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Abstract

In recent years, multiple technological and methodological advances have
increased our ability to estimate phylogenies, leading to more accurate dating of
the primate tree of life. Here we provide an overview of the limitations and poten-
tials of some of these advancements and discuss how dated phylogenies provide
the crucial temporal scale required to understand primate evolution. First, we
review new methods, such as the total-evidence dating approach, that promise a
better integration between the fossil record and molecular data. We then explore
how the ever-increasing availability of genomic-level data for more primate spe-
cies can impact our ability to accurately estimate timetrees. Finally, we discuss
more recent applications of mutation rates to date divergence times. We highlight
example studies that have applied these approaches to estimate divergence dates
within primates. Our goal is to provide a critical overview of these new develop-

ments and explore the promises and challenges of their application in evolutionary

anthropology.
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1 | INTRODUCTION

The applications of dated phylogenetic trees to evolutionary biol-
ogy and anthropology are multi-fold.>~> Because dated phylogenies
represent both the historical relationships between taxa and the
timing of cladogenetic events, they are critical for understanding
patterns and processes of species diversification and adaptation.
Phylogenies are thus commonly used to address questions in bioge-
ography, comparative analyses, behavioral ecology, and many other
fields.»%7 For instance, divergence times between clades are piv-
otal to understanding the role of geological or climatic events in the
diversification of a taxonomic group because these age estimates
provide a timeline for biological events.® Similarly, dated phyloge-
nies can provide essential evidence in understanding the timing of
colonization of a particular island®® or the impact of human activity
in species extinction.1%!

Over the last decade, several technological and methodological

advances in the field of phylogenetics have opened up new

fossil record, molecular clock, node dating, phylogenomics, total-evidence dating

opportunities to study phylogenies. These advances are leading to a
better understanding of the primate tree of life and more precise and
(arguably) more accurate time estimates within the major primate cla-
des. Two advancements are specifically worth noticing. First, new
computational and modeling approaches have allowed researchers to
better integrate information from the fossil record with molecular
data, mitigating some of the main shortcomings of past studies.!2~1¢
Second, the promises of more efficient and affordable sequencing
technologies have contributed to the rapid accumulation of a vast
amount of genetic data for a growing number of primate species.*”~2°
Now, evidence from hundreds or even thousands of loci across the
genome, not only from one or a few genes, can be combined with
morphological and fossil data to simultaneously estimate tree topol-
ogy and divergence times.?1"2% These recent developments generated
great excitement in the field of molecular anthropology, phyloge-
netics, and paleontology. Here we present a review of some of these
new techniques and explore the promises and challenges of their

application in primatology and evolutionary anthropology, in general.
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2 | HOWTODATE A TREE: THE
INTEGRATION OF FOSSILS AND
MOLECULAR DATA

2.1 | Rocks, clocks, and molecules

Historically, morphological evidence dominated taxonomic and phylo-
genetic studies, and divergence time was mainly inferred from the fos-
sil record or geological events. With the advent of molecular
techniques and DNA sequencing in the late 1980s and early 1990s,
integrating molecular and paleontological data became standard prac-
tice in phylogenetics. DNA sequence data are used to estimate the
degree of genetic similarity between taxa, and paleontological evi-
dence can then be used to transform these genetic differences in
absolute dates.>?* 2 Molecules can serve as a clock, as the
difference—that is, number of substitutions—between a pair of
sequences is expected to increase with their divergence time.?>2% To
convert the level of genetic divergence between taxa into a chrono-
logical scale, the nucleotide substitution rate must be adjusted using
external evidence about the time since these two taxa shared a com-

mon ancestor. Fossils represent the only direct evidence of past life-
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forms and some specimens can be dated with confidence using differ-
ent geologic methods (e.g., radiometric techniques, luminescence dat-
ing, stratigraphy). Therefore, paleontological evidence has classically
been used as the external time information to convert the relative
time of divergence given by the rate of molecular substitution into
absolute time.>2472¢

The most common method to integrate fossil data in molecular
phylogenies is the “node-dating” approach (Figure 1a-c). This method
combines taxonomic and dating interpretations of the fossil record to
inform the broad intervals that determine the age of some internal
nodes in a tree.?’"2% Node dating consists of a stepwise analysis to
obtain divergence times: first, calibration priors are derived from the
fossil record and associated with specific nodes>?7:?%; then, these
priors are combined with molecular data to estimate the ages of inter-
nal nodes of a phylogenetic tree.'® However, it is misleading to
assume that the age of a given fossil represents the exact timing of
the splitting event between two lineages—even when evidence sug-
gests it was their direct ancestor. Therefore, only the oldest discov-
ered representative of a clade is used to constrain the minimum age
of a node (Figure 1a). In this case, the oldest-secure record should be

preferred over the oldest possible date of a fossil.28 Although fossil

f

(@) MINIMUM BOUND ONLY (d)

TOTAL EVIDENCE DATING (TED)

—A

tSahelanthropus
7-6.2 Ma

f

tSahelanthropus
[7-6.2 Ma]

tOrrorin
[6.135.7 Ma]

TArdipithecus

(b)  MINIMUM & MAXIMUM BOUND [5.6-4.4 Ma]
TAustralopithecus
[4420Ma] 4
tH. habilis
[2.3-1.65 Ma]
THomo erectus
pus | A |- [2-0.1 Ma]
7-6.2 Ma 5.6-4.4 Ma
1Orronn +Homo neanderthalensis
6.1-5.7 Ma [0.25-0.04 Ma]
(C)  PRIOR DISTRIBUTION (LogNormal)
<4 . I : T r . |
P i 5 0
7-6.2 M 5.6-4.4 M o1
a Oh @ Age (million years)
6.1-5.7 Ma

FIGURE 1

Examples of various methods to calibrate a tree. On the left (a-c) three examples of node dating calibrations using (a) only the

oldest known fossil assigned to a particular node (minimum bound only); (b) all the information available to that node and assigning both a hard
minimum and maximum bound; and (c) a prior probability distribution (e.g., lognormal) that includes not only the minimum estimate for a
particular node but also an estimate of the likelihood that the real divergence falls within this range of dates. On the right (d), an example of total
evidence dating for the split between humans and chimps. Chronologic information from all known fossil taxa is incorporated into a single total-
evidence dating (TED) analysis. Both extant and extinct taxa represent tips of the tree. This graph is only meant to represent the concept behind
TED analyses, and it is not supposed to represent an accurate and/or complete representation of the hominin fossil record. Only a few lineages

are reported for clarity
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data can inform the most recent age of a clade, 32283932 there is lit-
tle evidence that this information can be used to conclusively identify
the maximum age of a clade 3253133

