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Abstract

This work aims to explore the use of genetic sequences sampled serially through time
(heterochronous data), to infer the timescale of past evolutionary events. Such data can be
generated from preserved sub-fossil or fossil organismal remains (like mummified tissues,
fossilized bones or coprolites), and then used to observe genetic modifications in real-time.
Most importantly, the dates of the samples provide firm temporal tie points for their genetic
sequences, and can be used to calibrate phylogenetic reconstructions.

This thesis presents several case studies where ancient DNA was used to re-calibrate
evolutionary timescales. In every situation, the use of heterochronous data led to elevated
molecular rate estimates, resulting in the reconstruction of younger timescales, as compared to
estimates based on fossil calibrations. These observations are in agreement with the recent
demonstration that molecular rates vary according to the time period over which they are
calculated.

This work shows that, ancient DNA offers crucial temporal information to reliably
estimate the timescale of recent population evolution, and is generally the only source of
direct calibration available for this specific timeframe.

Along with the results specific to each organism studied (hyena, bison and human), an
emphasis was placed on the methodological aspects of the use of ancient DNA to generate
timed phylogenetic inferences. Additionally, simulated data and mathematical modelling were
used to extend the understanding of specific aspects of the temporal dependence of molecular
rates.

The results discussed in the present study help to further elucidate the evolutionary
mechanisms behind the molecular clock concept, and have implications for the development

and application of statistical models to obtain accurate time estimates from genetic data.
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Chapter 1:

Introduction



Inferring the date of past evolutionary events from genetic sequences has remained a
challenge since the introduction of the molecular clock hypothesis by Zuckerkandl and
Pauling 50 years ago (Zuckerkandl, Pauling 1962). From this simple concept, that changes in
molecular sequences occur at a constant rate through time, models have developed in
complexity to better match the biological realities of molecular evolution.

In parallel, considerable technological progress has been made in methods to acquire
genetic information, reaching the point where it is possible to sequence complete genomes
from virtually any complex organism. The availability of an increasing amount of data is
particularly beneficial to the field of evolutionary biology, with a vast increase in the number
of characters to compare between taxa and an improvement in taxon sampling. The advent of
next generation sequencing methods has also been a major advantage for paleogeneticists, and
has led to the recent sequencing of mitochondrial and nuclear genomes of several extinct taxa,
like Neandertal (Briggs et al. 2009; Green et al. 2010), mammoths (Gilbert et al. 2008; Miller
et al. 2008), bears (Noonan et al. 2005; Lindqvist et al. 2010), or anatomically modern
humans (Krause et al. 2010; Rasmussen et al. 2010), (see also Ho, Gilbert 2010; Stoneking,
Krause 2011, as reviews).

In the context of molecular dating, these ancient sequences are of particular
importance due to the temporal information they contain. Until recently, most molecular clock
studies have been based on the fossil record, which requires the use of estimated divergence
dates between species or group of species, often in the order of magnitude of several million
years. But it is now well established that molecular rates vary according to the time period
over which they are calculated, and therefore, fossil calibrations are problematic for inferring
recent evolutionary events such as population-level studies. For that reason, the dates
associated with molecular sequences that have been sampled serially through time constitute a
precious source of calibrations within the timescale of recent evolutionary history.

This thesis aims to further explore the nature and extent of biases related to the
temporal dependence of molecular rates, and present case studies of the utility of ancient
DNA for the reconstruction of phylogenetic timescales. To achieve this, seven manuscripts
are compiled into five chapters:

- The first study (Chapter 2) is a re-assessment of the spotted hyena evolutionary
timescale, using ancient DNA sequences.

- The second and third studies are focusing on bison evolution, by using ancient and
modern DNA either from mitochondrial markers (Chapter 3), or from genome-wide
nuclear markers (Chapter 4).

- The two articles composing Chapter 5, aim at better understanding the issue of

temporal dependence of molecular rates: a review of the subject, followed by an



exploration of one of its potential causes using mathematical models and simulated
data.

- Finally, two ancient DNA studies of modern humans are compiled in the last chapter
(Chapter 6). These studies are based on the first dataset of ancient whole
mitochondrial genomes sequenced at a population level. They were performed within
the framework of The Genographic Project, a worldwide research initiative to

genetically characterize the recent evolution of human populations.

Phylogenetics

Molecular markers

Phylogenetic reconstructions aim to infer the evolutionary history of organisms based
on the comparison of homologous characters between individuals.

Sequences of proteins, or DNA from nuclear or mitochondrial genomes, are most commonly
used to infer organismal phylogenetic trees. The taxonomic rank between individuals of
interest often dictates the choice of molecular marker to use, with slowly evolving protein
sequences more commonly used for deep phylogenies, while rapidly evolving mitochondrial
control region sequences are often used for population-level studies. But the many properties
of different molecular markers available need to be fully considered.

For example, the mitochondrial genome is only maternally inherited and is non-
recombinant, allowing evolutionary history to be traced back directly by following mutations
between generations (Atkinson, Gray, Drummond 2008; Galtier et al. 2009). In addition,
mitochondrial DNA is easily amplifiable due to its presence in multiple copies per cell, and
therefore constitutes a target of choice for ancient DNA studies (Ho, Gilbert 2010). On the
other hand, some of these properties can also be limitations: the lack of recombination means
that the entire mitochondrial genome is effectively acting as a single locus, and phylogenies
based on mitochondrial markers do not necessarily represent accurately the evolutionary
history of the organisms of interest.

As organismal evolution is the result of genetic changes throughout the entire genome
(nuclear and mitochondrial), a mixture of different loci can be used in order to obtain more
precise phylogenetic inferences. Currently, it is not computationally feasible to perform
phylogenetic analyses of complete genomes where the genomes are large and complex. But
because many genomic regions are not phylogenetically informative, the use of single-
nucleotide polymorphism (SNP) chip methods offer a solution by genotyping a selection of
variable sites widely distributed at a genomic level (LaFramboise 2009). However, SNP chips

have mainly been developed for purposes other than evolutionary studies, and therefore their
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specificities (including genotype coding or SNP selection) must be taken into account before
applying traditional phylogenetic tools. The specificities of SNP chips and their implications
for phylogenetic reconstruction are explored in chapter 4, using the phylogenetic relationships

of bison as a case study.

Phylogenetic methods

Early methods of phylogenetic reconstruction such as Neighbour joining (using
genetic distances), or maximum parsimony (directly using molecular characters), have paved
the way for more complex probabilistic methods: maximum likelihood and Bayesian
approaches. The statistical framework of such probabilistic methods allows explicit
substitution models with a large number of parameters to be included in phylogenetic
reconstructions in a reasonable amount of time. For example, the use of Bayesian Monte
Carlo Markov Chain (MCMC) methods allows the integration of multiple parameters such as
demographic processes, temporal information and topological priors within the same
calculation (Drummond, Rambaut 2007). These capacities of maximum likelihood and
Bayesian methods are used and explored in the different chapters of this thesis (i.e.,
phylogenetic reconstructions from three-character state data in the study of bison nuclear SNP

libraries, Chapter 3).

DNA sequence substitution models

Increasingly complex models have been developed to account for the biological
processes behind the different types of nucleotide character changes. For example, Jukes-
Cantor (Jukes, Cantor 1969) is the simplest substitution model, and assumes that all
nucleotides are at the same frequency in the data and that all possible types of substitution
have equal probabilities. With more complex models, different degrees of heterogeneity are
allowed, either between substitution types, or between base frequencies. The General Time
Reversible model (Rodriguez et al. 1990) allows for both types of heterogeneity.

It is important to note that, due to the complexity of the biological rules underlying the
mutation processes, no mathematical model can perfectly describe molecular sequence
evolution, and consequently none of the models are likely to be biologically correct (some
signal is lost when the evolution of the different genetic characters is mathematically
modelled). In theory, the more complex the model, the better it is likely to fit real data. But
with a limited number of characters available, the more parameters are considered in the
model, the less data there is per parameter (Posada, Buckley 2004). Based on that principle,
statistical tests have been developed to help select the most appropriate substitution model for

a particular dataset, balancing the fitness of the data against the complexity of the model. The

4



most commonly used tests are the Akaike Information Criterion (AIC) 1 and 2, and the
Bayesian Information Criterion (Posada, Buckley 2004; Keane et al. 2006). The AIC tests are
based on likelihood statistics, and allow the quantification of the amount of genetic signal lost
when using a specific model of evolution, which is a function of the number of parameters
estimated by the model. The model with the least information lost is therefore selected. The
BIC is based on the comparison Bayesian posterior probabilities. The most noticeable
difference between these 3 tests (AIC1, AIC2 and BIC) is their degree of handicap against the
addition of extra parameters. In that regard, AIC2 and BIC penalize more complex models,

and therefore limit over-parameterization.

Data partitioning

For short molecular sequences (like the mitochondrial control region), the tests
described above provide a simple solution to empirically select an appropriate substitution
model. But for longer sequences (from a few genes to genome-wide data sets) a single model
cannot take into account the high level of heterogeneity in mutation patterns generated by
natural processes, such as differential selection pressure between genomic regions. To reduce
the amount of heterogeneity among characters, the sequence data can be divided into subsets
(i.e., partitioned), and different substitution models can be estimated independently for each
subset. In some cases, the patterns of selection pressure is well described (for example
between 1%, 2™, and 3™ codon positions in protein coding sequences) and therefore define
obvious partitioning schemes. But other factors such as base composition, or rate
heterogeneity among sites, should also be taken into account when partitioning the data,
leading to a large number of potential partitioning schemes. Similarly to the situation above
concerning model selection, there is a balance between increasing the number of subsets to
better describe the data, and over-parameterization where the amount of signal present in each
subset is reduced. Based on this observation, Lanfear and co-authors recently developed a
method to extract the best partitioning scheme empirically from a sequence alignment
(Lanfear et al. 2012). This method is combined with the model selection tests mentioned
above in a program called PartitionFinder, which was used in Chapter 6 to partition human

whole mitochondrial genome datasets.

The molecular clock

Assuming a constant mutation rate through time (a strict molecular clock), it is
possible to date past events, like speciation events or the time of the most recent common
ancestor (tMRCA) of a clade, by comparing the present genetic diversity to a calibration

point. For example, if 10 genetic differences are observed within a 100 base pair (bp)



sequence between two taxa known to have been separated for 1 million years (My), a
molecular rate of 0.1 substitutions per site per million years (s/s/My) is calculated. This rate
can then be used to examine a situation where the same sequence presents 2 differences
between another pair of taxa, leading to an estimation of 200,000 years (ky) since their
divergence.

The first time genetic mutations were assumed to occur at a relatively constant rate
was within protein sequences by Zuckerkandl and Pauling in 1962, in order to estimate the
divergence time of different globin types (Zuckerkandl, Pauling 1962). Later, Kimura (1968;
1983) theorized the concept of strict molecular clocks based on the assumption that a vast
majority of genetic changes are neutral: most mutations do not drastically affect the fitness of
an organism, therefore their fixation or disappearance is mainly due to genetic drift and not
natural selection. This ‘neutral theory’ consequently implicates that, regardless of population
size or generation time, the long-term substitution rate observed between organisms is similar
to the mutation rate of the DNA molecule between generations.

Due to the development of DNA nucleotide amplification and sequencing methods,
the molecular clock concept has rapidly been challenged, and large discrepancies have been

reported between molecular rate estimates (e.g. Wu, Li 1985; Britten 1986; Gaut et al. 1992)

Rate heterogeneity among sites and among lineages
Two principal sources of variance from a strict molecular clock were first used to
explain the differences observed between time estimates: (1) rate heterogeneity among sites

and (2) rate heterogeneity among lineages (Arbogast et al. 2002; Pulquerio, Nichols 2007).

(1) Among-site rate heterogeneity refers to a situation where not all sites of an alignment are
susceptible to change at the same rate, mainly due to the differential selection pressure
between sites. To account for such heterogeneity in the data, Yang (1994; 1996) has shown
that a gamma distribution could be used to discretise a continuous distribution of site-specific
rates into a pre-defined number of rate categories of equal probability, where the mean is set
to one and the variance characterizes the rate variability. The probability of each site being
associated with a rate category, and the shape parameter of the distribution are both estimated
from the data. A discretized gamma distribution allows the characterization of rate
heterogeneity among sites to be empirically estimated for each dataset, and integrated into the
analysis within a reasonable computational requirement. However, this method has two main
limitations: it is based on the assumption that all situations of among-site rate heterogeneity

can be modelled with a single gamma-like distribution; and the discretization step reduces the



full range of site specific rates to a small number of rate categories (where all rate values of

the category are approximated by the mean rate of the category).

(2) Among-lineage rate heterogeneity describes the fact that mutation rates may differ
between taxa. To account for such heterogeneity, algorithms have been developed to relax the
clock assumption among the branches of phylogenetic trees (Thorne, Kishino, Painter 1998;
Huelsenbeck, Larget, Swofford 2000). Such methodological developments were possible due
to the implementation of probabilistic tools (like maximum likelihood or Bayesian methods)
for phylogenetic calculations. Relaxed clock inferences were first based on the assumption
that rate changes are continuous and auto-correlated among branches (the rate at one branch
depends of the rate of the parent branch), because of a putative inheritance of mutation rates
between lineages. Later, it was shown that the auto-correlation of evolutionary rates between
lineages was not significant for large data sets and an uncorrelated relaxed clock model was
consequently developed (Drummond et al. 2006). More recently, a Random Local Clock
(RLC) was introduced (Drummond, Suchard 2010), based on the principle that a discrete
number of local strict clocks could be defined between clades of a tree to account for among-
lineage rate heterogeneity. The latter two methods can also be used to empirically test the null
hypothesis of a strict molecular clock for a sequence alignment: a strict clock cannot be
rejected if the posterior distribution of the standard deviation of the estimated rate comprises
0 for the uncorrelated relaxed clock, or if the number of estimated local clocks is 1. The
software package BEAST (Drummond, Rambaut 2007) was used to conduct the dated
inferences presented in this thesis using the three different clock models: strict clock,

uncorrelated relaxed clock, and random local clock.

Different tree models for intra and inter-specific data

In order to reconstruct the evolutionary history of populations (i.e., genealogies), the
genetic diversity between individuals can be compared using the coalescent theory as a
statistical framework (Kingman 1982; Donnelly, Tavare 1995). Assuming a random selection
of individuals from a panmictic population (i.e., with random mating) and moving backwards
in time generation by generation, individual haplotypes start to coalesce into ancestral
lineages, until a single ancestor is reached (the most recent common ancestor). The coalescent
theory can also be used to infer past population demography, by estimating the effective
population size through time from a genealogy (Drummond et al. 2005). Methods, such as the
skyline plot implemented in BEAST, allow the co-estimation of genealogies and demographic

histories from genetic sequences (Ho, Shapiro 2011).



However, when performing phylogenetic reconstruction from samples representing
different species, each split of the phylogeny correspond to a speciation event (and not to a
coalescent event as it is the case for genealogies). In such situation a birth-death model, or
birth only (like the Yule model, Yang, Rannala 1997), can be used as a prior on the tree
reconstruction.

In this context, the past evolutionary history of organisms can only be modelled when
a single locus sequence (e.g., one gene, or a mitochondrial genome) is collected, either from
random individuals of one population, or from single representatives from different species.
But this is rather limiting. Being able to combine genetic data from different loci, and from
both intra and inter-specific diversity, would allow more precise phylogenetic reconstructions.
Luckily, a multispecies coalescent method, called *BEAST (‘StarBEAST’), was recently
developed, implementing models for both within and between-species genetic data, and
combining different gene genealogies into one species tree (Heled, Drummond 2010). The
*BEAST option was used in Chapter 6, to accommodate sequences from modern human and

chimpanzee in the same phylogenetic analysis.

Further clock inconsistencies

In a review on the accuracy of molecular dating, Pulquerio and Nichols (2007) point
out severe inconsistencies between time estimates based on the molecular clock. At that time,
such inconsistencies could be attributed to the unreliability of the current methods used to
infer dated trees, issues with calibration points and the failure to account for uncertainty.

Subsequently, Ho and co-authors (2008) used newly developed Bayesian methods to
illustrate the impact of inappropriate calibrations on molecular date estimates. In addition to
the importance of including calibration errors in dated analyses, the authors demonstrate the
consequences of using calibration points distant from the date(s) of interest. More precisely,
using inter-specific calibration points (like speciation dates inferred from the fossil record) to
estimate molecular dates at intra-specific levels (such as population events), or the reciprocal

situation, leads to unreliable results.

Temporal dependence of molecular rates

The main reason for this observed clock bias is the apparent time dependence of
molecular rates. Rates estimated over short periods of time (e.g., pedigree or genealogy
studies) are systematically higher than rates estimated over long periods of time (e.g., species
phylogeny) (Ho et al. 2005). A number of factors, such as selection, calibration errors or

model misspecifications, have been suggested to explain this apparent temporal dependency.



The first part of Chapter 5 is a detailed review of these potential causes (published in
Molecular Ecology as Ho et al. 2011a).

