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Abstract Reconstructing the timescale of the Tree of Life is one of the principal aims of
evolutionary biology. This has been greatly aided by the development of the molecular clock,
which enables evolutionary timescales to be estimated from genetic data. In recent years,
high-throughput sequencing technology has led to an increase in the feasibility and
availability of genome-scale data sets. These represent a rich source of biological information,
but they also bring a set of analytical challenges. In this review, we provide an overview of
phylogenomic dating and describe the challenges associated with analysing genome-scale
data. We also report on recent phylogenomic estimates of the evolutionary timescales of

mammals, birds, and insects.
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1 Introduction

The molecular clock is a useful tool that enables evolutionary timescales to be estimated
using nucleotide sequences, amino acid sequences, and other products of the evolutionary
process. Each ‘tick’ of the molecular clock represents a measurable unit of genetic change,
such as a nucleotide or amino acid substitution (Zuckerkandl & Pauling, 1962). Even though
the ticks occur stochastically rather than regularly, the outcome is that genetic change
accumulates as a function of time (Zuckerkandl & Pauling, 1965). When the tick rate of the
molecular clock has been relatively constant, the genetic distance between species is
proportional to the time since their evolutionary divergence. The use of molecular clocks in
biological research has provided valuable insights into the evolutionary timescales of animals
and other organisms (Hedges et al., 2006).

Advances in sequencing technology have led to a proliferation of nucleotide sequence data,
including the sequences of entire metazoan genomes. This has provided a wealth of
information for phylogenetic studies using molecular clocks. Improvements in computational
power have made it possible to perform phylogenomic analyses of these data sets, and the
first generation of genome-scale dating studies have been published in recent years. These
include phylogenomic estimates of the evolutionary timescales of birds (Jarvis et al., 2014;
Mitchell et al., 2015; Prum et al., 2015), mammals (dos Reis et al., 2012), and insects (Misof
et al.,2014; Tong et al., 2015). The date estimates produced by these studies have confirmed
some of the previous views about metazoan evolutionary history, but they have also offered
fresh insights and provided a scaffold for detailed studies of the taxa within these groups.
However, the flood of genomic data has brought a new suite of analytical challenges. This has
inspired some major recent developments in clock models and molecular dating methods (Ho,
2014; Kumar & Hedges, 2016).

In this review article, we describe the insights that have been gained from phylogenomic
dating studies of animals. We describe recent developments in molecular clocks, including
methods for dealing with evolutionary rate variation. We provide an overview of the
computational and analytical challenges associated with analysing genome-scale data. Finally,
we summarise the strategies that have been used in recent studies to handle large data sets.

2 Nucleotide sequences and clock calibrations

The first studies in molecular dating were based on comparisons of biochemical data and
proteins (Sarich & Wilson, 1967; Wilson & Sarich, 1969; Brown et al., 1972). In the 1980s,
however, the development of the polymerase chain reaction and Sanger sequencing allowed
nucleotide sequences to be determined efficiently (Sanger ef al., 1977a; Sanger et al., 1977b;
Mullis & Faloona, 1987). By opening up a new source of information-rich data, these

technologies greatly increased the power of molecular phylogenetics. Recent advances in
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sequencing technology, often referred to using the umbrella term ‘high-throughput
sequencing’ (HTS), mean that large-scale sequencing is now a far less labour-intensive
exercise than it once was. HTS methods are able to sequence large segments of the genome
quickly and with ever-decreasing cost (McCormack et al., 2013). Since the beginning of this
millennium, the data sets used for phylogenetic dating analyses have grown from sequence
alignments of single genes, to multiple genes, and now to hundreds or thousands of genes.

By incorporating a molecular clock into phylogenomic analysis, we can estimate
timescales of evolutionary diversification. However, genetic data can only offer an estimate of
the relative timing of evolutionary events. To obtain absolute date estimates, the molecular
clock needs to be calibrated using a source of independent temporal information. Calibrations
are usually applied in the form of an age constraint on at least one node in the tree. Such
calibrations can come from the fossil record, whereby the age of a clade in the tree is
constrained to be older than any fossils that are assigned to that clade (Benton & Donoghue,
2007). Less commonly, calibrations can be based on geological events that have had impacts
on the evolutionary process, such as the formation or disappearance of islands, land bridges,
riverine connections, and mountain ranges (Ho et al., 2015). Time calibrations are usually
applied to internal nodes in the tree, but they can also be applied to the tips of the tree when
the sequence data have been sampled from ancient specimens (Rambaut, 2000).