The node-dating approach relies on a series of a priori assump-
tions about the accuracy of relationships inferred in phylogenetic
reconstructions, the age, and phylogenetic placement of fossils. Con-
sequently, topological uncertainties and alternative interpretations of
the fossil record can impact the calibration of molecular trees.®51534
Among those, the selection of inappropriate fossils (e.g., not the
oldest-secure record) and the phylogenetic misplacement of a fossil
(e.g., placing a stem taxon in a crown group) can lead to broader confi-
dence intervals of node ages and topological congruence.®>2? By its
nature, the paleontological record is highly incomplete and often
biased toward certain body parts (e.g., craniodental remains), environ-
mental conditions (e.g., river sediments), geological periods, and even
taxa. For instance, while the fossil record of Miocene apes from
Europe and Africa is relatively abundant,®® lemurs are entirely missing
from the paleontological record in Madagascar between the Late Cre-
taceous and the end of the Quaternary—the only exception being the
very recent subfossil taxa (17 species, <4000 years old).3¢ Such
incompleteness poses critical challenges in identifying appropriate
fossils for node calibration, and many studies have employed either
guestionable fossils or unreliable dates based on secondary calibration
points (e.g., estimates obtained by other molecular studies).>* While
only a few fossil specimens are used in the node calibration method,
the fossil record can provide richer information than just a constraint
for the minimum age of a given node—even if incomplete. Neverthe-
less, neither diversity of stem fossils nor morphological data are
accounted for in the node-dating method. Consequently,
neontological data coming from molecular evidence dominate tree
topology and age calibration results.

2.2 | A new way to calibrate trees: The total-
evidence dating approach

The node-dating approach has several limitations. First, only a small
fraction of the fossil record is used to inform the minimum age of a
clade (Figures 1 and 2). Second, it uses a fixed tree topology derived
from molecular data alone®: calibration points must be associated
with specific nodes in the tree, although we cannot be absolutely cer-
tain of the accuracy of any of those nodes. One way to alleviate the
first problem is to incorporate additional paleontological information
from multiple fossil specimens to draw more informative prior distri-
butions for a given node. Although no real fossil evidence can provide
information about the oldest age of a node,*® researchers can assign a
very low probability to divergence ages that seems unrealistically old
based on the current knowledge of the group of interest (e.g., earliest
stem member of a clade, abundance over time, etc.).2¢2>31 Such soft-
bounded calibration can also be useful in addressing uncertainties
regarding the age of a specific node.2>3! For instance, the paleonto-
logical record indicates that the most recent common ancestor of

humans and chimpanzees lived prior to ~5 Ma (e.g., Ardipithecus), and

there are no fossils that suggest a common ancestor prior to about
7 Ma (e.g., Sahelanthropus tchadensis). Based on this knowledge, many
researchers have employed 95% prior distributions that range
between ~5 and 10 Ma.3! These probability distributions represent
the likelihood that the real divergence falls within this date range
(Figure 1b,c). Although the lower bound can be justified by the pres-
ence of several fossils currently assigned to the hominin lineage, the
upper soft bound is based on the absence of evidence in the paleon-
tological record that indicates the split between Homo and Pan to be
unlikely older than 10 Ma. 351 However, these prior distributions are
usually drawn based on subjective or arbitrary criteria and not neces-
sarily informed by biological processes.'?2>3773% |ndeed, remarkably
different calibration distributions used in various studies are often
supported by the same paleontological information.3?

An additional limitation of using only a few fossils to inform the
most recent age of a clade is related to the incomplete nature of the
fossil record: since the oldest fossil species recovered for any taxo-
nomic group is likely much younger than the emergence of the line-
age, a large percentage of the true stratigraphic range of the group is
missing.*°~4? One of the first attempts to address this challenge was

1.4 and then further developed by Wilkinson

proposed by Tavare et a
et al.2 These authors combined the number of preserved primate spe-
cies discovered in the fossil record and their geological age distribu-
tion, together with the number of extant primate species to provide
estimates of the primate divergence times.? This approach aimed to
better account for the rates of fossil preservation and discovery when
calibrating molecule-based trees.

To incorporate other potentially useful temporal, topological, and
morphological information from younger fossils other than a clade's
oldest assignable fossil, an alternative method was recently proposed:
the total-evidence dating (TED).1>38 Total-evidence approaches have
long been used in phylogenetics to analyze fossil and extant taxa
together, combining morphological and molecular data. These
methods have allowed researchers to identify the placement and eval-
uate the impact of fossil taxa in phylogenetic reconstructions
(e.g., References 43-46). Although the resulting trees have also been
used in classical node-dating analyses, until recently, no studies have
directly used combined dataset to infer fossil placement and calibrate
the tree at the same time. The TED approach—first proposed by
Pyron*” and then further developed by Ronquist et al.}*—holds the
promise to overcome some of the limitations in node-dating by incor-
porating a wide range of age and taxonomically informative data into
a single analysis?>%*” (Figure 2). TED uses morphological data from
the whole dataset (fossil and living species) and applies models of
morphological evolution to estimate the relative phylogenetic rela-
tionship and time of divergence between living and extinct cla-
des*®*>1¢ (Figure 1d). Compared to node-dating, TED approaches are
meant to better account for datasets in which the fossil record is
poorly preserved and of difficult phylogenetic interpretation.>4¢