From our review of existing literature on the subject, it became apparent that the effect
of saturation (multiple changes occurring at the same site), and rate heterogeneity among
sites, on the time-rate estimates was yet to be explored. For that reason, the article presented
in chapter 5 aims to show the time-dependent rate pattern resulting from inaccurate modelling
of among-site rate heterogeneity (such as the presence of fast-evolving ‘hotspots’ in an
alignment), using mathematical models and simulated data sets.

Ideally, such time-dependent patterns could be characterized empirically and thus
corrected. But for molecular rate estimates, a precise characterization of the pattern would

involve the availability of accurate calibration points through time as a starting point.

The role of ancient DNA in calibrating dated phylogenies

The use of heterochronous sequences (sampled serially through time) offers one
solution to the issue of calibration. When ancient DNA can be amplified and sequenced, the
dates associated with each sample (e.g., radiocarbon dates) can be used as primary calibration
points (Drummond et al. 2002; Lambert et al. 2002; Shapiro et al. 2004). Such calibration
points are of particular importance in the context of the temporal dependence of molecular
rates, because they cover a period of time for which very little temporal information is
available. In fact, the identification of calibration points from the fossil record is generally
only possible between evolutionarily distinct species, as bone remains need to be clearly
identifiable between specimens. For example, a paleontological calibration younger than the
human/chimpanzee split (5 to 6 My) is lacking for the calibration of human molecular
evolution. On the other extreme, direct observation of genetic changes through time (i.e.,
pedigree studies) are only possible for a limited number of human generations, and depend on
genealogical, sampling and genetic amplification and sequencing techniques. This issue is
particularly limiting for complex organisms and more specifically large mammals with long
generation times; this is explored in three such mammal species in this thesis: hyenas, bovids
and humans (chapters 2, 3/4 and 6, respectively). A major gap in calibration points lies
between the paleontological record, with dates in the order of magnitude of millions of years,
and the pedigree studies, at a scale of decades. This gap encompasses most of the Pleistocene
(2.5 million years ago to 12,000 years ago) and much of the Holocene (12,000 years ago to
present day), yet most population genetic studies and the phylogenies of recent species will
have crucial dates falling within this time range.

In the past few decades, ancient DNA (aDNA) studies have shown the utility of

amplifying genetic markers from 100-100,000 years-old samples to identify extinct species,



ancient population patterns or demographic history (e.g., Barnes et al. 2002; Orlando et al.
2002; Shapiro et al. 2004; Ramakrishnan, Hadly 2009). In addition to the ability to directly
observe past (and potentially lost) genetic diversity, aDNA has also been successfully used
for calibration in a few recent studies, revealing particularly high substitution rate estimates
(Ho, Kolokotronis, Allaby 2007; Hay et al. 2008; Subramanian et al. 2009). These
observations confirm the described temporal dependence of molecular rates.

Although the special issues related to most aDNA data sets (i.e., short sequences, high
levels of damage) have raised questions about their reliability for estimating molecular rates
(Debruyne, Poinar 2009), it has now been established that ancient sequences can contain
enough genetic and temporal information to obtain accurate rate and date estimates (Ho et al.
2011b). Most notably, parameters like the relative number of ancient sequences in a data set,
their distribution in time and within the topology, have been shown to impact the power of
dates associated with ancient samples to calibrate a particular phylogeny. A ‘date
randomization test’, which tests the presence of sufficient signal to calibrate phylogenetic
analyses, can be used to check if ancient sequences contain enough information to provide
calibration (de Bruyn et al. 2009; Firth et al. 2010; Ho et al. 2011b). This test was used in all
studies presented in this thesis when data sets contained ancient sequences.

Other technical limitations exist regarding the use of heterochronous sequences (i.e.,
sampled serially through time). For example, the accurate dating of fossil remains is only
possible up to ~60 ky using accelerated mass spectrometry (AMS) radiocarbon methods, but
this time range already provides the possibility of dating important population genetic studies.
However, biases of population history inferences have been shown when using traditional
population genetics statistics that do not incorporate explicit model for heterochronous data
(Depaulis, Orlando, Hanni 2009). Finally, Navascués and Emerson (2009) have pointed out
potential biases in rate estimates from Bayesian calculations using ancient sequences, when
the data strongly violates prior assumptions of the model. However, the authors emphasize the
importance of confidence intervals around molecular rate calculations that include the true
rate when the model violation is not extreme. Furthermore the sensitivity of Bayesian
methods to non-homogenous demographic history (like strong genetic bottlenecks) is also
present in modern data sets, and in some cases, the use of ancient sequences offers the only
possibility to directly observe the genetic diversity of a population prior to a demographic
event (e.g., Shapiro et al. 2004). With the recent technological capacity to recover genome
wide molecular information from ancient samples (by direct sequencing or using SNP
genotyping), ancient samples are becoming particularly powerful to study the demographic

history of non-homogenous population (e.g., after population bottlenecks) (Mourier et al.

2012).
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The work presented herein, aims to use simulated data and empirical studies to extend
the understanding of specific aspects of the temporal dependence of molecular rates, and the
implications of using heterochronous sequences in the reconstruction of evolutionary

timescales.

Overview of the project

In the first data chapter (Chapter 2), the timescale of spotted hyena evolution has been
re-assessed using ancient sequences as direct internal calibration points. As expected from the
apparent temporal dependence of molecular rates, the timescale based on tip calibrations is
considerably younger than previous calculations based on fossil calibrations. Encouragingly,
the newly calculated timescale reconciles the hyena molecular clock with the paleontological
evidence available for the taxon. This chapter shows the strong potential of ancient DNA to
provide temporal signals for intraspecific phylogenetic studies, even with short sequences.

In Chapter 3, a survey of ancient bison genetic diversity in Europe is presented.
Similar to the hyena study, only short mitochondrial fragments are used, but the bison study
differed in sampling depth, both in temporal and geographical distributions. The extensive
sampling allowed the characterization of a previously un-described bison clade, and the
characterization of a climate-dependent pattern in the evolution of European bison population
in the late Pleistocene.

In Chapter 4, the capacity to use commercially-developed nuclear SNP chips on
ancient samples is explored, and more generally the methodological implications of
conducting phylogenetic inferences from SNP data, using the American bison as a case study.

Chapter 5 is divided in two manuscripts. The first manuscript is a published review
article introducing the concept of time-dependent rates of molecular evolution, and reviewing
its potential causes. The preparation of this review led to the realization that the responsibility
of one particular factor, rate heterogeneity among sites, was not yet fully explored.
Consequently, the second part of Chapter 5 (accepted for publication at Molecular Biology
and Evolution) combines mathematical and empirical studies of the influence of among-site
rate heterogeneity on the time dependence of molecular rates. Among other results, this study
shows the importance of data partitioning to accurately infer molecular timescales. Such
observations led to the use of the new program, PartitionFinder, to empirically identify a
partitioning scheme for the human whole mitochondrial genomes studied in the next chapter.

The final data chapter (Chapter 6) is composed of two human genetics studies using
ancient whole mitochondrial genomes. As part of The Genographic Project, 43 complete

mitochondrial genomes were sequenced at the Australian Centre for Ancient DNA from

11



ancient remains of European individuals. Thirty-seven of these genomes (belonging to
haplogroup H, the most frequent haplogroup among modern Europeans) are used in the first
part of the chapter to refine our understanding of the evolutionary history of modern
Europeans. In addition to the characterization of past genetic shifts in ancestral European
populations, the study of these ancient sequences revealed the potential of ancient
mitochondrial genomes to calibrate the human tree. Consequently, the second part of the
chapter presents the first attempt to re-assess the timescale of recent human evolution using

the dates associated with ancient sequences as internal calibration points.
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Ancient DNA from Pleistocene Chinese fossil cave
hyenas reconstructs the recent Eurasian history of the

spotted hyena, Crocuta crocuta
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ABSTRACT

The four living hyena species (spotted, brown, striped and aardwolf) are the remnants of
a formerly diverse group of more than 80 fossil species with a peak of diversity in the Late
Miocene (about 7-8 My). The taxonomy and evolutionary history of the living species remains
contentious, but is of importance for conservation studies due to the dramatic loss of both
diversity and geographic range of hyena species since the Pleistocene. The fossil history of living
hyena species shows a clear African origin, while morphological and ancient DNA data have
confirmed that extinct late Pleistocene cave hyenas from Europe and Asia were closely related to
living spotted hyenas (Crocuta crocuta). This relationship has been used to explain the origins of
Eurasian cave hyena populations via multiple migrations out of Africa between 1.3-3.5 My. We
use mitochondrial DNA sequences from Pleistocene hyena specimens collected from northern
China to examine the origin of Asian populations and temporally calibrate the evolutionary
history of spotted hyenas. Phylogenetic analyses confirm the Asian hyena lineage forms the
basal branch within spotted hyenas, and support a far more recent evolutionary timescale for
spotted hyenas (163-430 ky) when radiocarbon-dated bones are used as internal calibration
points. The new timescale is more consistent with the fossil record, and suggests that a
widespread Eurasian population was the ancestor to both extinct and living spotted hyena

populations, before retreating to Africa in the Late Pleistocene.
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INTRODUCTION

The Hyaenidae family arose in Eurasia in the Late Oligocene, about 25 million years ago
(My), and reached a peak of diversity during the Late Miocene, about 7-8 My, totalling more
than 80 fossil species from Europe, Asia, Africa, and North America (1-4). The number of
Hyaenidae species declined from the Late Miocene, eventually leaving only four extant species
(spotted hyena, striped hyena, brown hyena, and aardwolf) in Africa, the Middle East, parts of
southwest Asia and the Indian subcontinent. Although it is one of the smallest families of the
Carnivora, living hyenas occupy a variety of habitat types and fill a surprisingly wide range of
ecological niches, and their presence is a useful indicator of ecosystem health (2). Among the
four extant species, the spotted hyena (Crocuta crocuta) has attracted considerable evolutionary
and systematic interest due to a social system similar to that of many primates, in contrast to
other gregarious carnivores (2, 5-6). A variety of Late Pliocene and Pleistocene fossil spotted
hyena species are recognized, including Crocuta dietrichi, C. eturono, C. honanensis, C. ultra,
and the so-called ‘cave hyenas’ in the Far East (C. crocuta ultima) and Europe (C. crocuta
spelaea) (6-8). However, the exact origin and evolutionary history of living spotted hyenas
remains unresolved (1, 5, 7-16).

Ancient DNA provides a means to obtain direct evidence of the phylogenetic and
population history of spotted hyenas, and has previously been used to show that the extinct Late
Pleistocene cave hyenas in western Eurasia were nested within spotted hyenas (16). An
evolutionary model developed to explain the origins of recent spotted hyena populations
assumed the ancestral population was located in Africa and inferred three separate dispersal
events to Eurasia, between 0.35-3.5 My, to explain the genetic divergence between the three
mitochondrial clades found in Late Pleistocene spotted hyenas from Europe and the Far East
(16). However, the ages of the inferred dispersals (3.5 My in the Far East and 0.35-1.5 My in
western Eurasian) are not consistent with fossil data, which suggest much younger colonization
dates for C. crocuta morphs in these areas. In Asia, the earliest fossil site for C. crocuta ultima,
Zhoukoudian Location 1 in China, is dated at 400-230 ky (17- 21) while in Europe, C. crocuta
spelaea is first seen in western Eurasia around 300 ky, although C. praespelaea appeared in
Spain as early as 780 ky. The discrepancy between the molecular and paleontological timescales
suggests that the evolutionary history of spotted hyenas is not fully resolved and further analyses
using more ancient DNA sequences from Eurasian specimens are needed to reconcile the
molecular and morphological data.

Crocuta have been found in more than 100 Pleistocene sites in 26 Chinese provinces (17,
22-24), and two morphological forms can be distinguished. C. honanensis is first detected in the
early Pleistocene of Henan Province. C. crocuta ultima was the remaining Pleistocene member

of the Hyaenidae family in China. Morphological studies suggest that C. honanensis is different
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species from the living spotted hyena C. crocuta (7, 11, 25), in contrast to C. crocuta ultima
which has been supported as either C. crocuta or an Asian sub-species C. crocuta ultima (7, 17,
23). C. crocuta ultima became extinct around the end of the Pleistocene, i.e, ~11,500 years B.P.
(9, 17, 22-23), or potentially as recently as ~7,800 years B.P. (24). The late survival makes it
possible for ancient DNA studies to provide molecular data to explore the evolutionary history of
spotted hyenas in East Asia.

In this study, we generated mitochondrial cytochrome b (cyt b) sequences from northern
Chinese Late Pleistocene C. crocuta ultima specimens and used radiocarbon-dates from cave
hyena bones to calibrate the origin of spotted hyenas in Asia, and provide insights into the

population history of spotted hyenas in Europe and Africa.

METHOD
Samples

We collected samples of Late Pleistocene fossil hyenas from Lingxian Cave,
Qinghangdao City in Hebei Province; Tonghe Bridge, Zhaodong County in Heilongjiang
Province; and Da’an Cave, Tonghua County in Jilin Province, which are all in northern China
(Figure 1). The Lingxian Cave samples were associated with a faunal assemblage typical for the
“Crocuta-Cervus Fauna” in Northern China such as deer (Cervus sp.), wolf (Canis Lupus), fox
(Vulpus sp.), woolly rhino (Coelodonta sp.), and badger (Meles sp.) (Liu, unpublished data). In
contrast, the Tonghe Bridge specimen was associated with bison (Bison sp.), horse (Equus sp),
mammoth (Mammuthus sp.) and woolly rhino (Coelodonta sp.), all of which belong to the
“Coelodonta-Mammuthus Fauna” in Northeastern China (37). Lastly, the Da’an Cave samples
were associated with bear (Ursus sp.), deer (Cervus (Pseudaxis) grayi Zdansky), horse (Elaphus
sp.), and donkey (Equus spp.), badger (Meles sp.), rhino (Dicerorhinus), and antelope (Gazella
sp.) (Chen, unpublished data).

Samples in Lingxian Cave were estimated to be greater than 50 ky B.P. through
stratigraphic information, while a horse bone (Equus sp.) associated with the Tonghe Bridge
specimens has been AMS-dated at 34.9 ky B.P. (38). A deer bone (Cervus sp.) associated with
the Da’an Cave samples was AMS-dated at the Quaternary Geology & Archaeological
Chronology Laboratory at Peking University, and was dated at 34.47+0.37 ky B.P. Prior to DNA
analyses, the samples had been stored in closed, dry containers at room temperature for several

years without any chemical treatment.
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Ancient DNA Extraction and Amplification

Ancient DNA extractions and PCR reactions were set up in Wuhan in a laboratory
dedicated to ancient DNA research, in a building physically separated from post-PCR facilities.
Ancient DNA was extracted from 270-345mg of bone/teeth powder following the methods of
Rohland & Hoftreiter (39). Extract and PCR blanks were performed throughout all experiments
to monitor contamination. We attempted to generate a 713 bp long fragment of the mitochondrial
cyt b gene, using four overlapping primer pairs from Rohland et al. (16) and five newly designed
overlapping primer pairs specifically for this study (Table S1 and Figure S1). Amplifications
were performed in 20 pL. volumes using a two-step multiplex approach (40). Reagent
concentrations and cycling conditions were the same as described in Rompler et al. (40). The
nine primer pairs were separated into two non-overlapping sets (indicated in Table S1) and
amplified using multiplex PCR (first step), before each primer pair was used individually in
singleplex PCRs with the corresponding multiplex PCR product as a template (second step). The

annealing temperatures were set at 52°C in both steps.
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(b)

Mongolia

Figure 1. Phylogeographic distribution of mitochondrial cyt b sequences from fossil and living spotted hyenas.
(a) Pleistocene and recent Eurasian and African distribution. Samples in this study are indicated by red filled
triangles; samples reported in Rohland et al. (14) are indicated by color-filled circles. (b) Enlarged view of Far East
Asia, showing Pleistocene hyena fossil sites in China. Empty red triangles: Late Pleistocene C. crocuta ultima
hyenas; green triangles: Mid Pleistocene C. crocuta ultima morph hyenas.
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PCR products were purified using the QIAEX II Gel Extraction Kit (Qiagen, Germany)
and cloned into the pMD18-T vector (Takara, Japan) following the supplier’s instructions. The
recombinant plasmids were transformed into competent E. coli DH5a. White transformants
obtained from LB plates containing Amp (0.1mg/mL), X-Gal (0.04 mg/mL) and IPTG (0.024
mg/mL) were screened by PCR with the M13 primer pair. For each fragment, a minimum of
eight clones, four from each of two independent primary amplifications, were sequenced at
Shanghai Sangon Ltd. Company using an ABI 3700 sequencer following manufacturers’
instructions. When consistent differences were found between the first and the second PCR
products, due to sequence errors resulting from template damage, a third amplification was
performed in 14 out of 27 fragments (shown in Table S1) to determine which sequence was

reproducible (41).