When Bayesian phylogenetic methods are used to estimate evolutionary timescales,
calibrations are incorporated as prior distributions on the ages of nodes in the tree
(Drummond et al., 2006). Each of these prior distributions reflects the uncertainty associated
with the assignment of the calibration to the node, as well as the uncertainty in the age of the
calibration itself (Ho & Phillips, 2009). Choosing a prior distribution that appropriately
represents the relevant palacontological or biogeographical information is a difficult exercise.
Errors in the calibrations, including misrepresentation of their uncertainty, can lead to highly
unreliable estimates of evolutionary timescales (Warnock et al., 2015). For this reason, a
number of authors have proposed criteria for evaluating the quality of potential fossil
calibrations and their impact on the resulting date estimates (Parham et al., 2012; Sauquet et
al.,2012).

3 Evolutionary rate variation

Since the idea of a molecular clock was proposed more than half a century ago
(Zuckerkandl & Pauling, 1962), there has been widespread evidence of evolutionary rate
variation (Bromham, 2011). Genetic change can occur somewhat erratically, with different
evolutionary rates across genes, species, and timescales (Lee & Ho, 2016). Therefore, to use
the molecular clock effectively, these different forms of rate variation need to be taken into

account. In the simplest model, often referred to as the strict clock, the rate of evolution is
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assumed to be homogeneous throughout the tree (but not necessarily across different genes).

The assumption of a constant rate throughout the tree is often violated, especially in genome-
scale data sets, except when sequences have been samples from very closely related lineages
(Brown & Yang, 2011).

Identifying the different forms and components of evolutionary rate variation is important
because it allows us to incorporate them into the models used in phylogenetic analysis. Rate
variation can be caused by gene effects, lineage effects, and gene-by-lineage effects (Fig. 1;
Gaut et al., 2011). Gene effects cause rates to differ between genomic markers. These
differences are largely due to the varying degree of selective constraint between regions of the
genome. For example, slowly evolving genes probably have very important biological
functions, such that many mutations within these genes are likely to be harmful to the
organism. At a finer scale, evolutionary rates can vary across individual nucleotide sites. For
example, nucleotides at third codon positions tend to have lower selective constraints, such
that they evolve more quickly than the nucleotides at the first two codon positions. Among-
site rate variation is commonly taken into account by assuming that the site rates follow a
gamma distribution (Yang, 1993).

Some species evolve more quickly than others, leading to rate variation across lineages.
The causes of these lineage effects include differences in life-history traits, such as generation
length (Bromham, 2009). Organisms that have short generations generally have a higher rate
of evolution because their genomes tend to be copied more frequently than those of organisms
with long generations. Lineage effects can also be caused by differences in population size,
metabolic rate, exposure to UV radiation, and the fidelity of DNA repair mechanisms. Rate
variation across lineages can be taken into account using relaxed molecular clocks, which
were first developed in the late 1990s (Sanderson, 1997; Thorne et al., 1998). These clock
models allow a different evolutionary rate along each branch of the phylogeny (for a recent
review, see Ho & Duchéne, 2014).

Gene effects and lineage effects can interact to produce complex patterns of rate variation,
also known as residual effects (Gillespie, 1991). When there are residual effects, evolutionary
rates vary across lineages but not in a consistent pattern across genes. As a result, the
phylogenetic trees for different genes will have different sets of branch lengths (Muse & Gaut,
1997). In relatively small multi-locus datasets, residual effects can be taken into account by
assigning separate relaxed-clock models to different loci. However, applying these principles
to genome-scale datasets is likely to lead to substantial over-parameterisation. A more
efficient approach is to focus on groups of genes that share similar patterns of among-lineage
rate variation and to assign a separate relaxed-clock model to each of these groups (Duchéne
et al., 2013). This can be done using rapid clustering methods, and can lead to improved

estimates of evolutionary timescales (Duchéne & Ho, 2014).
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4 New approaches for analysing genome-scale data