There are two main models in total evidence approaches, the tip-
dating®® and the fossilized birth-death process.*? While the tip-dating
approach uses a total evidence approach to jointly infer the topology

and divergence times of living and extinct species (accounting for both
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FIGURE 2 Age of the primate fossil record. Each row indicates the diversity of fossil for a given family, 1 indicates those known from extinct
taxa only. Gray bars represent the age interval (minimum and maximum estimate in millions of years) for a given fossil species. Darker areas in the
bars indicate higher overlap between the age ranges of fossil species. Red dots indicate values commonly used as lower bounds in node
calibrations based on the age of a given fossil taxa. Fossil age ranges were compiled from the main literature, Fleagle (2013),*8 and the
Paleobiology Database (https://paleobiodb.org/, downloaded in August 2020). Node calibration information summarized from tables reported by
Raaum,®! Pozzi et al.,® and dos Reis et al. (2018)**

morphological and molecular data), the fossilized birth-death approach level of discordance between molecular and paleontological estimates
parameterizes the branching process of the phylogeny based on speci- observed in many node-dating studies.¢32

ation and extinction rates estimated from the fossil record. Because In the tip-dating approach, both extant and extinct species are
TED approaches account for both stem and crown fossils, they have considered as terminal taxa (Figure 1d), allowing researchers to incor-

the potential to provide more reliable age estimates and to reduce the porate chronologic information from all taxa into a single analysis.*>*”


https://paleobiodb.org/
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This method calibrates the branch lengths by analyzing the morpho-
logical dataset for all taxa under a morphological character evolution
model and molecular data—when available—usually only for living or
recently extinct taxa. Heath et al.'? introduced the fossilized birth-
death process, a Bayesian approach that explicitly integrates the fos-
sils and extant species under the same macroevolutionary framework.
The fossilized birth-death estimates the tree topology and divergence
times by simultaneously modeling fossil distribution over time and lin-
eage divergence, thus, eliminating the need for ad hoc calibrations
(such as in the node-dating). The parameters of this model are the
rates of speciation, extinction, preservation, discovery, and sampled
species, which interact to inform the uncertainty around the estimates
of phylogenetic affinity and lineage divergence time.1>131¢ The fossil-
ized birth-death model assumes that fossil and molecular data are dif-
ferent observations from the same diversification process, and a
model of speciation, fossilization, and preservation is then used as a
prior to estimate the divergence times. The fossilized birth-death can
also account for uncertainty in the relative positioning of fossils, as it
assigns them to clades with varying precisions. The original implemen-
tation of fossilized birth-death was performed with molecular data
alone and only considered the age of each fossil.!? In this case, the
relationships between fossil and their extant relatives were given a
priori, leading to limitations similar to the node dating approach. More
recent implementations of the method combined the fossilized birth-
death process with tip dating, allowing the integration of morphologi-
cal and molecular dating, as well as the incorporation of different spe-
ciation models (anagenesis and budding evolution).?”#**° One
advantage of these modifications is the ability to integrate uncer-
tainties about the fossil topology and divergence time, thus account-
ing for the possibility that a given fossil is indeed the ancestor of an
extant lineage (i.e., the timing of fossil divergence is equal to its
age).12131651 Besides illustrating how previously reported incongru-
ence between fossils and molecular phylogenies can be informative,
these more recent implementations of the fossilized birth-death pro-
cess are contributing to our understanding of the role of speciation

and extinction in evolution.*%>°

2.3 | Challenges of the TED approach

The major advantage of TED is the ability to incorporate more com-
prehensive information from the paleontological record!®1>1¢
(Figure 2). Ideally, this information should minimize uncertainty about
time estimates, and mitigate arbitrariness in building prior distribu-
tions when constraining node ages. Another promise of TED is to
reduce the gap between age estimates drawn by the paleontological
record and inferred from molecular analyses. However, the uncer-
tainty around divergence times obtained using TED is often higher
than estimates from the classic node-dating approach. More specifi-
cally, TED tends to estimate much older and often very imprecise
divergence times.3”°2>2 This phenomenon—called by Ronquist et al.

16

“deep root attraction”*°—is probably due to inherent challenges of

effectively modeling morphological evolution. Some of these

problems can be alleviated by introducing an extra penalty for ghost
lineages (i.e., a hypothesized ancestor in a species lineage that has left
no fossil evidence),*® but more realistic models of morphological evo-
lution are yet challenging to implement.>*

One of TED's major challenges is due to the fragmentary nature
of the fossil record. Although morphology can be extremely useful in
placing taxa on a phylogenetic tree, total evidence matrices usually
have high levels of missing data biased toward extinct taxa. Most fos-
sils are only known from a few morphological traits, often with little
overlap across different taxa. For instance, while some fossils might
only be represented by dental traits, others might only have postcra-
nial information. While missing data have been indicated as a possible
source of noise in phylogenetic analyses (see below), some recent
studies suggest that the proportion of missing data for a taxon not
necessarily impact its accurate phylogenetic placement, as long as
enough morphological characters are included in the analysis to accu-
rately place the incomplete taxa on the tree.>®> Moreover, increasing
the morphological sampling for various living taxa can potentially cir-
cumvent topological uncertainty, as it integrates the phylogenetic sig-
nal arising from the morphological data together with that coming
from molecular data.>®

Another concern about the application of morphological data to
estimate phylogenetic relationships is the presence of homoplastic
traits (i.e., similar due to convergent ecological adaptations rather than

1637) Within placental mammals, morpho-

genealogical relationships
logical analyses are known to identify groupings that reflect conver-
gent adaptation to similar behaviors, ecologies, or life histories and
have weak phylogenetic signal.*>3”>7 For instance, once considered a
monophyletic clade, the Insectivora order encompassed a variety of
small and relatively unspecialized mammals that feed upon insects.
However, molecular analyses showed that these taxa belong to multi-
ple independent lineages within the Afrotheria and the Laurasiatheria.
Likewise, xenarthrans and pangolins were once considered to belong
to the same group due to morphological similarities, the same miscon-
ceptions that once lead to clustering bats and flying lemurs
together.”® More careful evaluation of morphological traits often
resolves some of these issues, as different traits carry different levels
of homoplasy (e.g., dental, cranial, postcranial59). Notwithstanding, it
was the integration of molecular data and morphological traits that
has alleviated several of the phylogenetic relationship artifacts caused
by morphological convergence.