Sequence replication

For two of the specimens from Da’an Cave in Jilin Province (DARD-1 and DARD-3),
three fragments of cyt b (indicated in Table S1, 279bp in total) were independently replicated at
ACAD. Teeth samples were extracted using a Qiagen Blood & Tissue Kit (Valencia, California)
using a modified protocol with EDTA and Proteinase K added (Thomson et al. in preparation).
PCR amplifications were carried out in 25uL volumes, using 1x of PCR buffer, 2.5 mM of
MgS04, 1 mg/mL of rabbit serum albumin (RSA), 0.2 M of each primer, 0.25 mM of dNTPs, 1
U of Platinum HiFi Taq (Invitrogen) and 2 pL of ancient DNA extract. Cycling conditions were:
94°C for 2 min; 50 cycles of 94°C for 15 s, 54°C for 30 s, and 68°C for 20 s; 68°C for 10 min.
PCR products were visualized under UV light on a 3.5% agarose gel stained with ethidium
bromide. Successful amplifications were purified using Ampure (Agencourt) according to
manufacturer’s instructions and both strands were sequenced directly using Big Dye chemistry

and an ABI 3130XL Genetic Analyzer (Applied Biosystems).

Alignment and Phylogenetic Analyses

Sequence alignments were carried out using the software package Geneious Pro. 5.3.4
(42) and the assemblies were checked manually. A total number of 40 cyt b sequences were
retrieved from GenBank: 14 fossil spotted hyena, 19 extant spotted hyena, 2 striped hyena
(Hyaena hyaena), 2 brown hyena (Parahyaena brunnea), and 3 aardwolf (Proteles cristatus)
(Table S2). Three datasets were used to initiate different analyses: 1) a first dataset including 3
Chinese Pleistocene cave hyenas, 4 extant spotted hyenas, 2 striped hyenas, 2 brown hyenas, and
3 aardwolf for which 713bp of cyt b were available, to establish the phylogenetic position of the
Chinese cave hyena in the Hyaenidae family; i1) a second dataset of 366bp cyt b, which included

3 Chinese Pleistocene cave hyenas, 14 fossil spotted hyenas, and 15 modern samples where the

26



specific sampling locations could be traced, to permit network analyses to investigate the
relationships among haplotypes of spotted hyenas; and iii) a third dataset of 366bp that included
3 Chinese Pleistocene cave hyenas, 10 fossil spotted hyenas that have radiocarbon dates, and 19
modern samples, which was used for phylogenetic analyses and molecular dating between
spotted hyena populations.

We first compared the sequence variation among 7 sequences where at least 713bp of cyt
b were available, using a cyt b sequence of the extant spotted hyena (Table S2, GenBank
#AY048786) as reference. To establish the position of the Chinese cave hyena in the Hyaenidae
family, a phylogenetic analysis of the 713bp alignment was performed using the program
PhyML v3 (43). The best of NNI and SPR moves were used for the tree topology search, and the
substitution model TN+I was selected through comparison of Bayesian Information Criterion
scores in ModelGenerator v0.85 (44). To investigate the relationships among haplotypes of
spotted hyenas, we conducted a median joining network from the second dataset using the
program Network v4.6.0.0 (45).

We then performed Bayesian analyses on the third dataset using BEAST v1.6.1 (46) to
address the phylogenetic relationships and dates between the cave hyenas from China, C. spelaea
specimens from other locations in Eurasia, and living spotted hyenas in Africa. The substitution
model HKY+G was selected through comparison of Bayesian Information Criterion scores in
ModelGenerator v0.85 (47). The MCMC analyses were run for 100,000,000 iterations, with
posterior samples drawn every 10,000 steps. Results were checked in Tracer v1.5 after 10%
burn-in, and all parameters showed sufficient sampling, indicated by effective sample sizes
above 200 (48). A strict molecular clock was used and a constant population size was set as tree
prior. Additional analyses using an uncorrelated lognormal relaxed-clock or a Random Local
Clock were used to account for potential rate variation, but neither could reject the strict clock
assumption, and both led to similar results with no significant differences between divergence
dates according to the 95% HPD. A Bayesian skyline analysis was performed to account for
potential demographic variation, but after a Bayes factor comparison (49), this model did not
show any significant improvement over the assumption of a constant population size. To deal
with the issue of time dependence of molecular rates (32, 50), and the effect of deep calibrations
on intraspecific dating (51), two sets of dates were used as calibration points to calculate the
most recent common ancestor (MRCA) of fossil and extant spotted hyenas: 1) the radiocarbon
dates associated with the ancient sequences; ii) a log normal distribution with a minimum bound
of 9 My and 95% of the prior probabilities younger than 9.5 My for the divergence between
Spotted hyenas and Striped/Brown hyenas (here represented by a Striped specimen), in addition

to the tip calibrations from the dates of ancient samples.
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To check if the signal from the radiocarbon dates associated with the ancient sequences
was sufficient to calibrate the spotted hyena phylogeny, a ‘date randomization test’ was
performed (32). All dates associated with the sequences were randomized before the
phylogenetic analysis in BEAST was replicated as described above. If the structure and spread of
the ancient sequences in the tree show enough temporal information to calibrate the analysis, the
inferred mean rate calculated using the correct association date/sequence should be significantly
different from the 95% HPD rate estimates calculated from the randomized data set. A
comparison of resulting rate estimates from ten replicates and the non-randomized data are

shown in Figure S3.

RESULTS

Sequence variation in Pleistocene fossil and extant spotted hyenas

Ten Late Pleistocene hyena specimens from northern China (Figure 1) were analyzed
using appropriate ancient DNA techniques (27) including independent extraction and replication,
and multiple sequencing reactions (Table S1). Nine overlapping fragments (size range is 127-171
bp including primers) of a 713bp-long region of the mitochondrial cyt b gene were amplified
from three specimens from Da’an Cave at Tonghua County in Jilin Province using multiplexed
PCR (Table S1 and Figure S1). Only one 100bp-long fragment could be amplified for the
Tonghe Bridge sample collected from Zhaodong County, Heilongjiang Province, while no
fragments could be recovered for six Lingxian Cave samples collected from Qinhuangdao City,
Hebei Province, despite multiple attempts. As a result, we considered only the Da’an Cave
samples for further phylogenetic analyses.
The three new Chinese C. crocuta ultima sequences (DARD-1, DARD-2, and DARD-3) differed
from each other at 1-2 positions across the full 713 bp sequence, and from a reference modern
spotted hyena sequence (GenBank #AY048786) at 36, 37, and 35 polymorphic sites (~5%)
respectively. In contrast, the other three available homologous sequences from GenBank for
living spotted hyena have only 18, 18, and 24 polymorphic sites (~3%) across the same fragment
(Table S3). The short 100bp-long sequence obtained from the Tonghe Bridge specimen matched
the Da’an Cave sequences, which share the same haplotype as the only other Far East Asian Late
Pleistocene cave hyena sequenced to date (DQ157555, Pacific coast of Russia), for the shorter

366 bp fragment of cyt b generated in a previous study of cave hyena from Europe and Russia

(16).
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Phylogenetic network and trees

A network analysis of the three new full-length Chinese ancient DNA sequences with 29
published sequences representing both extinct cave hyenas and living spotted hyenas retrieved
the same network profile as in Rohland et al. (16), distributed into four haplogroups: the extinct
western Eurasian and extant northern African lineage A; the extinct western European lineage B;
the extant southern African lineage C, and the extinct Far East Asian lineage D (Figure 2).

Lineage D includes the three new Chinese sequences from this study, plus the previously

sequenced Russian Pacific Coast specimen.

~——’

L}neage C

-
-

@Far East Asian fossil spotted hyenas(n=4) ®Northern African extant spotted hyenas(n=9)
West Eurasian fossil spotted hyenas(n=10) @Southern African extant spotted hyenas(n=6)

@ West European fossil spotted hyenas(n=3)

Figure 2 Median joining network of late Pleistocene and living spotted hyenas. Analyses based on 366 bp
mitochondrial cyt b sequences of spotted hyenas, using only ancient and modern specimens with precise geographic
localities from Table S1.

The phylogenetic position of the Chinese cave hyenas (C. crocuta ultima) in the
Hyaenidae was analysed using the 713 bp dataset, and homologous sequences of the four extant
species in Hyaenidae. Bayesian analyses showed that the Chinese specimens clustered with the
living spotted hyenas and formed a sister group to the branch containing striped hyena and
brown hyena (bootstrap value of 98%), with aardwolf in the basal position in the phylogenetic
family tree (Figure 3a), as previously suggested by both morphological analyses (7) and
molecular studies based on nuclear gene data with bootstrap value of 96% in MP and 84% in ML

phylograms (15).
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Bayesian analyses were used to investigate the phylogenetic relationships and divergence
dates of the various cave and spotted hyena populations. The dataset was limited to a 366bp
region to facilitate comparison with previously published sequences from radiocarbon-dated
ancient cave hyena bones, and aligned with both modern spotted hyena sequences and a striped
hyena sequence as an outgroup.

The sequences from Far East Asia (China and Russia) formed a long basal branch within
C. crocuta, supported by a bootstrap value of 100%, followed by lineage A (Europe and Africa),
separating from the ancestor of lineages B and C (Figures 3b and S2). The estimated dates for
the divergence events varied according to the calibration points used. A set of older dates similar
to previous estimates (16) was obtained when the basal divergence between the Crocuta lineage
and Hyaena/Parahyaena (striped/brown hyenas) was set at 9-9.5 My, and used in combination
with the radiocarbon-dated cave hyena sequences which act as tip dates on the phylogenetic tree
(Figure S2). The divergence of lineage D was estimated at 3.22 My (confidence interval [CI]: 1.2
—5.1 My), while lineage A separated from the ancestor of lineage B and C at 1.52 My (CI: 0.58
— 2.5 My). The final divergence event saw lineage B separate from lineage C at 1.15 My (CI:
0.35-2 My). However, a set of much younger dates was retrieved when the radiocarbon-dated
ancient DNA sequences were used as the sole calibration method. This suggests that lineage D
diverged from the ancestral spotted hyena population about 430 ky (CI: 134 - 860 ky), followed
by lineage A around 224 ky (CI: 84 - 435 ky). Lastly, lineage B and C diverged around 163 ky
(CI: 65-315 ky). To test whether the ancient DNA tip dates contained sufficient information to
accurately calibrate molecular rate calculations, the dates were randomized with respect to the
sequences and re-analyzed. The 95% High Posterior Density (HPD) of the mean rate calculated
from the randomized analyses showed no overlap with the rate estimated without randomization,
indicating that the radiocarbon dates associated with the ancient samples contain enough

temporal information to calibrate the phylogeny (Figure S3).
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DiSCcUSSION

Authenticity of Pleistocene sequences

Ancient specimens contain only trace amounts of highly-fragmented DNA molecules and
it is important to demonstrate that the ancient DNA sequences have not been affected by
contamination or DNA damage (27-29). In this case, nine overlapping PCRs were used to build
the 713bp contigs for each specimen and the sequences were obtained from multiple extractions,
amplifications and cloning with clean control reactions. Most importantly, the same sequences
were obtained when the experiments were independently replicated at the State Key Laboratory
for Biogeology and Environmental Geology at the Chinese University of Geosciences, Wuhan

and the Australian Centre for Ancient DNA (ACAD) at the University of Adelaide, Australia.

Previous molecular studies (16) have suggested that neither species nor subspecies status
was appropriate for the Late Pleistocene Eurasian cave hyenas (C. crocuta spelaea), lineages A
and B in Figure 3Db, as these are nested within the variation of living spotted hyena populations.
In contrast, the Far East Asian cave hyena specimens (currently C. crocuta ultima) form the
basal lineage (D) with a notably long branch. However, this is currently insufficient to draw
taxonomic conclusions, especially in the absence of morphological characteristics differentiating
the Far East Asian specimens from the western European specimens, while both of them are

distinct from the extant C. crocuta.

The older estimates for the divergence events within the spotted hyena phylogeny (1.15-
3.22 My) obtained using the 9-9.5 My basal calibration, along with the radiocarbon tip
calibrations (Figure S2), were similar to a previous study which just used a 10 My point
calibration for the divergence of Crocuta and Hyaena/Parahyaena (16). The latter study
estimated divergences of lineages D, A, and B/C at 3.48, 1.46, and 1.26 My respectively, and
explained the Pleistocene phylogeography of spotted hyena by suggesting that these dates
represented three migrations out of Africa to Eurasia. However, there are several reasons to
question this scenario. Firstly, the estimated dates are not consistent with the paleontological data
since Crocuta fossils from the Late Pliocene or early Pleistocene do not appear to be C. crocuta
(8, 18). For example, the 3.4 My-old C. eturono in west Turkana, 2.3 My-old C. honanensis in
China, and 1.6-1.2 My-old C. u/tra in Israel and Levant, are all morphologically distinguishable
from living C. crocuta (8-9, 30). These fossils are more likely to record the geographical
appearance of the genus Crocuta, rather than the species C. crocuta, in these areas. Secondly, the
phylogeographic distribution does not easily fit an Out-of-Africa dispersal model. For example,
several steps are required for a genetic connection between the western European lineage B and

the southern African lineage C without a contribution from the geographically intermediate
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northern African population, while the absence of lineages B and D in Africa requires multiple

extinction events to have occurred within the source population.

When the phylogenetic analyses were repeated using just the radiocarbon dates
associated with the ancient sequences as calibration points, the topology remained the same, but
the estimated divergence dates were almost an order of magnitude younger. Lineages D, A, and
B/C were estimated to diverge around 430 ky, 224 ky, and 163 ky (Figure 3b). These younger
dates are a far better fit for the paleontological record of C. crocuta in both Asia and Europe,
with the earliest C. crocuta ultima in China detected around 400-230 ky (17, 19, 21), while the
cave hyena appeared in western Eurasia sometime after 300 ky. To investigate whether the
structure and distribution of the dated sequences within the topology was likely to contain
sufficient evolutionary information to generate a meaningful rate estimate the analysis was
repeated with the tip dates randomized amongst the ancient sequences. The inferred mean rate
was significantly different from the rate calculated when the correct dates were associated with
the sequences (Figure S3), indicating there was useful evolutionary information within the

temporally distributed sequences.

The much older results generated by the basal 9-9.5 My calibration point are likely to
relate to the temporal dependency of molecular rate estimation (31-33). In phylogenetic analyses
using hyena outgroups, the molecular rates are measured over a long timescale i.e., 9.5 or 10 My
calibration, between distantly related species (spotted hyena and striped/brown hyenas). Under
these conditions, the rate estimates approach the substitution rate. In contrast, rate estimates
calibrated with just the radiocarbon tip dates cover a much shorter period of evolution and record
both intra-population variation (mutation events) as well as substitution events, and are generally
considerably faster (32). It is expected that the tip date calibrated rates are more likely to be
appropriate for dating recent evolutionary events such as those within the Late Pleistocene, and
along with the much better match to the fossil record, suggest these rates should be used to re-

assess the recent evolutionary history of spotted hyenas.
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Figure. 3. Phylogenetic analyses. (a) Maximum likelihood tree of the Hyaenidae based on the 713bp cyt b dataset,

indicating the position of the Chinese cave hyenas. (b) Maximum clade credibility tree estimated using Bayesian

analysis of fossil and living spotted hyenas, based on a 366bp dataset and calibrated with the radiocarbon dates of all
ancient samples as tip dates. The colors correspond to the different geographic areas shown in Figure 1. Molecular
rate calculations show that the sequences from Far East Asia form the basal branch within C. crocuta, and diverged
about 430 ky, followed by the split between lineage A and the ancestor of lineage B and C around 224 ky. Lineage

B and C diverged around 163 ky, while the western Eurasian lineage (A1) and the southern African lineage (A2)

separated about 89 ky.
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Recent central Eurasian evolutionary history of spotted hyenas
The topology of the phylogenetic trees, and the fossil and molecular dates suggest an

alternative scenario for the recent evolutionary history of spotted hyena, based around the
fragmentation of an ancestral population located in the large Eurasian steppe ecosystem. The
steppe ecosystem stretched from central to western Eurasia in the mid-Early Pleistocene and
provided a habitat for both ungulates and other carnivores, such as cave lions, which are known
to have existed across this region (33-35). An ancestral Eurasian hyena population is proposed to
have contained ancestral 4A*, B*, C* and D* lineages, amongst others, before being fragmented
by changing environmental conditions in the Late Pleistocene (Figure 4). The far eastern portion
of the population is suggested to have become isolated sometime after 430 ky, separating the
ancestor of lineage D. Some time after 90 ky, when lineages A1 and A2 are estimated to have
diverged, the western Eurasian population (lineages Al and B) also became isolated. The
remnant ancestral Eurasian population then retreated (back) into Africa where lineage A and C
eventually became sorted into northern and southern populations (Figure 4). The low diversity
within each haplogroup in C. crocuta indicates that the spotted hyena populations have been
subjected to population bottlenecks in the past, which likely resulted in the loss of lineages from
different areas. This could explain the phylogeographic structure, such as the fixation of lineage

D in eastern populations and its absence elsewhere, or the lack of lineage C in Europe.