Many molecular-clock methods employ parameter-rich models of the evolutionary process.
Owing to their large computational requirements, these methods cannot be readily applied to
genome-scale data sets. Instead, there are two broad approaches that can be used to analyse
large data sets using molecular clocks. The first of these is to use a data-filtering approach,
whereby the analysis is carried out on a chosen subset of the data. For example, researchers
might select the most informative genes or the genes that exhibit the smallest degree of rate
variation across lineages. Data filtering aims to reduce the data set to a manageable size while
preserving a useful part of the signal from the original data set. This allows complex and
parameter-rich methods, such as Bayesian relaxed clocks, to be applied to the filtered data.

A second way of performing phylogenomic dating is to use rapid molecular-clock
methods. Large increases in computational speed can be achieved by using approximate
likelihood functions in Bayesian methods (Thorne et al., 1998; dos Reis & Yang, 2011).
Alternatively, faster maximum-likelihood or least-squares methods can be used (Kumar &
Hedges, 2016). For instance, the recently developed program RelTime first estimates branch
lengths using maximum likelihood, then infers the age of each node using smoothing and
averaging techniques to account for rate variation (Tamura et al., 2012). In this way, the
method avoids relying on an explicit model of rate variation. RelTime produces a chronogram
with relative node ages, but these can be scaled to absolute time by applying calibrations to
the tree. A similar method that relies on least squares has been developed for time-structured
sequence data, such as those obtained from ancient samples (To et al., 2015). These new
methods are much faster than Bayesian phylogenetic methods, but they can have comparable
accuracy when there is low rate variation across lineages (Duchéne ef al., submitted).
However, rapid dating methods usually do not provide an indication of the uncertainty in the

estimate of the evolutionary timescale.

5 Insights from phylogenomic dating: Mammals

The timescale of placental mammal diversification has been a major focus of molecular
dating research. According to the fossil record, the evolution of placental mammals had a
‘long fuse’ (Archibald & Deutschman, 2001), whereby the ancestral lineages arose in the
Cretaceous period before undergoing rapid diversification during the early Paleogene, after
the Cretaceous-Paleogene (K-Pg) extinction event. This scenario is in sharp conflict with the
results of molecular-clock analyses carried out in the late 1990s and the 2000s. Many of these
studies placed the radiation of placental mammals in the Cretaceous period (Springer, 1997;
Kumar & Hedges, 1998; Bininda-Emonds et al., 2007). More recently, Meredith et al. (2011)
inferred a less protracted evolutionary timescale that aligned more closely with the fossil

record, but their estimates had a large degree of uncertainty. The results of the molecular
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studies collectively imply a substantial gap in the Cretaceous fossil record of placental
mammals. However, the Cretaceous fossil record is well sampled (Benton, 1999) and shows
that mammals were morphologically similar and uniform, unlike the diversity exhibited in the
early Paleogene (Alroy, 1999).

A landmark phylogenomic dating study of placental mammals was carried out by dos Reis
et al. (2012), who analysed a genome-scale data set of 14,632 genes from 36 mammal taxa.
To account for rate variation across genes, the data set was partitioned into 20 equal subsets
according to the relative evolutionary rate of each gene. Further analyses were conducted on a
subset of 857 genes that had a smaller proportion of missing data than the full data set. This
smaller data set was more finely partitioned, with genes being divided according to their
branch-length patterns.

To analyse the data, dos Reis ef al. (2012) used an approximate likelihood method in the
Bayesian dating program MCMCtree (Yang, 2007). They estimated an evolutionary timescale
that supported a much more recent diversification than those found in previous molecular
studies. According to this estimate, the major crown groups of placental mammals originated
after the K-Pg boundary, but these groups shared an ancestor in the late Cretaceous (Fig. 2).
Thus, the findings of dos Reis ef al. (2012) are consistent with the ‘long fuse’ model of

evolutionary diversification.