Inferring phylogenetic relationships from morphological data
alone can also be problematic because of the challenge of assigning
different weights to character states. A major consideration to deter-
mine if a fossil is informative to calibrate a given node is the presence
of one or more synapomorphies—shared derived traits—that charac-
terize a particular clade. For instance, the best estimates of the diver-
gence of the cercopithecoids and hominoids range from 20 to 28 Ma.
The oldest fossil belonging to Hominoidea is still controversial: multi-
ple fossils, including Kamoyapithecus, Morotopithecus, Ugandapithecus,
Proconsul, and Rukwapithecus, date between 19 and 28 Ma. Similarly,
some early stem cercopithecoids such as Alophe and Nsungwepithecus

date between 22 and 25 Ma.?°"%? The fossil record is fragmentary
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and taxonomic assignments of many of these specimens are often
debated. Still, multiple victoriapithecid remains, including the best-
known taxon Victoriapithecus macinnesi,®® represent the earliest
unambiguous members of the Cercopitheoidea, suggesting that the
split between Cercopithecoidea and Hominoidea took place before
~20 Ma33%% Victoriapithecids are unambiguously classified as
crown cercopithecoids based on several derived traits (e.g., lower
bilophodont molars with low cusps). However, assigning different
weights to morphological characters is ambiguous and often subjec-
tive. One alternative is to input all characters with equal weighting.
Nevertheless, this solution assigns synapomorphies the same weight
as other less informative characters (e.g., homoplasy), which can
impact tree topology. By combining information from extant and
extinct taxa, TED analyses have the high potential to revisit the phylo-
genetic placement of the fossils included in the dataset. For instance,
Herrera and Davalos** applied tip-dating and a fossilized birth-death
process to infer Strepsirrhini phylogeny and divergence times. In their
reconstruction, the extinct Saharagalago mirensis, originally described
as a stem Galagidae based on several dental traits in both upper and
lower dentition,®* was placed as sister to Lorisiformes, a result also

|65

recovered by Gunnell et al.°> The main consequence of this “alterna-

tive placement” is younger estimates for the origin of both Lorisidae
and Galagidae than regular node calibration studies.2#¢4¢” |t is
unclear if the placement of Saharagalago in their analyses is a possible
artifact of morphological analyses or might represent a new interpre-
tation of the fossil record for this primate group.

The lack of robust models of morphological evolution is—most
likely—one of the major concerns about TED analyses. While we have
a decent understanding of the chemistry behind DNA mutations
required to implement complex models of nucleotide substitution
rates, the same cannot be said for the patterns and rate of morpholog-
ical evolution.'® Until now, there are no robust models to account for
variation in the rate of morphological evolution across multiple char-
acters, and statistical methods often require discretizing and subjec-
tively orienting characters. However, new methods are becoming
available to address this limitation (see References 68,69). Further-
more, current methods use the Mk model to describe symmetric tran-
sitions between character states—which fails to accommodate
directional evolution and it is of difficult biological interpretation.”®~”3
Comparisons between molecular and morphological clocks showed
that the morphological clock estimates older ages than the molecular
clock.>?>>3 Multiple studies have indicated issues in using the Mk
model in Bayesian morphological phylogenetics suggesting that the
Mk model might be too unrealistic and inadequate for the analysis of
most morphological data sets.”* The same authors have also
suggested that weighted parsimony might outperform Bayesian ana-
lyses run under the Mk model”” (but also see O'Reilly et al.”®). Recent
studies have shown that using continuous characters can overcome
the problems related to the subjectiveness behind weighting dis-
cretized morphological traits, while preserving phylogenetic informa-
tion present in interspecific variation, thus potentially improving
morphological phylogenetics.”””® Advances in the use of probabilistic

models for analyzing morphological data that relax the assumptions of
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the Mk model (e.g., to incorporate heterogeneity in substitution

7980 or that deal with the interpretation of missing data®! have

rates)
also been recently developed and hold promises to better model mor-
phological evolution.

A final consideration about the limitation of many morphological
analyses regards the assumption that traits evolve independently;
however, correlated evolution is known to impact morphological
change over time. Failing to account for interdependence and coevo-
lution among morphological characters is likely to lead to phylogenetic
inference errors mainly due to the effect of long-branch attraction,'®
in which similar morphologies will tend to be recovered as more
closely related to each other. However, removing correlated charac-
ters tends to affect mainly fossil taxa, which often have fewer
synapomorphic traits linking them to other lineages.!* Recent
methods are allowing the implementation of more complex models
that account for the correlation between multiple continuous traits to
estimate divergence times,®? holding promises to overcome some of
the above-mentioned challenges.

It is important, however, to keep in mind that node dating and
TED approaches are not necessarily mutually exclusive.8384 As men-
tioned above, the node-dating approach is limited by the uncertainty
in fossil evidence, especially in establishing maximum constraints and
prior distributions for a node age. In contrast, TED can often produce
unlikely young or old age estimates that violate fossil-based minima.
The so-called “tip-and-node dating” approach combines tip and node
calibrations in a single analysis: node minimum boundaries are used to
enforce realistic ages, and fossil tips interact with node calibrations to
estimates maximum age constraints.82 This approach has been argued
to produce more precise, accurate and realistic age estimates than

either node-dating or tip-dating alone 8384

24 | The application of TED to the primate tree

To date, only a few studies have used TED to date the primate tree.
Dembo et al. were among the first ones to apply TED to assess the
phylogenetic placement of hominin fossils, including the controversial
Australopithecus sediba and Homo naledi>8¢ Based on a large set of
craniodental traits, the authors used tip-dating analyses to jointly esti-
mate the divergence time and relationships between living and extinct
species. Their analyses supported the hypothesis that both A. sediba
and H. naledi belong to a clade with the other Homo species. Further-
more, their results suggest that H. naledi has originated much earlier
than previously thought, around 900 ka.858¢ More recently, Piischel

et al®

used a TED approach combining mitochondrial and
craniodental data to estimate divergence times under alternative
topological hypotheses of controversial hominin taxa. Their results
dated the origin of the genus Homo between 4.30 and 2.56 Ma.