Modern African hyena populations (both lineages A2 and C) are morphologically distinct
from fossil populations (7). This distinctiveness appears very late in the fossil record and is
observed first in the Middle East in Israel (30; marked with # on Figure 4d). The exact timing of
the appearance of the extant morph is, however, unclear, since the record of Late Pleistocene
Crocuta is poor outside Europe and China, but must have been later than 1 My, since an archaic
morph of Crocuta is known from Olorgesailie, Kenya, in sediments dated 0.99 My (36). Such a
late morphological shift would be compatible with the remnant Eurasian population entering, or
being confined to, Africa. Consequently, the new model provides a good fit for both the timing
and morphological shifts observed within the paleontological record. In contrast, such a

morphological transition is not easily reconciled with the previous Out of Africa model.
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Figure 4. Revised model of the recent evolutionary history of spotted hyenas. (a) A large ancestral population is
proposed to have existed across the steppe habitat of central Eurasia in the mid-Early Pleistocene, containing
ancestral lineages of A, B, C, and D (indicated with italics and asterisks); (b) The ancestral population began to
fragment in the late middle Pleistocene, potentially in response to environmental changes. At some point after 430
ky, the ancestral lineage D * was isolated in Far East Asia; (¢) Lineage Al and B were isolated in western Eurasia at
some point after the 90 ky estimated separation of the A1 and A2 lineages, and the remnant Eurasian population
retreated into the middle East/Africa; (d) The African population was subsequently sorted into northern (A2) and
southern (C) lineages while lineages A, B, and D became extinct in Eurasia during the Late Pleistocene.

Grey areas in (a) and (b) show the likely distribution of the ancestral population for different lineages. Colored areas
in (c) and (d) show the real distribution of spotted hyenas, which is identified by either the fossil records or the
extant populations. Dates in (a), (b), and (d) are based on fossil dating that the oldest fossil Crocuta crocuta in China
was dated as 400 ky or 230 ky; and the ultima morph became extinct in China about 8 ky. Dates in (c¢) come from
molecular dating and the radiocarbon date: 50 ky is the oldest radiocarbon date of the ancient sample in our dataset;
in the phylogenetic tree, the latest separation event took place around 53-145 ky in lineage A, between the western
Eurasian lineage (A1) and the northern African lineage (A2), which means that as far as 145 ky, the four lineages
did exist in the shadow areas. The # sign represents the geographical location of the oldest Crocuta remains
morphologically distinct from fossil lineages.
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Figure S1. Schematic view of the 713 bp configs of the cyt b gene for the Pleistocene samples using nine
overlapping PCR fragments. (a) Beginning and ending nucleotide positions of the 713 bp contigs in the 1140 bp
complete cyt b gene; (b) Primer binding areas of nine primer pairs; (c) Nine overlapping fragments, numbers
below fragments show length of the amplification products without primers, numbers above fragments show
overlaps between individual fragments.
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Figure S2. Phylogenetic tree for fossil and extant spotted hyenas from the 366bp dataset, using the striped hyena
as an outgroup and calibration of 9-9.5 My for the divergence between Crocuta lineage and Hyaena/Parahyaena
lineage, in addition to the tip calibrations from the dates of ancient samples.
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Figure S3. Date Randomization Test. Red circle and dotted line represent the mean rate calculated during the
phylogenetic analysis of the 366bp alignment of spotted hyenas using the radiocarbon dates associated with the
ancient sequences as calibration. The grey lines represent the 95% HPD of rates calculated for ten replicates of
the same analysis with randomized dates. The fact that none of these margins overlap with the original mean rate
demonstrates that the radiocarbon dates used for this study is informative enough to calibrate the timed

phylogeny.

Table S1. PCR primers for Crocuta crocuta ultima mitochondrial cytochrome b gene

Primer Primers (3’ position in 1140 bp C. crocuta mt  Amplicon Size (in/ Multiplex Third amplification performed
. . Reference
Name cytb gene, AY928676) excluding primers) set  DARD-1 DARD-2 DARD-3

CrF1  GAAAATCTCACCCACTCATTAAAA (14)

147/ 98 bp 14 1 4
CrR1l  GTATGGCTAGGAATAGACCTGTCAG (160)
CrF2  GAAATTTCGGGTCACTATTAGGAA (92)
136/ 93 bp 14 2 v
CrR2  CCGTAGTTTACGTCTCGGC (227)
CrF3* CAACAACCGCCTTCTCATCAG (176)
146/ 100 bp 14 1 v/ v/
CrR3* GTAAGATCCGTAGTATATTCCTCGG (321)
CrF4  GAGCTTCCATATTCTTCATCTGTCTA (257)
171/121 bp 14 2 v

CrR4  CACCTCAGAATGATATTTGGCCTC (427)
CblL* AGACGTGAAACATCGGAATC (332)

125/85b This stud: 1

Cb1H* GGCTGATAGGAGGTTGGTAA (456) 5 Dy 4 v 4
Cbh2L.  TACCATGAGGCCAAATATC (398) .

153/ 116 bp This study 2 v
Cb2H TAAAGTGGAGGGCGAAGA (550)
Ch3L* GAGGAGGATTCTCAGTGGA (494

(“494) 128/ 90 bp This study 1 v v

Cb3H* GTTGTTGGAGCCTGTTTCG (621)
Cbh4l.  CTAGCCCTGGCAACCGTCC (568) )

127/ 89 bp This study 2 v v
Cb4H GGCCTAGAATGTCTTTGGT (694)
Cb5L  AACCCCTCAGGAATAACAT (619) :

150/ 113 bp This study 1 v

CbSH GTAGTTGTCGGGGTCTCC (768)

*: primer pairs have been replicated in ACAD
V: a third amplification have been performed to avoid sequence errors due to template damage
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Table S2. Datasets used in this study

No. in this study Species C14 age (ka) Acccilsli](s)?lnlll(o. Length Location Reference
DARD-1 Crocuta crocuta ultima 34.47+0.37 XXX 713 bp China This study
DARD-2 Crocuta crocuta ultima 34.47+0.37 XXX 713 bp China This study
DARD-3 Crocuta crocuta ultima 34.47+0.37 XXX 713 bp China This study

C.crocuta_Belgium Crocuta crocuta spelaea N/A DQ157554 366 bp Belgium 1
C.crocuta_Russia Crocuta crocuta spelaea 48.65+2.38/-1.84  DQ157555 366 bp Russia 1
C.crocuta_Austrial Crocuta crocuta spelaea 38.06+0.85 AJB09318 366 bp Teufelsucke Austria 2
C.crocuta_Austria2  Crocuta crocuta spelaea 38.68+0.92 AJ809320  366bp  Winden, Austria 2
C.crocuta_Czech Rep  Crocuta crocuta spelaea 46.0+2.1 AJ809321 366 bp Czech Rep. 2
C.crocuta North Sea  Crocuta crocuta spelaea N/A AJ809323 366 bp The Netherlands 2
C.crocuta_Romania  Crocuta crocuta spelaea  41.8+1.4/-1.2 AJB09324 366 bp Romania 2
C.crocuta_France Crocuta crocuta spelaea 40.7+0.9 AJ809325 366 bp France 2
C.crocuta_Ukraine Crocuta crocuta spelaea 41.3+1.2 AJB09326 366 bp Ukraine 2
C.crocuta_Altai Crocuta crocuta spelaea  42.3+0.94/-0.84 AJ809327 366 bp Russia 2
C.crocuta_Slovalia Crocuta crocuta spelaea  51.2+4.9/-3.0 AJ809328 366 bp Slovakia 2
C.crocuta Germanyl  Crocuta crocuta spelaea N/A AJ809329 366 bp Germany 2
C.crocuta_ Germany2  Crocuta crocuta spelaea N/A AJ809330 366 bp Germany 2
C.crocuta Hungary  Crocuta crocuta spelaea 41.8+1.3 AJ809331 366 bp Hungary 2
C.crocuta_Senegal Crocuta crocuta modern DQ157556 366 bp Senegal 1
C.crocuta_Ethiopial Crocuta crocuta modern DQI157557 366 bp Ethiopial 1
C.crocuta_Cameroon Crocuta crocuta modern DQI157558 366 bp Cameroon 1
C.crocuta_Togo Crocuta crocuta modern DQI157559 366 bp Togo 1
C.crocuta_Tanzania Crocuta crocuta modern DQ157560 366 bp Tanzania 1
C.crocuta Rwanda Crocuta crocuta modern DQ157562 366 bp NE-Rwanda 1
C.crocuta_Eritrea Crocuta crocuta modern DQ157564 366 bp Eritrea 1
C.crocuta_Sudan Crocuta crocuta modern DQ157565 366 bp Sudan 1
C.crocuta_Zimbabwe Crocuta crocuta modern DQI157566 366 bp Zimbabwe 1
C.crocuta_Namibia Crocuta crocuta modern DQI157568 366 bp Namibia 1
C.crocuta_South Africa Crocuta crocuta modern DQI157569 366 bp South Africa 1
C.crocuta_Angola Crocuta crocuta modern DQ157570 366 bp Angola 1
C.crocuta_Somalia Crocuta crocuta modern DQI157571 366 bp Somalia 1
C.crocuta_Kenya Crocuta crocuta modern DQI157572 366 bp Kenya 1
C.crocuta_Uganda Crocuta crocuta modern DQ157574 366 bp Uganda 1
C.crocuta_zool Crocuta crocuta modern AY 048786 1137 bp N/A 3
C.crocuta_z002 Crocuta crocuta modern AF511064 1140 bp N/A 4
C.crocuta_z003 Crocuta crocuta modern AY170114 1140 bp N/A 5
C.crocuta_zoo4 Crocuta crocuta modern AY928676 1140 bp N/A 6
H.hyaena Hyaena hyaena modern AY928678 1140 bp N/A 6
H.hyaena Hyaena hyaena modern AY048787  1137bp N/A 3
P.brunnea Parahyaena brunnea modern AY 048790  1137bp N/A 3
P.brunnea Parahyaena brunnea modern AY928677  1140bp N/A 6
P.cristatus Proteles cristatus modern AY048791  1137bp N/A 3
P.cristatus Proteles cristatus modern AY048792  1137bp N/A 3
P.cristatus Proteles cristatus modern AY928675  1140bp N/A 6

Table S3. Variations in the newly obtained ancient sequences compared to living spotted hyenas

P I I T T T T R N T I

$$ 3338283 3IRRIIIEREE AR EEEE S8R EEgEEeE
AY048786 A A A A T G C G C A c T CTATOCCTOGTO CGTTT CGTTT CCTATTU G CGTT CACGTT CT
AY928676 . G G . . T A T . A L . . . .. T C . C . A . . LA . . T C . . LA . C o . . . . T A
AY170114 . . G G T A T A . T C c . A . . AL . . T C . . LA C . . . . T A
AF511064 G G . . . T A T A . T C c . A . . A . C . T C . C . AG C . . . . T A
DARD-1 G . . . CA . A . GTT . TZC cTTCACT . CCTAC. T . CG . C . . A CTGTATC . A
DARD-2 G . . . C A A G T T . T CTOCTTTZ CATCT cC CTACCT c G . C A CTGTAC A
DARD-3 G . . . C A . A G T T T CTOCTTTZ CATCT cC C T A C T Cc G C A . T T T A C A
There are only four long sequences (GenBank Accession Nos: AY048786, AY928786, AY170114, and

AF511064) available in GenBank. The large majority of the variable positions in the Pleistocene fossil spotted
hyenas were transitions, with only two transversions (A—T at nucleotide position 258 and T—A at nucleotide
position 712). Moreover, 19.4%, 10.2%, and 69.4% of the polymorphic sites were found at 1%, 2“d, and 3™ codon
positions, respectively.
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ABSTRACT

Microarrays designed to simultaneously genotype large numbers of SNPs (Single
Nucleotide polymorphisms) are increasingly available for commercial species. In addition to
standard genetic screening, the rapid and cost-efficient access to large numbers of variable
genetic markers distributed across nuclear genomes is of potential utility for evolutionary
studies. However, microarray SNP genotyping data differs in the coding of alleles and the
selection of variable markers within a species from traditional sequence data used in
molecular phylogenetics, raising questions about the applicability of classical phylogenetic
methods.

In addition, commercially available nuclear SNP microarrays also hold considerable
potential to provide genome-wide data from ancient samples, and allow access to multiple
individuals. However, the ability to generate reliable nuclear SNP genotypes from ancient
samples is yet to be explored in detail.

Here, we attempt to generate nuclear SNP genotypes from 5 ancient specimens of
Steppe bison (Bison priscus, extinct) using the [llumina BovineSNP50 assay, and to
characterize potential biases due to degraded DNA. In addition, we used existing nuclear SNP
genotypes from American bison, cattle and related bovid species to study the capacity of new
phylogenetic methods to correctly infer past evolutionary history from microarray ascertained
genotypes. On contrast to current conservation policies, we find a significant genetic
divergence between Plains and Wood populations of American bison (Bison bison bison and
Bison bison athabascae respectively), and propose a new evolutionary scenario for their

origin.
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INTRODUCTION

Importance of nuclear SNPs libraries

Genomic profiling via single nucleotide polymorphism microarrays (SNP chips)
provides rapid and inexpensive access to genome-wide molecular data from large numbers of
individuals. In addition to standard applications for medical or genomic screening, or
commercial breed development within a single species, SNP chip genotype assays have
recently been shown to have more widespread utility for evolutionary biology. SNP chips
designed for one specific breed or species have been used to successfully screen the genomes
of other taxa (Vonholdt et al. 2010 with dogs; Elferink et al. 2012 with chickens; McCue et al.
2012 with horses). At one extreme, a recent study of Bovidae demonstrated that SNP chips
have the potential to construct large-scale phylogenies including different families (Decker et
al. 2009).

Furthermore, SNP chip approaches have great potential in ancient DNA research
where standard genomic sequencing approaches are complicated by the large amounts of
exogenous DNA, mostly microbial, found in most ancient samples (Noonan et al. 2005). By
targeting specific informative genomic loci and avoiding microbial DNA, SNP chips could
provide access to endogenous genome-wide data within ancient populations at a reasonable
cost and timeframe. This potential was recently demonstrated in the Bovidae study when a
nuclear genotype library was generated for a 20,000 year old specimen of an extinct bison
species (Decker et al. 2009).

However, to date, relatively few ancient DNA studies have applied SNP chips, and the
growing field of paleogenomics has been based largely on the application of next generation
sequencing approaches to whole mitochondrial and partial nuclear ancient genomes (Miller et
al. 2008; Briggs et al. 2009; Green et al. 2010; Krause et al. 2010; Rasmussen et al. 2010).
Similarly, there has been little development of methods to apply classical phylogenetic
methods to SNP chip data from ancient or modern samples. Several logistical constraints in
the SNP genotyping method have limited the adoption of SNP chip methods for phylogenetic
analysis, with a key issue being that most currently available SNP chips use only two colour
states to differentiate biallelic sites for reasons of cost effectiveness. In this system a single
colour is used to represent two different nucleotides (e.g. A =aor t; B=c or g). This results
in three possible character states for biallelic data: colour 1 for homozygote ‘AA’, colour 2 for
homozygote ‘BB’ and a mix (third state) for heterozygote signal ‘AB’. The resulting three-
state data would benefit from the use of an explicit substitution model, as implemented in
maximum likelihood (ML) or related Bayesian algorithms. However, the large amount of data
generated by SNP genome surveys (typically >50,000 SNPs) means that the limits of

computational capabilities are rapidly reached for these methods. For this reason,
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phylogenetic methods without complex substitution models such as simple parsimony or
distance are more likely to provide results in reasonable time frames.

In addition to the methodological challenges imposed by the SNP coding system for
phylogenetic studies of living or ancient taxa, the capability of commercially available SNP
genotyping platforms to accurately recover sequence information from ancient genome
amplifications is yet to be fully explored. In the present study, the initial results of Decker et
al. (2009) were extended using additional samples of ancient Steppe bison (Bison priscus),
and the results were used to assess the capacity of existing bovid genomic SNP chips to

accurately genotype ancient individuals.

Background on bison evolution

Morphological taxonomy

Paleontological and morphological records have revealed a vast diversity of extinct
bison species and sub-species, many proposed on relatively insecure morphological grounds.
The paleontological record indicates the genus Bison has its origins in southern Asia
(McDonald 1980). In the Late Pleistocene, the Steppe bison (Bison priscus) spanned the
Holarctic from the UK to northern Mexico, while separate species were found in the New and
Old Worlds. In North America, the long-horned bison (Bison latifrons) was succeeded by the
ancient bison (Bison antiquus) while in Europe the Caucasus bison (Bison bonasus
caucasicus) and the Carpathian bison (Bison bonasus hungarorum) are recognised (Guthrie
1970; Prusak, Grzybowski, Zieba 2004). Currently, only two species of bison are recognised:
the European bison (Bison bonasus) and the American bison (Bison bison), which includes
the Plains bison (B. b. bison) and Woods bison (B. b. athabascae) of Canada. The modern
species are thought to be direct descendants of Late Pleistocene B. antiquus in America and B.
bonasus in Europe, respectively.

American and European bison are morphologically similar (van Zyll de Jong 1986;
Guthrie 1990) and are capable of hybridising. These characteristics have led to their current

classification as closely related sister species (Skinner, Kaisen 1947; McDonald 1980).