6 Insights from phylogenomic dating: Birds

The evolutionary history of birds has been progressively revised as additional data are
collected and as new methods are developed. Despite this large amount of research effort, the
evolutionary relationships and timescale of birds have been difficult to resolve with
confidence. This is largely due to a lack of informative fossils and because many of the major
divergence events within the order are likely to have occurred in a short period of time. The
long-standing consensus view is that the modern orders of birds diversified in a small window
of time following the extinction of non-avian dinosaurs at the end of the Cretaceous. In
contrast, many molecular-clock studies have placed the origin of Neoaves (all birds except the
Palacognathae and Galloanserae), or even the origin of the diverse order Passeriformes, about
10-40 million years before the K-Pg boundary (van Tuinen et al., 2006; Brown et al., 2008;
Ericson et al., 2014).

The timescale of avian evolution has been investigated by phylogenomic studies in recent
years. In an analysis by Jarvis et al. (2014), 1,156 genes were sampled from a total of 8,295
genes that were used for phylogenomic analysis. The subsample of genes was selected on
account of their clocklike evolution, as determined using Bayesian phylogenetic analysis. The

third codon positions were removed in order to reduce the impacts of mutational saturation
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and nucleotide compositional heterogeneity (Jarvis et al., 2015). The subset of 1,156 genes
was then analysed using MCMCtree (Yang, 2007) with approximate likelihood calculation.

Jarvis et al. (2014) compared several tree topologies, with between 17 and 20 calibrations
being used for the dating analysis. The study focussed on a tree that had 18 fossil calibrations,
most of which were applied as minimum age constraints. A minimum of 66 million years and
maximum of 99.6 million years were also specified for the divergence between
Palacognathae, the clade containing ratites and tinamous, and Neognathae, containing all
other extant birds. Although the minimum age constraints were all informed by direct fossil
evidence, the maximum age bound was based on the absence of crown fossil taxa towards the
beginning of the Upper Cretaceous. There has been some debate about the validity of this
maximum age constraint (Cracraft et al., 2015; Mitchell et al., 2015), underscoring the
important role of fossil calibrations in the phylogenomic dating analysis.

A more recent study by Prum et al. (2015) used a dataset that contained fewer genes (259)
but a greater number of taxa (200). These genes were partitioned into 75 subsets to estimate a
tree topology that was fixed for the subsequent dating analysis. Of these subsets, 36 were used
in the molecular-clock analysis. These subsets of the data were found to maintain their
phylogenetic informativeness towards the root of the tree. Each data subset was analysed
separately in the Bayesian phylogenetic program BEAST, which is able to estimate the
topology and timescale concurrently (Drummond et al., 2012). The results of these separate
analyses were summarised in a single time-scaled tree, which revealed a rapid diversification
of avian lineages in the early Paleogene (Fig. 2).

The studies by Prum et al. (2015) and Jarvis et al. (2014) used similar approaches to their
dating analyses. Both filtered the sequence data with the aim of reducing noise and
maximising signal. Despite differences in their methods of choosing fossil calibrations, the
two phylogenomic analyses produced similar estimates of divergence times in birds. Both
studies placed the age of crown Neoaves near the end of the Cretaceous period, with a rapid
radiation of orders occurring in the very early Paleogene.

7 Insights from phylogenomic dating: Insects

Insects form the major part of metazoan diversity, but the timescale of their evolutionary
history remains uncertain. As in birds, a deficient fossil record has hindered the
palaeontological reconstruction of insect evolution. The oldest insect fossil is that of
Rhyniognatha, a pair of jaws found in a Scottish deposit dated to the early Devonian over 400
million years ago (Grimaldi & Engel, 2005). This suggests that the origin of insects could
have occurred in the Silurian or earlier. Indeed, molecular-clock studies have estimated that
the origin of crown insects occurred as early as the Ordovician (Rota-Stabelli et al., 2013) or

even in the Precambrian (Pisani ef al., 2004). In their pioneering study of the insect
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evolutionary timescale, Gaunt and Miles (2002) inferred that insects arose as late as the
Devonian, although this study was published prior to the description of Rhyniognatha as an
insect. Notable molecular-clock analyses of insects have reconstructed the diversification of
holometabolous insects (Wiegmann et al., 2009) and flies (Wiegmann ef al., 2011); and
estimated the evolutionary rate for insect mitochondrial DNA (Papadopoulou et al., 2010).