One of the first studies to integrate non-human primate molecu-
lar and morphological data into a Bayesian TED approach was per-
formed by Herrera and Davalos* and aimed to estimate divergence
times and reconstruct the phylogenetic history of the Malagasy

lemurs. This primate radiation represents an ideal example in which a
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TED approach could help in obtaining more reliable age estimates due
to the absence of appropriate lemur fossils to calibrate internal nodes.
No true fossil lemur is currently known and even within the
strepsirrhine clade as a whole, only two fossils can be reliably used for
node-dating: Saharagalago mirrensis (~36.9-42 Ma)®* and Wadilemur
elegans (~35 Ma),28 both recognized as stem galagids. However, at
least 17 species of recently extinct subfossil lemurs dating between
400 and 20,000 years ago exist,®’ which could provide important
information to date the lemur tree. The recent recovery of ancient

7991 made

DNA information from some of these subfossil species
them even more valuable for TED analyses. In their study, Herrera
and Davalos!* used 421 morphological and 5767 protein-coding
molecular characters for 148 taxa. Their study was the first to include
most of the living and extinct species of strepsirrhine primates in a
comprehensive analysis. Interestingly, their results recovered some
alternative placement of fossil taxa. Among those, the subfossil genus
Megaladapis was recovered as sister to all lemurs other than
Daubentonia; Plesiopithecus as sister to Daubentonia; Saharagalago as
sister to all lorisiformes instead of being a stem galagid; and the
Komba sp. as the sister taxon of the extant needle-clawed galago
(Euoticus spp.) instead of being a stem galagid. While this study is not

the only one to recover these unusual results,5>%2

it is yet unclear if
such incongruences are artifacts of the TED approach (see above), of
the limited molecular data for subfossils (mtDNA only), or indeed rep-
resent a more accurate interpretation of the phylogenetic placement
of fossil strepsirrhines. In a recent study, Marciniak et al. were able to
obtain whole genomic data for Megaladapis and obtained more sup-
port for its placement as sister taxon to Eulemur.”*

The application of TED has challenged our view of the phyloge-
netic and biogeographic history of other parts of the primate tree of
life. For instance, TED methods have been used to classify a new
adapiform primate, Masradapis tahai, from the late Eocene of Egypt,”?
to reclassify the enigmatic Propotto from Kenya as the sister taxon of

5

the extant aye-aye (Daubentonia) from Madagascar,®® and to study

the diversification of Platyrrhini.”® The study conducted by Silvestro

etal?®

on platyrrhines is of particular interest because it did not apply
a regular tip-dating approach in which fossils were included in the
analyses together with extant species. Instead, the authors used a fos-
silized birth-death process with constrained fossil placements on a
molecular dataset that only included living species. Their results indi-
cated earlier age estimates than previously suggested, with the origin
of the clade dating around 43 Ma and the crown age of Platyrrhini at
~33 Ma. These results striking contrast with previous studies that
used either morphological analyses®* or a node-dating approach,’>?¢
indicating an origin for the crown group around 20-24 Ma. According
to Silvestro et al.,”® these differences are likely a result of using a
larger and more complete fossil data set and a more realistic approach
to calibrate the tree (i.e., fossilized birth-and-death approach).

Despite some important caveats and limitations, the TED
approach provides an exciting opportunity for evolutionary anthropol-
ogists to integrate morphological evidence of both extant and extinct
species in dating analyses. Furthermore, the integration between

molecular and morphological analyses was shown to be of particular

relevance to resolving deep divergences, rapid radiations, and the
accurate phylogenetic reconstruction of clades with few extant mem-
bers, especially if fossils are incorporated.”” As shown in the examples
above, by better integrating the paleontological record and molecular
data, new studies are suggesting significantly different age estimates
compared to node-dating analyses and new hypotheses about the
interpretations of the fossil record, resulting in different evolutionary

and biogeographical scenarios of the primate diversification.

3 | THE GENOMIC ERA AND THE NEW
FRONTIERS OF PHYLOGENOMICS

3.1 | From asingle locus to a genomic approach
The last two decades have been characterized by remarkable progress
in both computational power and sequencing capabilities. Anthropolo-
gists can now obtain large-scale genomic data in relatively easy and
affordable ways, even for non-model organisms.'”~2° While the num-
ber of primate species for which we have high-quality annotated
genomes is still relatively low (Figure 3), various types of genomic data
are now available for many taxa.l”:*%2%8 These data range from hun-
dreds or thousands of loci obtained using sequence capture tech-
niques (e.g., exome, ultra-conserved regions)?* to thousands of single
nucleotide polymorphisms obtained using reduced representation
libraries (e.g., dRAD or ddRAD)?*%°! or whole-genome sequenc-
ing 2223102103 Although these datasets do not necessarily include the
whole genome, they represent a dramatic increase in the amount of
data available to reconstruct phylogenetic relationships among pri-
mates. Additionally, it is now possible to obtain genomic data from

104,105 and

low-quality sources of DNA, such as museum specimens
fecal material.t°"1% For instance, van der Valk et al.'°®> recently
recovered whole genomes from modern and century-old historical
museum specimens to study changes in the historical demography of
Grauer's and mountain gorillas.

Another example of the growing application of massive parallel
sequencing is paleogenomics. In addition to the many studies on
ancient human and archaic hominins, such as Neanderthal and Den-

? ancient DNA has now been recovered from

isovan populations,*°
multiple primate species as well. Kistler et al. generated complete or
near-complete mitochondrial genomes for five extinct species to elu-
cidate the phylogenetic placement of giant subfossil lemurs.”® In the
same study, population-level data for two subfossil species were ana-
lyzed, suggesting that low populations sizes might have contributed to
the extinction of some subfossil lemurs.”® More recently, Marciniak

et al?t

sequenced a low-coverage whole genome for the recently
extinct koala lemurs (Megaladapis edwardsi). Using a comparative
genomics approach these authors found novel genetic evidence for
leaf-eating specializations, supporting morphological interpretations
of the ecology of this extinct species. Ancient DNA was also recently
obtained from an extinct Caribbean primate, Xenothrix mcgregorit'®
(mitochondrial genome and a few nuclear regions) and a 5800-year-

old baboon from Lesotho (low coverage genome sequence®'?).
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FIGURE 3 (a) Phylogenetic
tree including species for which a
draft genome is currently
available on GenBank (updated
September 2021). On the right
we have details about the overall
“quality” of the current draft
(N50 contig [range: 9.79E + 03-
5.64E + 07], N50 scaffold [range:
1.03E + 04-1.45E + 08],
coverage [range: 1x to 290x],
and assembly status [contig,
scaffold, chromosome]). The
figure also includes the main
nodes that can be used as
calibration points in the primate
tree (see Table 1). Phylogenetic
relationships are based on
Springer et al.! (b) Percentage of
primate species and genera with
available genome resources
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The large amount of genomic data available represents a unique 3.2 | The use of genomic data in dating the

opportunity for anthropologists to explore phylogenetic relationships

and understand the various mechanisms

human primates.!” However, they also pose fundamental challenges

especially in our ability to deal with large—and often incomplete—

datasets.