Genetic markers

Mitochondrial DNA sequences from extant and extinct bison lineages have shown that
the American bison is descended from eastern populations of the Steppe bison that had
crossed the Bering land bridge to North America during the Late Pleistocene ca. >200 ky
(Shapiro et al. 2004). Modern populations of both American and European bison show low
mitochondrial genetic diversity, and this is thought to relate to known pronounced population

bottlenecks in their recent history. The American bison was restricted to less than a hundred
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individuals by the late 19th century (Roe 1970), while all living European bison descend from
17 animals originating from two small late-19th/early-20th century populations (Slatis 1960).
Extant populations of European bison now exceed more than 2000 individuals, of which all
pure-breed European bison represent the recombination of only 12 diploid sets of genes
(Slatis 1960). Interbreeding with modern domestic cattle since the population bottlenecks has
complicated the conservation of both American and European bison.

Nuclear and mitochondrial genetic analyses have reconstructed markedly different
evolutionary relationships between European and American bison (Verkaar et al. 2004).
Autosomal nuclear DNA studies confirmed the close morphological relationship between
European and American bison (Buntjer et al. 2002; Vasil'ev et al. 2002; Verkaar et al. 2004),
with both bison species forming a monophyletic clade closely related to Yak. On the other
hand, mitochondrial phylogenies suggest the closest relative of the American bison is the Yak
(Bos grunniens), while the European bison falls with cattle (Bos taurus)/Zebu (Bos indicus)
(Janecek et al. 1996; Verkaar et al. 2004). Two hypotheses have been proposed to explain the
difference between the phylogenies: incomplete lineage sorting, in which two distinct
mitochondrial lineages survived in the bison/yak populations until the recent species-level
split with European bison, or genetic introgression, where ancestral European bison mated
with cattle/zebu individuals, perhaps during or shortly after a population bottleneck or with a
male sex-bias so that ox/zebu-like mitochondrial DNA was able to become fixed within the
population (Janecek et al. 1996; Verkaar et al. 2004). Neither explanation seems

parsimonious, and the issue remains unresolved.

Plains and Wood American bison sub-species

The distinction between the living American Plains and Wood bison is also confused.
The taxonomic distinction is based on phenotypic characters such as body size and coat
characteristics (McDonald 1980; van Zyll de Jong et al. 1995), but this has been challenged
and mitochondrial genetic data shows no separation between the two groups (Shapiro et al.
2004; Douglas et al. 2011; see also Halbert 2005 for a review). However, analysis of bison
genomic data produced using the Illumina BovineSNP50 chip array, which analyses 54,693
variable cattle SNPs, generated a F statistic suggesting that there is indeed significant genetic
differentiation between Plains and Wood bison (Pertoldi et al. 2010). This issue has
significant conservation and agricultural implications in North America, and has become an

important political consideration.
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The BovineSNP50 chip

The BovineSNP50 chip was designed to genotype genomic SNPs known to be
variable in different cattle breeds in a rapid, cost-efficient way (Matukumalli et al. 2009). A
recent study (Decker et al. 2009) showed that the BovineSNP50 chip could be used to
genotype animals across all five families of higher ruminants (Antilocapridae, Giraffidae,
Moschidae, Cervidae, and Bovidae), and that a maximum parsimony analysis could produce a
highly-resolved phylogeny that was consistent with accepted taxonomic groupings. Both
Plains and Wood American bison were included in the study, but did not appear reciprocally
monophyletic in the analysis and were consequently represented as one clade (American
bison). In addition, one ancient specimen (a Steppe bison, Bison priscus) was genotyped, and
appeared basal to the American bison in the phylogeny. However, maximum parsimony does
not incorporate explicit models of sequence evolution, and is unlikely to adequately account
for complexities in the SNP data (e.g. unequal base frequencies and substitution rate
heterogeneity across sites). A key issue is that heterozygote alleles (AB) are not easily

interpreted within parsimony analyses, and were thus removed from the analysis.

Ascertainment bias

The BovineSNP50 targets SNPs known to be variable between cattle breeds (Bos
taurus), but relatively few of these are variable in other species and, as a result, far fewer
differences are observed between individuals. In fact, the proportion of polymorphic sites and
the level of heterozygosity decrease with increasing genetic distance between cattle and the
species of interest, so that genetic distances demonstrate an ascertainment bias. For example,
Zebu (Bos indicus) has a lower proportion of polymorphic sites than any Bos taurus breed and
would consequently have a shorter branch on an inferred phylogeny, irrespective of the true

evolutionary distances and branch lengths.

The ascertainment bias of the chip has two main consequences for phylogenetic

studies:

1. The non-proportionality of estimated genetic distances between taxa.

The ascertainment bias might not necessarily impact the topology (branching order) of
inferred phylogenetic trees, but would definitely bias the estimated branch lengths with
increasing genetic distance from cattle. However, within a single clade where all taxa are
equidistant to cattle, it is likely that the relative genetic distances between taxa would be
proportional to evolutionary time. For example, the Gaur (Bos gaurus), Banteng (Bos

Jjavanicus), American bison (Bison bison), European bison (Bison bonasus) and Yak (Bos
53



grunniens) form a monophyletic group within Bovidae that is sister to cattle and Zebu. In that
regard, SNP data from the former five species should share a similar level of ascertainment
bias, such that genetic distances could be compared between them. As comparable genetic
distances are a requirement for molecular dating, the ascertainment bias means that dated
phylogenies can only be calculated for monophyletic clades that are outgroups to cattle

breeds.

2. The number of polymorphic sites is lower for taxa that are evolutionary distant from cattle,
limiting phylogenetic signals between closely related individuals. This problem is further
compounded if heterozygote alleles are ignored by the phylogenetic method. In the case of
American bison, the reduced amount of potentially informative characters complicates
population level studies and comparisons of the Plains and Wood bison populations (Decker

et al. 2009).

In the present study, we used maximum likelihood analyses to re-analyse the bovid
SNP chip data from Decker et al. (2009) and utilise phylogenetic signal from heterozygote
alleles in the SNP libraries. We re-calculate phylogenies for both the cattle and bison groups,
and examine the taxonomic status of Plains and Wood bison as different species or sub-
species.

In addition we genotyped five ancient Steppe bison specimens with the BovineSNP50
chip to explore the potential of commercially developed SNP arrays to recover evolutionary

information from ancient DNA.

METHOD
Data

We used the data set of 40,843 SNPs selected by (Decker et al. 2009) based on their
autosomal location, high call rate and polymorphic state between cattle breeds. This was a

subset of the 54,693 SNPs carried on the microarray.

Modern samples

In addition to the genotype libraries used by (Decker et al. 2009) for Cattle, Zebu,
American bison, Yak, Gaur and Banteng, an additional seven libraries of European bison
(Bison bonasus), from the Wisentgehege Springe in Germany, were included (Personal

communication).
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Ancient samples

In addition to the single Siberian Steppe bison (BS662, three replicates), four
additional Steppe bison were genotyped (see supplementary table 1): a 20 ky Canadian
sample from Yukon (A3133, nine replicates), two 30 ky Chinese samples from Jilin (A5880
and 5881, one replicate each) and a 50 ky Russian sample from the Urals (A002, two

replicates).

Ancient DNA extraction and amplification

Ancient DNA was extracted from fossil bison bone specimens using the standard
phenol/chloroform/Amicon Ultra-4 method (17) and silica powder matrix extraction protocol
(Austin et al., in preparation). DNA extractions, omniplex library preparations, and PCRs
were set-up and performed in a geographically isolated, dedicated ancient DNA facility at the
University of Adelaide, Australia. Sixteen libraries were selected from a panel of 60 whole
genome amplified libraries from ancient DNA were created using different whole genome
amplification methods (see Suppl. Table 1). Whole genome amplified ancient DNA products
were finally purified using the GenElute PCR Clean-Up kit (Sigma-Aldrich) or ethanol.
Ancient DNA libraries were verified by PCR amplification and sequencing of the
hypervariable mtDNA control region before analysis with the BovineSNP50 BeadChip

(Illumina).

WGA2 (GenomePlex® Whole Genome Amplification Kit): To generate a library of
genomic fragments from limited ancient DNA extracts, DNA was amplified using the PCR-
based GenomePlex® Whole Genome Amplification kit (WGA2; Sigma-Aldrich) according to
the following protocol: 10 pL DNA were thoroughly mixed with 2 pL library preparation
buffer and 1 pL library stabilization solution, and denatured at 95 °C for 2 min. After
denaturation, 1 pL library preparation enzyme was added to generate omniplex libraries,
followed by a series of incubations at 16 °C for 20 min, 24 °C for 20 min, 37 °C for 20 min,
and 75 °C for 5 min in a thermal cycler (Corbett Life Science). The omniplex libraries were
amplified using a limited number of genomic amplification cycles. PCR amplification was
conducted in a 75 pL reaction volume containing 14 pL. omniplex library, 7.5 pL
amplification master mix, 48.5 uL nuclease-free water, and 5 uL. WGA DNA polymerase.
The PCR amplification conditions were initial denaturation at 95 °C for 3 min, followed by

15 cycles of 94 °C for 15 s and 65 °C for 5 min.

WGA4 (GenomePlex® Single Cell Whole Genome Amplification Kit): DNA was

amplified according to the manufacturer’s protocol but with the removal of the single cell
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lysis and fragmentation steps (Sigma-Aldrich). 2 pL of 1x single cell library buffer and 1 pL.
of library stabilization solution was added to 10 pL of ancient DNA. Following mixing the
solution was placed in a thermal cycler for denaturation at 95 °C for 2 min, and cooled on ice.
After denaturation, 1 pL of library preparation enzyme was added, and incubated as follows:
16 °C for 20 min, 24 °C for 20 min, 37 °C for 20 min, 75 °C for 5 min and 4 °C hold. The
following reagents were added to the entire 14 pL reaction: 7.5 uL of 10 x amplification
master mix, 48.5 pL of nuclease-free water, 5.0 L. of WGA DNA polymerase. The PCR
amplification conditions were 95 °C for 3 min, followed by 20 cycles of 94 °C for 30 s, 65 °C
for 5 min, and hold at 4 °C.

Repli-g® FFPE: This system used the kit for whole genome amplification of DNA
from Formalin-Fixed Paraffin-Embedded (FFPE) tissue (QIAGEN). A 1 x FFPE master mix
was prepared by adding 8 pL. FFPE buffer, 1 pL ligation buffer, and 1 uL. FFPE enzyme. 10
pL of master mix was added to 10 uL of DNA, mixed and centrifuged briefly. The sample
was incubated at 24 °C for 30 min, 95 °C for 5 min, and cooled down to 4 °C in a thermal
cycler. After adding 3 pL of Repli-g master mix to the denatured DNA, the solution was
mixed and centrifuged briefly before incubation at 30 °C for 8 hr, 95 °C for 5 min and storage

at4 °C.

Character composition and consensus building

To survey differences in character composition between genotype libraries, three
parameters were considered: the ratio of SNP homozygote calls (AA/BB); the proportion of
missing data (?); and the SNP heterozygosity, after accounting for missing data
(AB/(AA+AB+BB)). The character composition was observed to vary considerably within
the ancient libraries, particularly the proportion of missing data.

Consensus sequences were constructed from the replicates of the ancient libraries in
order to separate artifactual signal, randomly attributed between replicates, from genuine
calls, consistent between replicates. The individual genotypes were aligned, and consensus
sequences were built from six individual replicates of the Steppe bison sample A3133
(Yukon, Canada), selected based on their character composition. Different quality thresholds
have been set to generate a consensus call for each individual site (column in the alignment).
The first consensus sequence threshold assigned a missing data ‘?° call to sites where the
proportion of missing data was equal to or greater than 75% of the replicates (i.e., ‘?’ in more
than four of the six replicates), and was termed ‘Consensus 75°. A second, more conservative,
consensus threshold was constructed using a cutoff of >50% (‘Consensus 50°), where the site

was assigned ‘?” unless a SNP was called in more than three of the six replicates. These
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thresholds were used to perform an initial filter of the data, before consensus calls were made
for the remaining sites. A consensus call was made for sites only where a single SNP allele
(e.g. AA) or ? was observed between all the replicates. In all other cases the site was assigned
as missing data, effectively discarding sites where any form of conflicting signal existed
between replicates of the same sample. This conservative approach was adopted to clean the
ancient data from potential noise generated by sequencing errors. To further investigate this
issue both consensus libraries were analysed with, and without, heterozygote SNP alleles

(AB) in the phylogenetic analyses.

Phylogenetic analysis

The program RaxML v7.2.8 (Stamatakis 2006) was used to perform maximum
likelihood tree searches on multi-state data sets. The three characters from the Bovine5S0SNP
chip (AA, BB and AB) were considered as different states in an explicit analogue of the
General Time Reversible (GTR) substitution model, with separate substitution parameters for
the three possible transformations (AA-BB; AA-AB; BB-AB). For all analyses, 20 maximum
likelihood searches were conducted to find the best tree, and branch support was estimated
with 500 bootstrap replicates using the rapid bootstrapping algorithm (Stamatakis, Hoover,
Rougemont 2008).

Three data sets were assembled for phylogenetic analysis using data from (Decker et al. 2009)
(1) Domestic cattle: Re-analysis of 371 cattle genotypes covering three Indian breeds (Bos

indicus), one African, two Asian and 41 European breeds (Bos taurus).

(2) Bison and relatives: Analysis of the Bos/Bison clade with the additional European bison
sequences, featuring 10 Gaur, four Banteng, two Yak, seven European Bison, 25 Plains bison,
and 30 Wood bison individuals. Character composition analyses revealed several specimens
with apparent low data quality (one Plains and eight Woods bison), which were removed from
the analyses. In addition, individual replicates and consensus sequences of the five ancient

Steppe bison samples were analysed.

(3) Bison: To examine the relationships within and between American and European bison,

24 Plains bison, 22 Wood bison and seven European bison individuals were analysed.

In addition, a dated phylogenetic analysis was performed on a data set comprising 54
Yak and American bison individuals to investigate the potential to create a temporal timescale

for bovid evolution using SNP chip data. The program BEAST v1.6.2 (Drummond, Rambaut
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2007) was used with the *BEAST option to account for both inter and intra-specific diversity.
Based on previous results, Plains and Wood bison were considered as two reciprocally
monophyletic populations for the analysis. A 3-state general substitution model was
implemented to allow for different equilibrium state frequencies and different substitution
rates between the three possible substitution types. A gamma distribution with 6 rate
categories was used to account for rate heterogeneity among sites. The tree was calibrated by
setting the divergence between Yak and Bison at around 2.5 million years (My), using a
lognormal distribution with a mean of 2.5 My and 95% of the prior probability between 2 and
3 My (Wang et al. 2010). An uncorrelated lognormal relaxed-clock was used to account for
rate heterogeneity among lineages (Drummond et al. 2006). Considering the large size of the
data set, eight MCMC chains of the same analysis were run to check for convergence toward
the same likelihood. Each chain was run for 100,000,000 iterations, with posterior samples
drawn every 10,000 steps. The convergence of the analysis was checked in Tracer 1.5 and the

initial 10% was discarded as burn-in (Rambaut, Drummond 2007).

Finally, to check on the placement of two of the Steppe bison samples genotyped for
nuclear SNPs on the mitochondrial phylogenetic tree, a dated phylogenetic analysis was
performed using 191 American and Steppe bison mitochondrial control regions. This data set
is composed of 189 sequences form Shapiro et al. (Shapiro et al. 2004) and control region
sequences from the both the Yukon Steppe bison A3133 and the Siberian Steppe bison
BS662. The substitution model HKY + G6 + I was selected by comparison of Bayesian
Information Criterion scores in ModelGenerator v0.85 (Keane et al. 2006). The phylogenetic
calculation was conducted with the program BEAST 1.6.2 (Drummond, Rambaut 2007) using
a coalescent approach. The GMRF Skyride model (Minin, Bloomquist, Suchard 2008) was
used to account for variations in the population demographic history of bison, and a relaxed
uncorrelated lognormal clock was used to account for potential rate variations between
lineages. Calibrated radiocarbon dates associated with all sequences were used as calibration
points. The Tip Date Sampling option (Shapiro et al. 2011) implemented in BEAST, was used
to account for the age uncertainty of three samples (BS129, BS368 and BS662): a lognormal
distribution prior was set with minimum bound of 0 and 95 % of the prior probability lower
than 2 ky for BS129 and BS368, and a normal distribution prior was used for BS662 with a
mean of 20 ky and a standard deviation of 10 ky. A ‘date randomization test’ has already been
conducted on the same dataset (at the exception the two additional samples BS662 and
A3133) to check that the signal from the radiocarbon dates associated with the ancient

sequences was sufficient to calibrate the tree (Ho et al. 2011b).
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RESULTS AND DISCUSSION
Using a probabilistic reconstruction method (ML) to recover phylogenetic signal from
heterozygote characters

In the original analysis of the BovineS0SNP chip data, it was noted that maximum
parsimony (MP) methods could only reconstruct the biogeographical history of cattle breeds
once heterozygote SNP calls (AB) were removed from the analysis (Decker et al. 2009).
Unlike maximum likelihood or Bayesian based methods, maximum parsimony does not
incorporate explicit substitution models. The costs (and thus the frequencies) of all possible
changes between states AA, BB, and AB are considered identical. In this situation, a
substitution between homozygote characters (AA-BB) has the same cost as a substitution
between homozygote and heterozygote characters (AA-AB and BB-AB), which clearly might
not reflect the evolutionary path length.