In a landmark phylogenomic study, Misof ef al. (2014) estimated the timescale of insect
evolution from 1,478 single-copy protein-coding genes. This was the first study to use
genome-scale data across all of the major insect orders. These data were partitioned into 85
subsets that each had a distinct model of amino acid substitution. Each subset was analysed
separately using a Bayesian phylogenetic approach in BEAST, with 37 fossil-based
calibrations. Most of these fossils satisfied the criteria recommended by Parham et al. (2012).

Misof et al. (2014) modelled 20 of the 37 fossil calibrations using lognormal prior
distributions. The specific use of these prior distributions was disputed by Tong et al. (2015),
who suggested that a more conservative approach was more appropriate. They reanalysed the
data using uniform distributions for the calibrations and using MCMCtree with approximate
likelihood calculation. This yielded a more protracted timescale of insect evolution (Fig. 2),
with Diptera and Lepidoptera estimated to be around 100 million years older than in the
analysis by Misof et al. (2014). The clade Polyneoptera was shifted by 80 million years into
the past. The date estimates obtained by Tong et al. (2015) shared biological interpretations
with a number of other studies (Grimaldi & Engel, 2005; Garwood & Sutton, 2010; Smith et
al., 2011; Wiegmann et al., 2011).

8 Future directions

The phylogenomic age offers great opportunities for resolving the timescale of the Tree of
Life. With access to genome-scale sequence data, there is considerable potential for
improving the precision of molecular date estimates. In turn, this increases the statistical
power of analytical methods to test evolutionary hypotheses. Of course, advances in
computational power will also be highly beneficial to phylogenomic studies of evolutionary
timescales. When quantum computing becomes available for biological research, the
application of intensive Bayesian methods will become feasible for phylogenomic dating.
Better computation will also enable the analysis of large datasets using complex evolutionary
models such as the fossilised birth-death process (Heath ef al., 2014); the Dirichlet process
prior (Heath er al., 2012); total-evidence dating (Ronquist et al., 2012); and Bayesian dating
using full likelihood calculations (Drummond ef al., 2012) and graphical models (H6hna et
al., 2016). These represent promising and exciting directions for phylogenomic dating using

molecular clocks.
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The analysis of sequence data is not the only challenging frontier in molecular dating.
When sequence data are abundant, the performance of molecular dating relies on the accuracy
of the calibrations and the model of rate variation (Rannala & Yang, 2007; dos Reis & Yang,
2013; Zhu et al., 2014). For example, the academic disagreements seen in the phylogenomic
analyses of birds and insects were largely due to conflicting interpretations and modelling of
palaeontological evidence. This is likely to be an ongoing feature of molecular dating as the
fossil record is updated, revised, and reinterpreted.

Molecular dating has expanded considerably and is now a multidisciplinary exercise.
Studies of large groups of organisms can involve experts from computation and statistics,
molecular evolution, and genetics for sequence analysis; palacontology and biogeography for
time calibrations; and ecology and systematics for species sampling. For studies concerned
with more recent timescales, there is also a need for archaeological input (ancient DNA
studies) and clinical and epidemiological expertise (viral studies). In this sense, the effective
synthesis of knowledge and the ease with which collaborations can form between researchers

is another limitation and barrier to overcome when attempting to read the molecular clock.
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Fig. 1. An illustration of gene effects, lineage effects, and their interactions (residual effects). (a) When there are
gene effects, each gene has a distinct rate of evolution, probably as a result of varying selective pressures. (b)
When there are lineage effects, the evolutionary rate varies across branches of the tree. This can be caused by
differences in life-history characteristics, such as generation length. (c) When there are gene-by-lineage
interactions, or residual effects, rates vary across lineages in a gene-specific manner.
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Fig. 2. Phylogenomic estimates of the crown ages of major groups within mammals, birds, and insects. Black
circles indicate median age estimates, whereas horizontal bars indicate the associated 95% credibility intervals.
Ages for insect groups are according to Tong et al. (2015); ages of bird groups are according to Prum et al.
(2015); and ages of placental mammal groups are according to dos Reis ez al. (2012). The timings of four mass
extinction events are also shown.
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