primate tree

of adaptation within non-

The increasing availability of genomic data for several primate taxa
has the potential to resolve some outstanding questions about the pri-

mate radiation. The limited amount of phylogenetic signal in
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TABLE 1
specific clade) and suggested 95% prior distribution intervals

Node MRCA Minimum bound

1 Homo-Pan 5 10
2 Homo-Gorilla 10 18
3 Homo-Hylobates 12.5 18
4 Homo-Pongo 12.7 21
5 Crown Catarrhini 21 34
Theropithecus-Papio 4.2 6.5
Macaca 53 10
8 Colobinae 125 15
Saimiri-Cebus 12.5 20.5
10 Crown Aotinae 125 20.5
11 Crown Atelidae 12.5 20.5
12 Crown Anthropoidea 34 56
13 Crown Lorisiformes 36.9 47
14 Crown Haplorhini 55.8 70

Suggested 95% prior distribution

Commonly used node calibrations for dating the primate tree with minimum bound (informed by the oldest known fossils for a

Informative fossils Dates (Ma)
Sahelanthropus tchadensis 7-6.2
Orrorin tugenensis 6.25.7
Ardipithecus kadabba 5.77-5.54
Ardipithecus ramidus 4.4
Chororapithecus abyssinicus® 10.5-10.0
Nakalipithechus nakayami 12-5.33
Kapi ramnagarensis 13.8-125
Yuanmoupithecus 9-7
Sivapithecus indicus 12.7-8.5
Khoratpithecus chiangmuanensis 13.5-10
Proconsul spp. 20-19
Morotopithecus bishop >20.6
Victoriapithecus macinnesi 19-125
Nsungwepithecus gunnelli 25.2
Rukwapithecus fleaglei 25.2
Alophe metios 22
Catopithecus browni 35.9-35.6
Theropithecus oswaldi 3.89-34
Macaca libyca 6-5.5

cf. Macaca sp. 6.1-5.3
Microcolobus tugenensis 11-10
Neosaimiri fieldsi 12.5
Dolichocebus gaimanensis 20.5
Aotus dindensis 125
Stirtontia victoriae 13.6
Stirtonia tatacoensis 12,5
Catopithecus browni 35.9-35.6
Perupithecus ucayaliensis 37.2
Oligopithecus savage 35.1-34.0
Propliopithecus ankeli 33.4-33.1
Aegyptopithecus zeuxis 34.0-33.8
Saharagalago misrensis 41.2-36.
Wadilemur elegans 35
Teilhardina 65.8-55.8
Archicebus achilles 55.8-54.8

Note: The list was compiled following indications by Raaum,3? and Pozzi et al.,® and updated with more recent findings. This table is not meant to provide
an exhaustive list of all the fossils that can be used as calibration points, but a summary of the most commonly used calibration intervals for some of the
major primate clades. Node numbers as indicated in Figure 3. Nodes indicate the divergence between most recent common ancestor between indicated

taxa (MRCA).
?Disputed relationships.

traditional markers (e.g., mitochondrial DNA or small multilocus
datasets) is one of the main factors affecting the lack of resolution in
several parts of the primate tree. This might be particularly relevant
when multiple lineages rapidly originate (e.g., adaptive radiations)
leaving behind little trace of their evolutionary past. One of the most

extraordinary examples of adaptive radiation within primates is the

Malagasy lemurs that adapted to occupy a myriad of environments
and dietary niches.2*112 Although the sister-taxon position of aye-
ayes in relation to all other lemurs is well established, the relationships
among the other four families (Lemuridae, Cheirogaleidae, Indriidae,
and Lepilemuridae) are still unresolved. Multiple recent studies have

suggested a sister-taxon relationship between Cheirogaleidae and



| wiLEY—_Evolutionary Anthropology

ISSUES, NEWS, AND REVIEWS

Lepilemuridae; however, the relationships with indriids and lemurids
are far from resolved.1#1447:90 The inadequate level of phylogenetic
signal in the molecular data used in these studies (either mitochondrial
DNA or a few nuclear loci) was identified as a possible reason for the
lack of phylogenetic resolution. A similar argument has been used to
explain the complicated relationships among galagids, African and

6667113 or interrelationships within platyrrhines.’®? In

Asian lorisids
most cases, the increase of genetic data has been proposed as a possi-
ble solution to the problem.

The use of genomic-level data can provide higher resolution in
the tree topology. More data can increase the support of specific
relationships among taxa, reducing the level of homoplasy present
in the dataset.2?*115 For instance, phylogenomic approaches have
relationships  within butterflies,**® birds,**”11® and

mammals,1? among others. Additionally, several new techniques

clarified

that can reconstruct species trees from multiple independent loci
have been recently developed. Both theoretical and empirical stud-
ies have demonstrated that the power of resolving phylogenetic
relationships increases with the number of loci used.?0-122
Another advantage of phylogenomics is a significant improvement
in the accuracy of branch length estimates, especially when com-
bined with sophisticated molecular evolutionary models.?* Branch
lengths are particularly relevant in dating analyses since they pro-
vide the level of genetic divergence among taxa that will be
converted into a chronological scale using an external source of
information, as previously described.

Although genomic data can undoubtedly help in resolving the tree
of life, the massive amount of data poses some analytical challenges.
Thanks to advances in DNA sequencing technology, we now have
publicly available whole-genome sequences for every family within
the primate clade, the only exception being the family Lepilemuridae
(Figure 3) but see Marceniak et alft Although this trend is rapidly
accelerating, the availability of genomic datasets is taxonomically
biased and absent for the vast majority of the over 500 primate spe-
cies commonly recognized.’® Obtaining high-quality samples
(e.g., blood or tissue) to use for genomic analyses can be challenging
for many primate species due to wildlife regulations and/or ethical
reasons (e.g., critically endangered species). Recent advancements in
obtaining genomic data from low-quality specimens such as museum
samples, hair, and fecal samples will be critical to expand the amount
of genomic data for non-human primates.’®*-%7 Until then, many
phylogenetic datasets will be largely incomplete, with multiple taxa
represented by only a few loci.