The use of probabilistic methods such as ML or Bayesian approaches allows the
implementation of explicit models of evolution that account for different substitution
probabilities between the three character states of the SNP libraries. However, most programs
used to perform ML or Bayesian calculations (like PhyML or MrBAYES) could not complete
phylogenetic inferences on such large data sets (~50,000 characters for up to 600 taxa) in a
reasonable amount of time. The Randomized Accelerated Maximum Likelihood (RaxML)
program has been developed for this situation, and is built around an optimized version of the
rapid hill-climbing algorithm (Stamatakis 2006). Combined with newly developed rapid
bootstrap heuristics, and using parallelized computing, this method has calculated some of the
largest ML phylogenies to date (Stamatakis, Hoover, Rougemont 2008). In the present study,
the program RaxML has been used with a GTR-like substitution model specifically developed
for multi-state data sets. This method calculates an explicit substitution model empirically
from the data, allowing for unequal equilibrium character state frequencies and rates between
different types of substitutions.

When the phylogeny of 48 cattle breeds was re-calculated including the signals from
heterozygote characters via the parameters described above, most of the biogeographical
history described in the original analysis was recovered, with equal or higher support for the
main clades (Figure 1). However, several key differences are apparent:

- Only three breeds appear paraphyletic (Salers, Corriente and Angus), compared to
seven in the original MP tree (Salers, Corriente, Angus, Hanwoo, Texas Longhorn,
Limousin, Maine-Anjou).

- The three Italian breeds fall basal to other European cattle, rather than the New World
Spanish breeds observed in the original MP tree. This arrangement is a much better

match for the movement of domesticated cattle from the Fertile Crescent along the
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Mediterranean Coast and into SW Europe during the Neolithic, and removes a
phylogeographic inconsistency identified in the original analysis.
All British cattle breeds form a monophyletic group, with Irish representatives at the

base of the group.
These findings improve the match between phylogeny and biogeographic history, and

confirm that heterozygote sites can contribute phylogenetic signals when an adequate

substitution model is used.
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Figure 1. Phylogenetic tree of 48 Cattle breeds and their geographical origin. Four Zebu lineages were used as an outgroup,
and heterozygotes were included in the calculation. Grey numbers represent the bootstrap support values and red stars the
paraphyletic groups.
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Character composition and consensus building

Modern bison composition and AB bias

Most modern bison have a near identical homozygote ratio (AA/BB = ~0.63), and low
proportions of missing data (~ 2 to 4%) and heterozygosity (AB = ~ 0.8 to 2%) (Figure 2).
However, eight Wood and one Plains bison SNP chip libraries contain an abnormally high
proportion of missing data for modern samples (5 to 36%). As this suggests potential
problems with the quality of the DNA, the nine libraries were removed from all analyses.
Interestingly, the elevated proportion of missing data in these samples was associated with a
homozygote ratio deviating greatly from the value observed for other modern bison samples
(0.63), and a high proportion of heterozygotes. The association between low quality samples
and high proportions of heterozygotes may be due to the normalization of colour signals
performed during the processing of the SNP chip data. If the signals are noisy due to poor
DNA hybridization between probe and target sequence, the normalization of colour intensity
is more likely to artifactually call a heterozygote (bi-colour) than a homozygote

(monochrome).

Plains/Wood heterozygosity

When compared to Plains bison, Wood bison bison SNP chip libraries show reduced
levels of heterozygosity. Given the recent history of population bottlenecks in both groups,
this might suggest that Wood bison suffered a more dramatic or prolonged period of restricted
population size. Alternatively, some Plains bison are known to have levels of introgressed
cattle DNA which would increase heterozygosity. However, the samples analysed here are

thought to contain no detectable levels of introgressed cattle DNA (Decker et al. 2009).
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Figure 2. Character composition plots. The top graph represents the ratio between the two homozygote characters for each
library of American bison (orange, each replicated library of ancient bison samples (red) and the consensus sequences (red
star). The second graph shows the relationship between the proportion of missing data and the proportion of heterozygotes
for the same genotype libraries.
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Ancient libraries

The SNP chip libraries generated from the ancient bison samples contain high
proportions of missing data (43 to 68%), as expected. As noted in the poor quality modern
libraries, the elevated proportions of missing data are strongly associated with high levels of
heterozygosity (AB). Most ancient libraries showed a strong bias away from the AA/BB ratio
of 0.63 observed in modern bison, and ranged from 0.01 (99% of homozygote calls are BB) to
10.48 (90% of homozygote calls are AA). Only six library replicates from the Yukon Steppe
bison sample A3133 had homozygote ratios close to modern bison, and ranged from
0.51<AA/BB<0.68. As a consequence, these six libraries were used to build the consensus

sequence for the Yukon Steppe bison.

Consensus building

Due to the apparent low quality of several of the ancient bison libraries, only sites
without conflicting calls between replicates were considered robust and used in the consensus
sequence. This conservative approach was used to remove as much noise as possible from the
genotype libraries, and is feasible due to the high number of characters available on the
Bovine50SNP chip. The different calling thresholds used for consensus building resulted in
22,621 positions being labelled as missing data (55.4%) for Consensus75, and 34,965
positions (85.6%) for the more conservative Consensus50. However, that still leaves 18,222

and 5,878 positions, respectively, for phylogenetic analysis.

Impact of consensus building on character composition

Interestingly, both consensus libraries converged towards the AA/BB ratio observed in
modern genotypes (~0.63 for modern bison, Figure 2), with Consensus75 at 0.69 and
Consensus50 at 0.65. Furthermore, the consensus building approach drastically reduced the
amount of heterozygote calls relative to individual ancient library replicates, although the
values for both consensus libraries remained much higher than those observed for modern
samples (Figure 2). To assess the impact of this, the phylogenetic analyses were performed
with and without all heterozygote calls removed only from the two ancient consensus
sequences (i.e., heterozygote calls in modern taxa were retained, due to their informativeness

discussed above).

Bison phylogeny
Position of European bison
The European bison (Bison bonasus) was found to be closely related to American

bison (with 100% bootstrap support, Figure 3a) in the maximum likelihood phylogeny, as
64



previously observed with nuclear sequences (Buntjer et al. 2002; Verkaar et al. 2004). This is
consistent with morphological and phenotypic analyses, but directly contrasts with
mitochondrial studies (Janecek et al. 1996; Verkaar et al. 2004). However, because the
BovineSNP50 chip data is drawn from across the entire nuclear genome it surveys the species
history far more than the mitochondrial DNA, which represents a single non-recombining
locus. The SNP data does not provide evidence about why the evolutionary history of the
mitochondrial DNA deviates from that the likely true species tree, and further ancient DNA

studies of the European bison will be needed to investigate this issue.

Genetic differentiation of Plains and Wood American bison

Surprisingly, within the diversity of American bison, the sampled Plains and Wood
bison individuals clearly divided into two reciprocally monophyletic clades (Figure 3). Within
a phylogenetic tree comprising only bison species (Figure 3b), a deep genetic split was
observed supported by strong bootstrap support (100% for Wood bison and 93% for Plains
bison). The reciprocal monophyly was also strongly supported when the nine low quality
modern bison samples were included in the analysis (Supplementary Figure 1). As noted in
the 2009 analysis, when heterozygote characters were excluded (Supplementary table S1 of
Decker et al. 2009) reciprocal monophyly was not detected (Supplementary Figure 2).
However, this was because just one Plains bison individual fell basal to both groups, although
this position had low support values. This appears to suggest a relatively deep genetic
separation between these two groups, and low levels of introgression at least in the sampled
Woods bison populations. This is perhaps surprising given the extensive co-habitation
between the two groups in some national parks, and suggests that further conservation
management is required. While it is difficult to relate SNP genetic diversity to taxonomic
status, the size of the genetic separation and reciprocal monophyly would at least merit sub-

species status, and is compatible with a species-level split.
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Figure 3. Phylogenetic placement of European and American bison based on 40,843 nuclear SNPs. The Multi-state option of
RaxML was used to account for all three possible SNP characters, including heterozygotes. Black numbers represent branch
support (based on 500 bootstrap replicates). (a). Phylogeny including three outgroup species: the Yak (Bos grunniens), the
Gaur (Bos gaurus) and the Banteng (Bos javanicus). European bison were retrieved as sister taxa to both American bison
clades, and there is strong support for reciprocal monophyly between American Plains and Wood bison. (b). Phylogenetic

tree including only European and American bison, showing a clear genetic divergence between Plains and Wood bison
clades.
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Position of Steppe bison

When the consensus sequences from the six high-quality replicates of the ancient
Yukon Steppe bison sample A3133 were included in the phylogeny, the analysis
systematically placed the ancient specimen within the diversity of modern Wood American
bison (Figure 4). Phylogenetic trees were constructed with the two different consensus
sequences created for the Yukon Steppe bison, both heterozygote characters in the Steppe
bison either included or excluded. With the Consensus75 sequence, the Steppe bison was
placed within the Wood clade with very high bootstrap values (98-99 %, Figure 4a). A similar
topological position was retrieved with the much more conservative Consensus50 sequence,
but with a shorter branch length and lower bootstrap support (62-66 %, Figure 4b). The
shorter branch length suggests that the stringent parameters used to build the Consensus50 are
indeed removing noise, but the lower bootstrap signal indicates that some phylogenetic signal
is lost as well. For both consensus libraries the removal of heterozygote characters drastically
reduced the branch length of the ancient sample, suggesting the atypically high level of
heterozygote calls obtained from ancient extracts is likely to be artefactual, as expected from
the composition plots.

When all nine library replicates of the Yukon Steppe bison were used individually
(without heterozygotes) to calculate the its phylogenetic position, seven fell in a similar
position within the Wood bison clade (Supplementary Figures 3a/b/c). One replicate fell basal
to all American bison, and another within the Plains bison diversity, but both topologies were
associated with low support (<60 %) for both the American and Wood bison clades. Similar
results are obtained when heterozygote characters are included, with longer branch length.
Also, the individual replicates had notably long branch lengths relative to the consensus
libraries, and together with the variable positions for the two outliers, confirms the utility of a

consensus building approach when dealing with SNP chip analyses of ancient samples.
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Figure 4. Phylogenetic placement of the Steppe bison (Bison priscus) A3133 from the Yukon, based on 40,843 nuclear SNPs
and using different consensus sequences, with and without heterozygote positions. Dotted red branches indicate the position
of the Steppe bison sample when heterozygote characters are included, while plain red branches indicate the position when
heterozygotes are removed from the consensus. For both consensus sequences, heterozygote characters from the ancient
samples are shown to produce longer branch length. (a). Using ‘Consensus 75 (with a missing data threshold of 75%
between replicates), there is strong support for the American Wood bison including Steppe bison, but a long branch for the
ancient sample indicates an important amount of noise within the ancient libraries. (b). Using the more conservative
‘Consensus 50’ sequence, the branch lengths show less noise, but there is also a reduction in the phylogenetic signal with
lower branch support for both clades of American bison.
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The three library replicates of the Siberian Steppe bison BS662 show consistent placement at
the root of American bison (both Wood and Plains) when analysed without heterozygotes,
and inconsistent topological position when heterozygotes are included (Supplementary Figure
4). Although the character composition of all three BS662 SNP libraries suggests that the
genotyping is less reliable than for the sample A3133, the inferred position of BS662, basal to
all American bison, is consistent with the result published in 2009 (Decker et al. 2009).

For the three other Steppe bison samples, the topological position cannot be accurately
determined with the SNP libraries (Supplementary Figure 5 and 6), as the Steppe individuals
are grouping with the outgroup clades (Gaur and Banteng) or have low support values for the

clade they fall in.

Dated tree

To generate a timescale for bison evolution, and estimate the timing of the genetic
separation between Plains and Wood American bison, a dated phylogenetic analysis was
performed using Yak, and American and European bison genotype libraries. Although the
position of the Yukon Steppe bison within Wood bison has strong statistical support, the
artificially long branch length created by the elevated heterozygote levels is likely to
confound dating attempts and consequently the ancient sample was removed from the dated
analysis. To circumvent the issue of ascertainment bias inherent in the SNP genotyping,
dating was performed only on taxa within a monophyletic clade were all taxa were equally
phylogenetically distant from cattle.
Four of eight runs converged toward the same mean likelihood, and the results were
consequently combined to build the consensus tree (Figure 5). The combined statistics show
convergence of the MCMC chains for all parameters, with effective sample size (ESS) values
above 200. The other chains appeared to get stuck in a local maximum likelihood, and would
potentially require more than 100,000,000 iterations to reach admixture. The time of the most
recent common ancestor (tMRCA) of all bison (European and American) was calculated to be
594 ky BP (279 — 984), with a date of 308 ky BP (158 — 491) for the split between Wood and

Plains bison.
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Figure 5. The maximum clade credibility tree estimated using Bayesian analysis of 55 bison and Yak nuclear SNP libraries.

Estimated divergence times of the main clades are noted at the node and the blue bars represent confidence intervals (95%
HPD).

The different topological signal obtained from mitochondrial and nuclear data makes
it difficult to compare the estimates here with previous values based on mitochondrial
sequences (Shapiro et al. 2004; Ho et al. 2008a). However, it is important to consider that the
nuclear SNP dates are more likely to be impacted by the temporal dependency of molecular
rates (Ho et al. 2005; Ho et al. 2011a), and are likely to be overestimates. This is because it is
not possible to use the radiocarbon dates associated with the ancient samples to calibrate the
SNP chip phylogeny, due to the potential impact of their artificially long branches. As a
result, the temporal calibration is based only on a deep fossil calibration point estimated at 2.5
My BP, although it is known that the difference between calibration point and date of interest
has a major impact on the accuracy of estimated dates (Ho et al. 2008b). In that regard, the
tMRCA presented here should be considered as upper bounds. Although the present
calculation demonstrates the possibility of using nuclear SNP data for molecular dating,
additional calibration points will be required to further resolve the timescale of bison

evolution.

Evolutionary history of American bison
Based on the paleontological record, Eurasian bison populations are thought to have
reached the American continent through Beringia between 300 and 130 ky BP (McDonald

1980). Ancient and modern mitochondrial DNA sequences revealed that the modern
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American bison originated from the physical separation of Steppe bison populations by ice
sheets forming over North America between 25 and 13 ky BP (Shapiro et al. 2004). The entire
mitochondrial genetic diversity observed in modern American bison (Wood and Plains)
comes from the population restricted to areas south of the ice corridor during the last glacial
maximum (LGM, clades 1a and 1b on Figure 6). This scenario is in accordance with the
placement of the Siberian Steppe bison individual (BS662) basal to all existing American
bison, however, it is in direct contrast to the deep genetic split observed between Plains and
Wood nuclear genomes, and the position of a Steppe bison within the Wood bison diversity.
Indeed, the latter suggests that Wood bison may actually be a surviving form of the Steppe
bison populations north of the ice sheets during the LGM. This scenario is supported by the
retrieval of a Steppe bison mitochondrial haplotype in a recent bison sample in Canada (50 to

300 C14 years BP, see supplementary data in Shapiro et al. 2004).

Steppe bison

Figure 6. Maximum clade credibility tree showing the placement of both Steppe bison specimens (A3133 from the Yukon
and BS662 from Siberia) on the mitochondrial phylogeny of Steppe and American bison. This dated phylogeny was
calculated in BEAST v1.6.2 using the control region data set from Shapiro et al. (2004). Radiocarbon dates associated with
the samples were used to calibrate the tree. Numbers correspond to the clade description from the original publication.
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Furthermore, the Yukon Steppe bison (A3133) that falls within the Wood bison
diversity on the nuclear phylogeny belongs to clade 2 on the mitochondrial phylogeny (Figure
6), immediate sister group to clade 1 containing all modern American bison mitochondrial
haplotypes. On the other hand, the Steppe individual BS662, falling basal to all modern bison
in the nuclear phylogeny, belongs to the mitochondrial clade 3, which has a more basal
position below clade 2 and the modern haplotypes. One explanation to reconcile nuclear and
mitochondrial phylogenetic signals involves recent mtDNA introgression. Under this
scenario, the split between mitochondrial clades 2 and 1 (around 73 ky based on tip
calibration) corresponds to the split between Plains and Wood bison on the nuclear phylogeny
(estimated at 158 to 491 ky based on fossil calibration). Then individuals from the
mitochondrial clade 2, including A3133, would be ancestors of the Wood bison ‘sub-species’.
The putative position of BS662 outside both Plains and Wood nuclear diversity would suggest
that the mitochondrial clade 3 did not participate to the actual diversity of Wood bison. This is
supported by the fact that most the individuals within clade 3 were shown to be part of the re-
colonization wave toward China and Siberia from Alaska (Shapiro et al. 2004). This early
separation between Plains and Wood bison populations, supported by the nuclear data,
strongly differs from the common assumption, based on mitochondrial genetic diversity, that
the Wood type of American bison is a recent phenotypical adaptation of the original Plains
bison type, in response to the environment. If the scenario presented here is correct, then the
absence of mitochondrial differentiation between Plains and Wood individuals could be
explained by hybridization event(s), with introgression of Plains bison individuals (from
south of the ice) into the Wood population (from north of the ice) through the ice-free
corridor (after 14 ky BP, see Figure 1.D in Shapiro et al. 2004). The apparent fixation of the
‘southern’ mitochondrial type in all modern American bison may have been facilitated by the
strong population bottleneck observed hundred years ago, caused by excessive hunting.

