 24, 1586-1591.
[CrossRef] [PubMed]

Guindon, S.; Dufayard, J.F,; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New Algorithms and Methods
to Estimate Maximum-Likelihood Phylogenies: Assessing the Performance of PhyML 3.0. Syst. Biol. 2010,
59, 307-321. [CrossRef] [PubMed]

Yang, Z.; Rannala, B. Bayesian species delimitation using multilocus sequence data. Proc. Natl. Acad. Sci. USA
2010, 107, 9264-9269. [CrossRef] [PubMed]

Takahata, N.; Satta, Y.; Klein, J. Divergence time and population size in the lineage leading to modern
humans. Theor. Popul. Biol. 1995, 48, 198-221. [CrossRef] [PubMed]

Hobolth, A.; Dutheil, J.Y.; Hawks, J.; Schierup, M.H.; Mailund, T. Incomplete lineage sorting patterns
among human, chimpanzee, and orangutan suggest recent orangutan speciation and widespread selection.
Genome Res. 2011, 21, 349-356. [CrossRef] [PubMed]

Langergraber, K.E.; Prufer, K.; Rowney, C.; Boesch, C.; Crockford, C.; Fawcett, K.; Inoue, E,;
Inoue-Muruyama, M.; Mitani, ].C.; Muller, M.N.; et al. Generation times in wild chimpanzees and gorillas
suggest earlier divergence times in great ape and human evolution. Proc. Natl. Acad. Sci. USA 2012, 109,
15716-15721. [CrossRef] [PubMed]

Schrago, C.G. The limiting distribution of the effective population size of the ancestor of humans and
chimpanzees. |. Theor. Biol. 2014, 357, 55-61. [CrossRef] [PubMed]

Hedges, S.B.; Marin, J.; Suleski, M.; Paymer, M.; Kumar, S. Tree of Life Reveals Clock-Like Speciation and
Diversification. Mol. Biol. Evol. 2015, 32, 835-845. [CrossRef] [PubMed]

Hurst, L.D.; Ellegren, H. Sex biases in the mutation rate. Trends Genet. 1998, 14, 446-452. [CrossRef]

Sun, J.X.; Helgason, A.; Masson, G.; Ebenesersdottir, S.S.; Li, H.; Mallick, S.; Gnerre, S.; Patterson, N.;
Kong, A.; Reich, D.; et al. A direct characterization of human mutation based on microsatellites. Nat. Genet.
2012, 44, 1161. [CrossRef] [PubMed]

De Manuel, M., Kuhlwilm, M.; Frandsen, P; Sousa, V.C., Desai, T., Prado-Martinez, J.;
Hernandez-Rodriguez, J.; Dupanloup, L; Lao, O.; Hallast, P,; et al. Chimpanzee genomic diversity reveals
ancient admixture with bonobos. Science 2016, 354, 477-481. [CrossRef] [PubMed]

Nater, A.; Mattle-Greminger, M.P.; Nurcahyo, A.; Nowak, M.G.; de Manuel, M.; Desai, T.; Groves, C.;
Pybus, M.; Sonay, T.B.; Roos, C.; et al. Morphometric, behavioral, and genomic evidence for a new orangutan
species. Curr. Biol. 2017, 27, 3487-3498. [CrossRef] [PubMed]

Hey, J.; Nielsen, R. Integration within the Felsenstein equation for improved Markov chain Monte Carlo
methods in population genetics. Proc. Natl. Acad. Sci. USA 2007, 104, 2785-2790. [CrossRef] [PubMed]
Wen, D.; Yu, Y.; Nakhleh, L. Bayesian inference of reticulate phylogenies under the multispecies network
coalescent. PLoS Genet. 2016, 12, €1006006. [CrossRef] [PubMed]

Plouviez, S.; Le Guen, D.; Lecompte, O.; Lallier, EH.; Jollivet, D. Determining gene flow and the
influence of selection across the equatorial barrier of the East Pacific Rise in the tube-dwelling polychaete
Alvinella pompejana. BMC Evol. Biol. 2010, 10, 220. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pgen.1005550
http://www.ncbi.nlm.nih.gov/pubmed/26562831
http://dx.doi.org/10.1038/ncomms6969
http://www.ncbi.nlm.nih.gov/pubmed/25597990
http://dx.doi.org/10.1038/ng.3469
http://www.ncbi.nlm.nih.gov/pubmed/26656846
http://dx.doi.org/10.1073/pnas.1515798113
http://www.ncbi.nlm.nih.gov/pubmed/26811451
http://dx.doi.org/10.1038/ncomms10486
http://www.ncbi.nlm.nih.gov/pubmed/26781218
http://dx.doi.org/10.1093/molbev/msm088
http://www.ncbi.nlm.nih.gov/pubmed/17483113
http://dx.doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
http://dx.doi.org/10.1073/pnas.0913022107
http://www.ncbi.nlm.nih.gov/pubmed/20439743
http://dx.doi.org/10.1006/tpbi.1995.1026
http://www.ncbi.nlm.nih.gov/pubmed/7482371
http://dx.doi.org/10.1101/gr.114751.110
http://www.ncbi.nlm.nih.gov/pubmed/21270173
http://dx.doi.org/10.1073/pnas.1211740109
http://www.ncbi.nlm.nih.gov/pubmed/22891323
http://dx.doi.org/10.1016/j.jtbi.2014.05.009
http://www.ncbi.nlm.nih.gov/pubmed/24834834
http://dx.doi.org/10.1093/molbev/msv037
http://www.ncbi.nlm.nih.gov/pubmed/25739733
http://dx.doi.org/10.1016/S0168-9525(98)01577-7
http://dx.doi.org/10.1038/ng.2398
http://www.ncbi.nlm.nih.gov/pubmed/22922873
http://dx.doi.org/10.1126/science.aag2602
http://www.ncbi.nlm.nih.gov/pubmed/27789843
http://dx.doi.org/10.1016/j.cub.2017.09.047
http://www.ncbi.nlm.nih.gov/pubmed/29103940
http://dx.doi.org/10.1073/pnas.0611164104
http://www.ncbi.nlm.nih.gov/pubmed/17301231
http://dx.doi.org/10.1371/journal.pgen.1006006
http://www.ncbi.nlm.nih.gov/pubmed/27144273
http://dx.doi.org/10.1186/1471-2148-10-220
http://www.ncbi.nlm.nih.gov/pubmed/20663123

Life 2018, 8, 49 11of11

54. Etter, R.J.; Boyle, E.E,; Glazier, A.; Jennings, R.M.; Dutra, E.; Chase, M.R. Phylogeography of a pan-Atlantic
abyssal protobranch bivalve: Implications for evolution in the Deep Atlantic. Mol. Ecol. 2011, 20, 829-843.
[CrossRef] [PubMed]

55. Oliver, J.C. Microevolutionary processes generate phylogenomic discordance at ancient divergences.
Evolution 2013, 67, 1823-1830. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1111/j.1365-294X.2010.04978.x
http://www.ncbi.nlm.nih.gov/pubmed/21199034
http://dx.doi.org/10.1111/evo.12047
http://www.ncbi.nlm.nih.gov/pubmed/23730773
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sequences and Alignments 
	Average Coalescent Times and Speciation Times 
	Estimation of Mean Speciation Times  
	Fossil African Great Apes and Humans 
	Generation Times 

	Results and Discussion 
	Conclusions 
	References