Researchers are faced with a difficult choice between increasing
taxon representation or minimizing the amount of missing data in their
analyses. On one hand, taxon representation plays a major role in phy-
logenetic reconstructions at both the biological and methodological
level.11>123 At the biological level, poorly known taxa that require
more phylogenetic studies are the ones that have limited (if any)
genetic resources available. At the methodological level, missing taxa
can potentially impact the accuracy and precision of both topology
and branch length estimates. On the other hand, increasing the num-

ber of taxa likely results in more missing data (see below). For
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instance, Upham et al.* recently performed a comprehensive phylog-
eny for over 6000 mammal species. Although the dataset used was
relatively small compared to genomic-level studies (only 31 genes),
the level of missing data was extremely high (mean = 88.1% per spe-
cies). The effect of missing data in molecular phylogenetic analyses is
still debated. Some studies have suggested that missing data can yield
inaccurate topology, node support, and branch length estimates.!?*
Other studies have indicated that missing data might have little impact
and that maximizing taxon representation—even though highly incom-
plete (<90%)—is beneficial to phylogenetic analyses.>>23125

Another potential challenge in phylogenomic analyses is the com-
putational power needed to build and date large phylogenies. First,
rates of molecular evolution vary both among loci and species and are
correlated to life-history traits, environment, and patterns of specia-
tion. Therefore, complex models of molecular evolution are computa-
tionally demanding to be implemented for a high number of loci and
taxa. Second, although parallelization can significantly reduce running
time, the joint estimation of branch lengths and age estimates at the
genomic scale for hundreds or thousands of species is still likely
beyond the capacity of computational power available to most
researchers.*?112% Two possible solutions that can help minimizing
the computational burden of molecular dating analyses have been

suggested in the literature. In a series of papers, dos Reis et al.t?¢

pro-
posed a two-step “sequential Bayesian analyses.” In this approach,
the posterior age estimates derived from a genomic-scale small taxo-
nomic dataset (step 1) are used as priors in subsequent analyses with
substantially more species but much-reduced nucleotide sample (step
2). Among some of its advantages, this method bypasses the compu-
tational challenges of a typical combined molecular analysis. Also,
problems related to high level of missing data are minimized, as the
divergence time estimate analyses conducted in stage one (reduced
dataset) is obtained from a complete (or nearly complete) dataset.

The second approach, usually referred as “backbone-and-patch,”
was first implemented by Jetz et al. in large phylogenetic study of all
living birds.*?” This approach splits the phylogenetic analysis of a large
dataset into two nonoverlapping levels of analysis, each computation-
ally feasible. The first level is the so-called estimate of the “backbone”
divergences among major lineages (e.g., orders and families). The sec-
ond level is represented by the dating of species-level “patch” clades,
each corresponding to one representative tip on the backbone tree.
The two levels of analyses (backbone and patch) are therefore non-
overlapping except at one shared node at the root of each patch
clade. The final step of this approach is to generate sets of full-sized
trees (all patches plus their backbone) in a common evolutionary time-
scale by rescaling the relative-time patches to absolute using the node
that each patch clade shares on the dated backbone. The “backbone-
and-patch” has been successfully used in many taxa, including birds,
reptiles, amphibians, and mammals.**2812? This approach minimizes
the computational burden of dating large datasets and can reduce the
level of missing data, at least in the backbone analyses. One advan-
tage of this approach is the ability to integrate both living and fossil
taxa by using a TED approach, as it is possible to implement some of

the TED methods mentioned in the previous section.
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4 | DATING WITHOUT FOSSILS

The use of fossils as external sources of absolute time is the most
common approach in calibrating the tree of life.242>3! However,
incorporating fossil information can have major drawbacks related to
errors in their phylogenetic placement and/or geochronological

BOX 1 GLOSSARY

information, or due to the scarcity of fossil record for some groups.
For instance, as discussed above, Malagasy lemurs lack a reliable fossil
record that can be used to date this radiation. In these situations, dis-
tantly related fossils can be used (e.g., lorisiform fossils), however, this
approach can increase the challenges in modeling the variation of
molecular rates across phylogeny.'°

Phylogenetics: A subfield of systematics that addresses the inference of the evolutionary history and relationships among or within groups
of taxa (e.g., species), as represented by the tree topology. Phylogenetic analyses can be run using morphological, behavioral and/or

molecular data.

Phylogenomics: A field that employs phylogenetic analyses using genomic-level data. Phylogenomics draws information by comparing large
portions of genomes (e.g., reduced representation of genomic datasets), or entire genomes.

Gene-tree: A representation of the evolutionary history of one specific gene (or locus). (see Species-tree).

Species-tree: A tree representing the “true” relationships among evolutionary lineages. Internal nodes of a species tree represent speciation

events.

Dated phylogeny (or timetrees): A phylogenetic tree in which the relative branch lengths indicating differences between lineages were

converted into units of absolute time.

Clock models: Techniques that use a rate of evolution to convert molecular or morphological distances between lineages into timescales.
More complex molecular clock models allow substitution rates to vary through time and among lineages (relaxed clock) or not (strict
clock). Although the focus of intense debate, models of morphological evolution for continuous and discreate traits have also been

developed.

Node-dating: A method that integrates age and a-priory taxonomic interpretations of the fossil record to enforce age constraints to some

internal nodes of an evolutionary tree.

Total-evidence dating: An approach where morphological and temporal data from fossils are analyzed together with morphological and
DNA sequence data from extant and—in some rare cases—extinct species to simultaneously infer the phylogenetic relationship and

divergence times between extinct and extant lineages.

Tip-dating: A technique that allows the inference of time-calibrated phylogenetic trees by using both extant and extinct species as terminal
taxa. This method calibrates the branch lengths by analyzing the morphological dataset for all taxa under a morphological character

evolution model and molecular data, if available.

Fossilized birth-death: A model that allows the estimation of species divergence times from molecular and fossil information under the
same macroevolutionary framework, including diversification and fossil sampling. The model includes multiple parameters, such as the
rates of speciation, extinction, preservation, discovery, and sampled species.