Incomplete lineage sorting has also been suggested to explain topological
discrepancies between nuclear and mitochondrial markers in the European bison. However,
the extensive sampling of ancient mitochondrial diversity in North American bison through
time makes it likely that incomplete sorting of mitochondrial lineages would have been
detected. It will be necessary to apply SNP chip methods to further ancient bison specimens

to reconstruct the history of Woods and Plains bison in North America.
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Supplementary Figure 1. ML phylogenetic tree showing the position of the low quality modern bison samples
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Supplementary Figure 2. ML phylogenetic tree of European and American bison calculated without
heterozygote characters. Although the tree is very similar to the one calculated with heterozygotes (Figure 2b),
reciprocal monophyly between Plains and Wood American bison is contradicated by the placement of a single

individual BB201290.
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Supplementary Figure 3a. Individual phylogenetic placement of the library replicates 1 to 3 from the Yukon
Steppe bison A3133 (red branch). All trees on the left side are calculated included heterozygote characters, while
the heterozygotes were removed from the ancient libraries to infer the trees presented on the right side of the

figure.
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Supplementary Figure 3c. Individual phylogenetic placement of the library replicates 7 to 9 from the Yukon
Steppe bison A3133.
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ABSTRACT

The fossil record contains a wide diversity of bison species and/or sub-species
distributed across Eurasia and North-America during the late Pleistocene, although only two
species remain alive today (the American bison, Bison bison, and the European bison, Bison
bonasus). Recently, ancient DNA has been used to study the evolutionary history of North
American and Beringian bison in the late Pleistocene, revealing dramatic population changes
around the Last Glacial Maximum (LGM). In contrast, the genetic diversity of European
bison through this time period is yet to be explored. Here, we extract and analyse ancient
DNA from 48 European late Pleistocene bovid samples, collected from the North Sea, the
Caucasus and the Urals. Phylogenetic analyses reveal a previously unknown species of bison,
sister taxa to the European bison. In addition, the data record an unexpected series of rapid
population replacements between the new species and Steppe bison across the three European
sites dating back to beyond Oxygen Isotope Stage 3, ca. 55 kyr. The timing of the transitions
between the species appear to closely correlate with known environmental changes, and are

compared to a long-term paleoenvironmental record from southwestern Germany.
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INTRODUCTION

The Late Pleistocene (126-11 kyr) climate record contains a series of large-scale
oscillations with pronounced environmental effects (Martin 1984; Wolff et al. 2010). The role
of these environmental changes as a driver of the widespread extinction of mammalian
megafauna (>42kg) around the world during this time is widely debated (Martin 1984;
Graham et al. 1996; Stuart, Lister 2007). A key issue is how to separate these impacts from
those caused by the arrival of human populations, which were undergoing a contemporaneous
expansion during the latter part of the Pleistocene (50-11 kyr), notably during warming
phases. In islands and isolated continents such as Australia, the correlation between human
colonisation and megafaunal extinctions is pronounced but in Eurasia, North and South
America the nature and extent of these impacts, and the degree to which they were synergistic
remains unresolved (Graham et al. 1996; Barnosky et al. 2004; Barnosky, Lindsey 2010;
Barnosky et al. 2011; Lorenzen et al. 2011; Rule et al. 2012; Stewart, Stringer 2012).

Europe is an ideal situation to examine the timing and nature of megafaunal
extinctions. Large radiocarbon dating surveys of fossil mammal bones are available (Stuart,
Lister 2007), and multiple cave environments exist which are suitable for DNA preservation.
Detailed climate records are available, ranging from Greenland ice cores (GISP2) to lake and
pollen records. Recently, a detailed paleovegetation reconstruction spanning Marine Isotope
Stages (MIS) 4-1 (MIS 4, 71-60ky; MIS 3, 60-24 ky; MIS 2, 24-11 ky; MIS 1, 11-0 ky) for
western Europe has became available through a combined analysis of sediments from Maar
lakes in the Eifel region of SW Germany (Sirocko et al. submitted). Ancient mitochondrial
DNA (mtDNA) studies have identified large-scale changes in the genetic diversity of ancient
European megafaunal populations over time, ranging from cave lions (Barnett et al. 2009),
cave bears (Orlando et al. 2002; Stiller et al. 2010), cave hyenas (Rohland et al. 2005), horses
(Lorenzen et al. 2011), mammoths (Barnes et al. 2007; Nystrom et al. 2010), saiga antelope
(Campos et al. 2010), bison (Shapiro et al. 2004) and Neandertals (Dalén et al. 2012).
However, to date there has been no detailed long-term, multi-species analysis of the
association between the timing of extinction events and paleoenvironmental changes.

Late Pleistocene bovid fossils are one of the most complete European megafaunal
records, with several species currently recognised. These include the extinct aurochs (Bos
primigenius) and three species of bison: the extinct Steppe bison (Bison priscus) which
ranged from Alaska to western Europe; the extinct European Pleistocene short-horned forest
bison (Bison schoetensacki), and the living but endangered wisent, or European bison (Bison
bonasus), whose fossils appear around the Pleistocene/Holocene boundary (ca. 11ky) or later.
The fossil record is somewhat complicated by the similarity between the bison species, and

the difficulty in taxonomically identifying bovid post-cranial elements.
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These taxa have widely varying histories. The aurochs is generally accepted as the
ancestor of modern cattle, which were independently domesticated from ancient populations
of aurochs in different parts of the world. MtDNA evidence suggests that Late Pleistocene
aurochs populations in northern Europe did not contribute to European cattle (Bos taurus). In
contrast, populations in southern Europe did share mtDNA lineages with modern Bos taurus,
although it is not clear whether this was due to a direct genetic contribution to the
domestication process, or common shared ancestry (Lari et al. 2011). The shared mtDNA
lineages appear in southern European aurochs specimens from the Late Pleistocene, before
the appearance of domestic cows and therefore cannot result from interbreeding between wild
and domestic populations. The history of the aurochs has been well studied genetically (Beja-
Pereira et al. 2006; Edwards et al. 2007; Edwards et al. 2010; Lari et al. 2011; Bollongino et
al. 2012), and instead this study focuses on the bison, which have not been examined in detail.

Ancient DNA studies revealed that Late Pleistocene populations of Steppe bison in the
Old World constitute a small subset of the total mitochondrial DNA (mtDNA) diversity
observed in eastern Beringia, i.e. Alaska and Yukon (Shapiro et al. 2004) at this time. This is
surprising, given that the fossil record indicates Steppe bison originated in Asia, and only
recently colonised the New World, ca. 200-400 ky (McDonald 1980). To explain this, it has
been suggested that former populations of the Old World underwent a major extinction
phase(s), or were replaced by the re-invading Alaskan population by some other means, prior
to the earliest mtDNA sequences (ca. 80 kyr) (Shapiro et al. 2004). The last Steppe bison in
the Old World are thought to have become extinct in the late Holocene, although the exact
date is unknown (Lazarev, Boeskorov, Tomskaya 1998).

All living European bison, Bison bonasus, are descended from 17 animals originating
from two small late-19"/early-20" century populations (Slatis 1960). Extant populations
now exceed more than 2000 individuals, of which all pure-bred European bison represent the
recombination of only 12 diploid sets of genes (Slatis 1960). Separate Caucasus and
Carpathian subspecies of the European bison (B. b. caucasicus and B. b. hungarorum) are
recognised from the fossil record, but became extinct in the wild in 1927 and 1790,
respectively. Surviving populations continue to be threatened by habitat destruction,
inbreeding, disease and human hunting. The recent population bottleneck in European bison
has made it difficult to reconstruct their genetic history. While morphological similarities,
autosomal phylogenies (Chapter 3), and the ability to interbreed to produce fertile female
offspring, each suggest a close evolutionary relationship with American bison (Bison bison),
mitochondrial phylogenies depict a very different evolutionary history, in which European
bison are actually more closely related to cattle than to American bison (Janecek et al. 1996;

Verkaar et al. 2004). Two hypotheses have been proposed to explain the difference between
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the phylogenies (Verkaar et al. 2004): lineage sorting, in which two distinct mitochondrial
lineages survived in the bison/yak lineage until the recent species-level split with European
bison, or sex-biased genetic introgression, in which steppe bison males repeatedly mated with
an ancestral bovid in the ox/zebu lineage, resulting in the sudden appearance of a new species
with bison-like morphology and autosomal DNA, but ox/zebu-like mitochondrial DNA.

The paucity of early, clearly identifiable B. bonasus remains further complicates this
issue. The oldest B. bonasus are from the Late Pleistocene/early Holocene (Flerov 1979;
Kahlke 1999), or even the late Holocene (Pucek 1986), and little agreement about ancestral
forms has been reached (see Stuart 1991; Kahlke 1999; Bauer 2001). It is thought that the
direct ancestor of the European bison is the Pleistocene forest bison B. schoetensacki (Kurtén
1968; Geist, Karsten 1977), although some have suggested B. priscus (Flerov 1979; Bauer
2001).

To clarify the evolutionary history of bovids in Europe, and investigate the potential
impacts of environmental change in megafaunal extinctions, fossil remains of bison were
collected from four separate locations across Europe (the Caucasus, the North Sea, the Urals

and Austria), covering a period of more than 60 ky.

METHOD

Data

New samples

A total of 68 late Pleistocene samples were collected from four regions across the full
geographic range of Europe (Table 1). The main sample was from NE Europe, and represents
isolated bones excavated from a wide variety of cave deposits throughout the Urals
Mountains and surrounding areas, including river deposits, held in collections at the
Zoological Museum of the Institute of Plant and Animal Ecology (ZMIPAE) in Ekaterinburg,
Russia. In Western Europe, a second collection of bones was analysed from late Pleistocene
deposits on the North Sea bed. These specimens were recovered by trawling operations and
have little stratigraphic information, and are curated by the North Sea Network (NSN) in the
Netherlands. In SE Europe, bovid bone fragments from excavations at Mezmaiskaya Cave in
the Caucasus Mountains were analysed. This high altitude site contains both Neandertal and
early H. sapiens remains (Skinner et al. 2005), and samples were obtained from the
Laboratory of Prehistory, in St Petersburg. The last site consisted of a small number of bones
from central European Holocene sites, held in the collections of the Natural History Museum,
Vienna (VNHM). In all cases, samples were from bones identified as bovid post-cranial

samples as cranial material is rare for this time period.
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Table 1. List of all samples from Urals, North Sea, Caucasus and Austria used in the study.

Sequence . AMS date Calibrated dates Origin Type
Sample ID > 400bp Species Oxdate Oxerr Mean Low High
A001 v 12565 55 14773 14240 15159 Rasik 1 (ZMIPAE) Pelvis fragment
A002 v 51800 1300 52145 49495 55047 Sur'ya 5 (ZMIPAE) Metacarpal
A003 v 12505 55 14655 14206 15072 Voronovka (ZMIPAE) Humerus
A004 4 19010 80 22698 22320 23269 Rasik 1 (ZMIPAE) Metacarpal
A005 v 15310 70 18563 18161 18764 Ladeinyi Kamen (ZMIPAE) Femur
A006 v 18880 90 22536 22210 23235 Sur'ya 5 (ZMIPAE) Metatarsal
A007 v 58300 2900 60660 53641 70691 Sur'ya 3 (ZMIPAE) Metatarsal
A008 v 31560 210 35960 35285 36582 Dinamitnaya (ZMIPAE) Metacarpal
AO11 v 60900  INF Sur'ya 5 (ZMIPAE) Metatarsal
A012 X Contamination Sur'ya 5 (ZMIPAE) Metacarpal
A013 4 48400 900 48558 46760 50464 Rasik 1 (ZMIPAE) Tibia
A014 v 33820 260 38673 37675 39451 Bobylek (ZMIPAE) Tibia
Urals A015 X Contamination Yurovsk (ZMIPAE) Femur
A016 v 49600 1200 49890 47459 52529 Gofmana (ZMIPAE) Humerus
A017 v 18850 90 22495 22184 23229 Sur'ya 5 (ZMIPAE) Upper mandible
A018 v 13120 60 15907 15241 16482 Sur'ya 5 (ZMIPAE) Radius
BS588 v B. bonasus 16810 65 19964 19584 20271 Sur'ya 5 (ZMIPAE) Metapodial
BS592  AY748756 42500 450 45725 44975 46500  Chernye Kosti (ZMIPAE) Femur
BS599 v 26330 120 31003 30759 31215 Kholodnyi (ZMIPAE) Tibia
BS604 v 55400 1800 56123 52281 60568 Sur'ya 5 (ZMIPAE) Astralagus
BS606 v 25000 100 29881 29522 30221 Kholodnyi (ZMIPAE) Bone fragment
BS660 AY748766 29500 140 34195 33610 34655 Sur'ya 5 (ZMIPAE) Metapodial
BS674  AY748775 29060 140 33765 33220 34469 Kholodnyi (ZMIPAE) Phalanx
BS708  AY748793 47050 750 47158 45665 48725 Rasik 1 (ZMIPAE) Femur
BS713  AY748795 30970 180 35595 34957 36283 Irtysh River (ZMIPAE) Metatarsal
A2791 v 53800 INF North Sea bed deposit (NSN) -
A2792 v 29100 150 33811 33251 34485 North Sea bed deposit (NSN) -
A2793 v 28340 130 32629 32003 33185 North Sea bed deposit (NSN) -
A2794 X North Sea bed deposit (NSN) -
A2795 v 29010 160 33708 33142 34469 North Sea bed deposit (NSN) -
A2796 v 43850 650 47125 45672 48890 North Sea bed deposit (NSN) -
A2797 v North Sea bed deposit (NSN) -
A2798 v 29230 150 33936 33365 34530 North Sea bed deposit (NSN) -
A2799 v North Sea bed deposit (NSN) -
A2800 v North Sea bed deposit (NSN) -
North Sea  A2801 X Contamination North Sea bed deposit (NSN) -
A2802 X North Sea bed deposit (NSN) -
A2803 X North Sea bed deposit (NSN) -
A2804 X North Sea bed deposit (NSN) -
A2805 X North Sea bed deposit (NSN) -
A2806 X North Sea bed deposit (NSN) -
A2807 X North Sea bed deposit (NSN) -
A2808 v 61500 INF North Sea bed deposit (NSN) -
A2809 v 61300  INF North Sea bed deposit (NSN) -
A2810 v North Sea bed deposit (NSN) -
A2811 v 62000  INF North Sea bed deposit (NSN) -
A4081 v Not dated Mezmaiskaya, level 3 Long Bone
A4082 v Not dated Mezmaiskaya, level 3 Long Bone
A4083 v Not dated Mezmaiskaya, level 3 Long Bone
A4084 v Not dated Mezmaiskaya, level 3 Long Bone
A4085 v Not dated Mezmaiskaya, level 3 Long Bone
A4086 X Mezmaiskaya, level 3 Long Bone
A4087 v Not dated Mezmaiskaya, level 3 Long Bone
A4088 v Not dated Mezmaiskaya, level 3 Long Bone
A4089 v 59400  INF Mezmaiskaya, level 2B4 Long Bone
A4090 v 59400  INF Mezmaiskaya, level 2B4 Long Bone
A4091 v 59700  INF Mezmaiskaya, level 2B4 Long Bone
Caucasus A4092 v 56600  INF Mezmaiskaya, level 2B4 Long Bone
A4093 v B. bonasus 56300  INF Mezmaiskaya, level 2B3 Long Bone
A4094 v DB 56500  INF Mezmaiskaya, level 2B3 Long Bone
A4095 x Mezmaiskaya, level 2B2 Long Bone
A4096 X Mezmaiskaya, level 2B2 Long Bone
A4097 X Mezmaiskaya, level 2A Long Bone
A4098 v _ Mezmaiskaya, level 2A Long Bone
A4099 X Mezmaiskaya, level 2A Long Bone
A4100 X Mezmaiskaya, level 2A Long Bone
A4101 X Mezmaiskaya, level 1C Long Bone
A4102 X Mezmaiskaya, level 1C Long Bone
A4103 v Mezmaiskaya, level 1-2 Long Bone
A4104 v 12160 40 14008 13852 14163 Mezmaiskaya, level 1-2 Long Bone
BS593 v B. bonasus 5090 60 5824 5662 5982 Steiermark (VNHM) Femur
Austria BS600 v B. bonasus 3430 50 3696 3571 3833 Steiermark (VNHM) Femur
BS607 v B. bonasus 1370 50 1287 1179 1371 Oberosterreich (VNHM) Femur
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Published control region sequences

To provide comparative data, 302 published mitochondrial control region sequences
of 628 bp were assembled (Supplementary Table 1), representing the following bovid
mitochondrial lineages: European bison (Bison bonasus), American bison (Bison bison),
Steppe bison (Bison priscus), zebu (Bos indicus), and cattle (Bos taurus). Among these
published sequences, 5 sequences were from Steppe bison collected in the Urals that had been

analysed in an earlier study (Table 1).