Crown group: In phylogenetics, a crown group is a collection of species, composed of the most recent shared common ancestor of all extant
members of a clade, as well as all of the descendants of that common ancestor, whether they are still living or are extinct.

Stem group: In phylogenetics, a stem group consists of a paraphyletic grouping of extinct species that are positioned outside a given crown
group (on its “stem”). A stem group is more closely related to its corresponding crown group than to the extant sister clade of that crown

group.

Exome: The exome is the term used to refer to all the exons within the genome collectively. Exons are all the DNA sequences that code for

proteins.

Ultra-conserved regions: Ultra-conserved elements (UCE) are highly conserved regions of organismal genomes shared among evolutionary

distant taxa.

Restriction site-associated DNA sequencing (RAD-seq): This technique is a fractional genome sequencing strategy, designed to reduce the
amount of the genome investigated (0.1%-10%) by digesting the genome with a restriction enzyme and sequencing DNA next to those
restriction sites. Double digest restriction-site associated DNA (ddRADseq) is a variation on the RAD sequencing protocol, in which the

fragment shearing is replaced with a second restriction digestion.

Contig, short for contiguous sequence: A contig generated by the overlap between ends of several reads. These sequences can then be
collapsed into a single non-redundant sequence in which the order of bases is known to a high confidence level.

Scaffold: A scaffold is a set of contigs that have been ordered and oriented. Scaffolds are composed of contigs (see above) and gaps (non-

sequenced regions).

Genome coverage (or depth): The number of unique reads that include a given nucleotide in the underlying consensus sequence.

N50 statistic (contig/scaffold): It defines assembly quality in terms of contiguity. Given a set of contigs/scaffolds, the N50 is defined as the
sequence length of the shortest contig/scaffold at 50% of the total genome length. It can be interpreted as the median contig size of your
genomic assembly: at least half of the nucleotides in the assembly belongs to contigs/scaffolds with the N50 length or longer.
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Recently, new approaches that bypass the use of fossils have
been developed; however, their development is still at its infancy and
their reliability on different parts of the primate tree is still poorly
explored.*3° These methods rely on direct estimates of the mutation
rate. Several studies have estimated the mutation rate for different
primate species using pedigree trios.*717 This approach uses geno-
mic data from three individuals in a known pedigree to identify vari-
ants in the offspring that are different from their parents. Researchers
can estimate the number of “de novo mutations” and obtain a muta-
tion rate for the focal species.’®® These mutation rates can then be
used in multispecies coalescent approaches to jointly estimate diver-
gence times and rates of evolution while accounting for incomplete
lineage sorting, that is, the level of gene tree discordance.'*°

Mutation rates have been mostly applied to study the divergence
times within great apes. In 2012, Langergraber et al. employed muta-

tion rate calculated for humans33138

and the generation times within
wild populations of chimpanzees and gorillas to estimate divergence
times among humans, chimpanzees, bonobos, and gorillas.**? Their
estimates for the human-chimpanzee split was dated around 7-8 mil-
lion years, in line with multiple studies that applied node-dating tech-
niques.'® More recently, Besenbacher et al. inferred de novo
mutations in chimpanzee, gorilla, and orangutan parent-offspring trios,
indicating a remarkable slowdown in the human mutation rate.'3!
Using the nonhuman rates instead of the human rate, they estimated
divergence times more in line with the fossil record.

These methods are relatively sensitive to the mutation rate esti-
mates. For instance, Moorjani et al. applied the human mutation rate
across the primate tree and recovered a divergence date between
cercopithecoids and hominoids of ~62 Mya.'*° This estimate is twice as
old as estimates from node-dating studies that indicate divergence ages
ranging between 23 and 34 Mya.>?*®! The probable explanation for
such a remarkable discrepancy is the slower mutation rate in hominoids
compared to cercopithecoids. The application of these methods can be
particularly problematic, especially across large phylogenies, when muta-
tion rates and generation times can dramatically change across different
lineages.*3° Additionally, this approach is currently not applicable to most
species given the lack of genomic information and the complexity of
obtaining pedigree data for many taxa. Nevertheless, thanks to the con-
tinuous advancement of computational techniques paired with the gen-
eration of new genomic data for an increasing number of primate
species, it is likely that these methods will represent an important new
avenue in estimating divergence times across primates. Additional stud-
ies should be conducted to compare traditional fossil-based approaches
to molecular rates-based approaches to evaluate the level of concor-

dance in dating the primate tree.*%°

5 | CONCLUSION

The recent ability to produce large-scale data through high-
throughput sequencing technologies and the development of more
sophisticated methods to integrate molecular and paleontological data

offer an exciting opportunity for anthropologists. Several consortia
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are currently working in generating genomic data for a large number
of species using similar protocols or by targeting similar genomic
regions.*? These technological developments can be applied to
advance our understanding of the timing and pattern of evolutionary
relationships in the primate tree and inform us on the processes of
speciation, extinction, morphological and behavioral trait evolution,
biogeography, and many other critical aspects of primate biodiversity.
We have identified three main future directions that will improve
our understanding of the primate tree of life. First, future studies should
explore the use of “tip-and-node dating” approaches to incorporate tem-
poral, topological, and morphological information from the paleontologi-
cal record and, at the same time, improve the reliability of age estimates.
Second, future research should aim at generating genomic data obtained
from museum specimens or low-quality samples (e.g., feces and hair) to
expand our understanding of the primate tree of life. This will provide
more genomic resources for taxa for which high-quality biological sam-
ples are currently lacking. Moreover, the generation of genomic data
from fossil and subfossil samples (e.g., Neanderthals, Denisovans, subfos-
sil lemurs) will also provide critical information that will increase our abil-
ity to link molecular and morphological evidence, thus increasing the
accuracy and taxa representation of dated primate trees. Finally, new
genomic resources will contribute to more accurate estimates of muta-
tion rates across different primate lineages. These estimates, combined
with multispecies coalescent techniques, will contribute to a better
understanding of divergence times within the primate radiation.
Evolutionary anthropologists and primatologists have a unique
opportunity to integrate genomic data and fossil-based approaches in
a single framework to obtain not only better age estimates of diver-
gence in the primate tree but also a better understanding of the pale-
ontological record. More accurate age estimates will be essential to
interpret climatic, geological, and biogeographical data and to explore

diversification processes within primates.
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