Published whole mitochondrial genomes

Whole mitochondrial genome sequences were also available for 28 bovid specimens:
2 European bison (Bison bonasus), 8 American bison (Bison bison), 4 yak (Bos grunniens), 3
zebu (Bos indicus), 8 cattle (Bos taurus) and 3 buffalo (Bubalus bubalis) (Supplementary
Table 2). These were assembled and analysed to generate a phylogenetic topology that could

be compared to the shorter control region dataset.

Ancient DNA Extraction and Amplification

Ancient DNA was extracted from powdered bone using standard
phenol/chloroform/centrifugal filtration methods (Shapiro et al. 2004). DNA extractions and
PCR reactions were performed and set-up accordingly in a geographically isolated, authentic
ancient DNA laboratory at the University of Adelaide. A ~600 base-pair (bp) fragment of the
mitochondrial control region was amplified in one to four (overlapping) fragments, depending
on the quality of the specimen. Two-step multiplex PCR amplifications were performed using
primers designed for the bovid mitochondrial control region. Multiplex primer sets A and B
were set up separately (supplementary Table 3). Multiplex PCR was performed in a final
volume of 25 pl containing 2 pl of aDNA extract, 1 mg/ml rabbit serum albumin (RSA;
Sigma, fraction V), 6 mM MgS04, 0.2 uM of each primer, 500 uM of each dNTP, 2 U
Platinum 7aq Hi-Fidelity and 1 x PCR buffer (Invitrogen Ltd., UK). Multiplex PCR
conditions were initial denaturation at 95 °C for 2 min, followed by 35 cycles of 94 °C for 15
sec, 55 °C for 20 sec and 68 °C for 30 sec, and a final extension at 68 °C for 10 min at the end
of the 35 cycles. Multiplex PCR products were then diluted to 1:10 as template for the second
step of simplex PCR. The second step simplex PCR using Amplitaq Gold (Applied
Biosystems) or Hotmaster™ Tag DNA polymerase (5Prime, Milton, Qld) was conducted in a
final volume of 25 ul containing 1 pl of diluted multiplex PCR product, 2.5 mM MgCl2, 0.4
uM of each primer, 200 uM of each ANTP, 1 U Amplitaq Gold/ Hotmaster 7ag polymerase
and 1 x PCR buffer. The second step simplex PCR conditions were initial denaturation at 95

°C for 2 min, followed by 35 cycles of 94 °C for 20 sec, 55 °C for 15 sec and 72 °C for 30
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sec, and a final extension at 72 °C for 10 min at the end of the 35 cycles. Multiple PCR
fragments were cloned to evaluate the extent of DNA damage and to detect the presence of
nuclear mitochondrial inserts (numts). Multiple samples were also independently replicated,
having been originally extracted and sequenced at the Henry Wellcome Ancient Biomolecules
Centre at Oxford University.

One-step simplex PCR amplifications using Platinum 7ag Hi-Fidelity polymerase
were performed on a DNA Engine Tetrad2 Peltier Thermal Cycler (Bio-Rad) in a final
volume of 25 pl containing 1 pl of aDNA extract, Img/ml rabbit serum albumin (RSA;
Sigma, fraction V), 2 mM MgS04, 0.6 uM of each primer, 250 uM of each dNTP, 1.25 U
Platinum 7aq Hi-Fidelity and 1 x PCR buffer (Invitrogen Ltd., UK). The conditions of PCR
amplification were initial denaturation at 95 °C for 2 min, followed by 50 cycles of 94 °C for
20 sec, 55 °C for 20 sec and 68 °C for 30 sec, and a final extension at 68 °C for 10 min at the
end of the 50 cycles. Negative extraction controls as well as non-template PCR controls were
used throughout all experiments. PCR products were then checked by electrophoresis on 3.5-
4.0% agarose TBE gels, and visualized after ethidium bromide staining on an UV
transilluminator. PCR amplicons were purified using AMPure magnetic beads (Agencourt”,

Beckman Coulter) according to manufacturer’s instruction.

Sequencing

All purified PCR products were bi-directionally sequenced with the ABI Prism®
BigDye™ Terminator Cycle Sequencing Kit version 3.1 (Applied Biosystems). The
sequencing reactions were performed in a final volume of 10 pl containing 3.2 pmol of
primer, 0.25 pl Bigdye terminator premixture, 1.875 ul of 5 x sequencing buffer. The reaction
conditions contained initial denaturation at 95 °C for 2 min, 25 cycles with 95 °C for 10 sec,
55 °C for 15 sec, 60 °C for 2 min 30 sec. Sequencing products were purified using Cleanseq
magnetic beads (Agencourt”, Beckman Coulter) according to the manufacturer’s protocol. All
sequencing reactions were analyzed on an ABI 3130 DNA capillary sequencer (Applied
Biosystems, Foster, CA).

Radiocarbon dating

All samples from which bison mitochondrial control region sequences were
successfully amplified were sent for accelerator mass spectrometry (AMS) radiocarbon dating
(except for seven samples from level 3 of the Mezmaiskaya cave, for which dates were
expected to be older than AMS dating capabilities). The dating was performed by AMS
facility at the Oxford Radiocarbon Accelerator Unit in the University of Oxford, the

INSTAAR Laboratory for AMS Radiocarbon Preparation and Research (NSRL) in the
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University of Colorado at Boulder, and Keck-Carbon Cycle AMS facility (KCCAMS) in the
University of California, Irvine. The calibration of radiocarbon dates was performed using
OxCal v4.1 and the IntCal09 curve (Reimer et al. 2009). The dates mentioned throughout the

paper are kcal yr BP unless otherwise stated.

Phylogenetic analysis

Genetic identification of the new specimens

Sequences from two individuals did not match bovid haplotypes, and were identified
as Brown bear and Elk by BLAST (see Table 1 and Discussion). This is presumably due to
the elements being morphologically non-diagnostic.

To taxonomically identify the other bovid samples, a phylogenetic tree including the
remaining new sequences and 302 published bovid sequences was calculated using both
maximum likelihood and Bayesian methods: the substitution model HKY + G6 was selected
through comparison of Bayesian Information Criterion scores in ModelGenerator v0.85
(Keane et al. 2006). A maximum likelihood analysis was performed with the program PhyML
v3 (Guindon et al. 2010), using the best of NNI and SPR moves for tree topology searching
and aLRT to establish the statistical support of internal branches. Two independent Bayesian
analyses were performed using the program MrBayes v3.2.1 (Ronquist et al. 2012), with four
chains of 10 million generations, sampled every 1000 generations. The first 50 % of each
chain was discarded as burn-in before the majority-rule consensus tree was calculated.

The same method was applied to re-calculate the corresponding bovid phylogeny form

28 whole mitochondrial genomes, using HKY+I as model of evolution.

Dated phylogeny

Using the program BEAST v1.6.2 (Drummond, Rambaut 2007), a calibrated
phylogenetic analysis based on the coalescent model was performed using all carbon dated
samples identified as BisonX. The GMRF Skyride model (Minin, Bloomquist, Suchard 2008)
was used to account for variations in the population demographic history of BisonX, and a
strict clock was assumed. Replicated analyses, using a relaxed uncorrelated lognormal clock
to account for potential rate variations, could not reject the hypothesis of a strict molecular
clock for that data set. Calibrated radiocarbon dates associated with all sequences were used
as calibration points. Some samples appear to be older than 55 ky, reaching the limit of AMS
dating methods (one from the Urals, four from the North Sea and four from the Caucasus, see
Table 1). As these dates have infinite error margins, the Tip Date Sampling option (Shapiro et
al. 2011) implemented in BEAST was used to account for their age uncertainty. The dated

samples from Mezmaiskaya Cave are from stratigraphic layer 2B, which lies on top of layer
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3-4, and the latter has been dated at a maximum age of 78 ky BP (including error margins).
Consequently, a lognormal distribution prior was set for each Caucasian sample date with a
minimum bound of 40 ky and a 95 % of the prior probability less than 80 ky. A similar
distribution was used for the five remaining samples with infinite date margins, using a 95 %
prior probability lower than 150 ky. All parameters showed sufficient sampling (indicated by
effective sample sizes above 200) after 50,000,000 iterations and 10% burn-in. In addition, a
‘date randomization test’ was conducted to check whether the temporal signal from the
radiocarbon dates associated with the ancient sequences was sufficient to calibrate the tree
(Ho et al. 2011). This test randomizes all dates associated with the sequences and repeats the
phylogenetic analysis to ascertain whether the inferred mean rate of the randomized analysis
is significantly different from the rate calculated using the correctly associated radiocarbon
dates and sequences. This means that the 95% HPD of the randomized analysis should not

overlap with the mean rate estimated without randomization.

Survey of temperature and paleo-vegetation record contemporaneous to BisonX

samples

The calibrated AMS radiocarbon dates and posterior distribution of tip dates from the
Tip Date Sampling analysis are compared with temperature variations indicated by §180
values from the North Greenland Ice Core Project (NGRIP, Wolff et al. 2010). The
paleovegetation reconstructions for the Eifel region of SW Germany are also reported on the

same graph (Sirocko et al. 2012, submitted).

RESULTS AND DISCUSSION
Ancient DNA mitochondrial typing

Mitochondrial control region sequences (>400bp) were successfully amplified from 50
out of 68 samples analysed. Three samples produced a mixture of cattle and bison
amplification products, and were identified as contaminated and removed from all analyses.
In contrast, four samples produced consistent Bos taurus sequences: one Caucasus sample and
three North Sea samples. Repetition and cloning experiments suggested that these are

genuine, and the haplotypes were rare or previously unknown (Figure 1).
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Steppe bison (8)

European bison (5)

Cattle (4)

0.8

Figure 1. Phylogenetic tree of 350 bovid D-loop sequences. The position of the 48 newly sequenced individuals
are marked in red. Numbers above branches represent posterior probabilities from MrBayes, and while those
underneath represent aLRT support values from PhyML. The deep split between European bison and BisonX is
obvious, and is of comparable scale to yak and Steppe/American bison.
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Position of new samples in the bovid mitochondrial phylogeny

The 48 new bovid control region sequences were included in a larger alignment of 350
bovid sequences and phylogenetically analysed (Figure 1). The resulting tree allowed the
genetic characterization of five European bison (Bison bonasus) mitochondrial haplotypes,
four cows (Bos taurus), eight Steppe bison (Bison priscus) and 31 individuals belonging to an
unknown clade. The unidentified bison (we will refer to them as BisonX) form a
monophyletic clade sister to European bison. This new clade has high statistical support from
both ML and Bayesian calculations, and a deep genetic split is observed between European
bison and BisonX, indeed deeper than the one observed between yak and Steppe/American
bison. Such a deep genetic split is likely to reflect a species level separation, although this is
difficult to test in an extinct species.

The current study confirms current concepts that the European bison (Bison bonasus)
was rare in Europe prior to the Holocene, raising the possibility that BisonX might represent a
diverse but ancestral B. bonasus lineage, or perhaps the short-horned Pleistocene European
forest wisent Bison schoetensacki, a putative ancestor of B. bonasus. However, ancient B.
bonasus specimens were identified from the Urals at 20 ky BP, and in Mezmaiskaya cave in
the Caucasus with an infinite date >56.3 ky BP. The latter sample is the oldest European
bison specimen described, and demonstrates that BisonX and European bison were
contemporaneous in the Caucasus around 50-60Kyrs BP. Furthermore, while the ancient
sequences fall outside of the modern mtDNA variation in European bison, the clade remains
well supported, and clearly distinct from BisonX.

A key issue is that the group formed by European bison and BisonX appears to be
closely related to the zebu, aurochs and cattle rather than the other Bison (Figure 1). This
topology differs from the close morphological and nuclear genomic relationship between
European and American bison (see Chapter 3). The relationship is not due to the 31 new
BisonX sequences as previous analyses of short mitochondrial sequences have also found a
grouping of European bison with cattle/zebu (Janecek et al. 1996; Verkaar et al. 2004). It is
difficult to assess whether the short control region fragment has enough signal to correctly
reconstruct a phylogeny with all Bos and Bison species on the same tree (although ML and
Bayesian statistics strongly support the robustness of the inferred topology). To confirm the
contrasting mitochondrial and nuclear topologies, we analysed 28 whole mitochondrial
genome sequences from American bison, European bison, cattle, zebu, yak and buffalo
(Figure 2). The resulting phylogeny shows strong support for the placement of European

bison as sister taxa to Zebu/Cattle, confirming the validity of the control region phylogeny.
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Figure 2. Bovid phylogeny derived from analysis of whole mitochondrial genome sequences, showing strong
support for the grouping of European bison with cattle and zebu. Whole mitochondrial genome sequences are
not currently available for BisonX. Numbers on top of branches represent the posterior probabilities from
MrBayes, and numbers underneath represent aLRT support values from PhyML.

Two possible reasons have been proposed to explain the difference between the
mitochondrial and nuclear topologies of the European bison: incomplete lineage sorting or
hybridization event(s) (Verkaar et al. 2004). Incomplete mitochondrial lineage sorting is
unlikely given the number of speciation events between European bison and cattle on the
nuclear tree (gaur, banteng, yak, and American bison, see Figure 3 in Chapter 3). On the other
hand, one (or multiple) introgression event(s) between the ancestral lineages of cattle/zebu
and BisonX/European bison also seems somewhat unlikely. The hybridisation event would
have had to be ancient to explain the branch lengths leading to European Bison and BisonX,
and presumably would need to have occurred during a population bottleneck, or with repeated
sex-biased (male Bison, female cattle) events, in order for the ancestral cattle mtDNA lineage
to become fixed. However, modern cattle-European bison hybrids are not viable without

medical intervention, and F1 males are infertile. Neither scenario currently seems likely.
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Late Pleistocene movements of bison in Europe

The chronological distribution of bison specimens collected from the Urals, the North
Sea and the Caucasus presented in Figure 3 revealed two periods of abrupt turnover and rapid
replacement between Steppe bison and BisonX populations. Prior to the rapid temperature
rise at Greenland Interstadial (GI)14 around 54 ky BP (dotted line on Figure 3), BisonX
individuals are observed almost exclusively from all three locations. After 54 ky BP, Steppe
bison specimens dominate the fossil record of the Urals and North Sea until around 32 ky BP,
when they disappear permanently from the records of all three areas and only BisonX is
observed. The transition date of 32 ky BP (second dotted line on Figure 3) corresponds to a
second major climate change, at GI 5 and marks the beginning of an extended cold period,
which is only very briefly interrupted by GI 4 and 3, and extends through the last glacial
maximum (LGM). BisonX fossils are observed until the end of the LGM, ca. 14.5ky which is
GI1, and then disappear from both the Urals and Caucasus record. The widespread temporal
and geographic sampling suggests this pronounced pattern of alternating dominance between
Steppe bison and BisonX populations is not a taphonomic artefact. Furthermore, the timing of
the genetic transitions closely match marked climatic changes, with BisonX appearing in
colder periods than Steppe bison. Although the record is far less complete in the North Sea
and the Caucasus due to taphonomy and ancient DNA preservation, the temporal correlation
appears quite remarkable over such a wide geographic region, from the western coast of

Europe to the border of Asia and the Near East.
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The reconstructed paleovegetation history of Eifel, SW Germany covers the complete
timeframe of this study and provides an interesting comparison although it is clearly distant
from the Urals and Caucasus. The Eifel region records the presence of a classic steppe flora
(grass steppe with scattered birch, pine and spruce) when the Steppe bison is present in the
adjacent North Sea, as well as the Urals. In contrast, Bison X is present during colder periods
characterised by either pine and spruce forest (earliest MIS 3) or a permafrost desert (MIS 2)
in the Eifel area. The slight delay observed between the apparent transition between Steppe
bison and Bison X populations at 32 ky in the Urals and North Sea, and the change from
steppe vegetation to permafrost conditions around 28 ky at Eifel could well reflect regional
differences, particularly in the higher latitudes of the Urals. Alternatively, the genetic
transition occurs around GI5, at the beginning of an extended cold period that is only very
briefly interrupted by GI 4 and 3 and continues through the LGM. As such, the bison
populations may be responding to the temperature shifts more rapidly than the shifts in

vegetation patterns at Eifel.

When the BisonX populations reappear at 32 ky BP, after an apparent 20 ky period of
absence, they form a diverse but monophyletic group indicating a recent common genetic
origin. This is consistent with the population surviving in a single refugium prior to this point,
potentially in response to unfavourable environmental conditions. To investigate this scenario
further, a temporally calibrated phylogeny of BisonX samples was constructed (Figure 4).
The phylogeny was calibrated using the radiocarbon dates associated with the ancient
sequences, after checking that the dates in question contained sufficient signal with a date
randomization test (Supplementary Figure 1). The resulting phylogeny shows that the genetic
diversity of BisonX at the end of MIS 4 (60 ky BP) could be divided into two clades, with the
North Sea individuals forming a basal group, suggesting some degree of phylogeographic
structure. However, following the warmer part of MIS 3 (between 53 and 32 ky BP), BisonX
samples re-appear in the record with a comparable genetic diversity but no clear
phylogeographic patterns. In fact, the initial reappearance of BisonX is recorded in the North
Sea with two samples around 34 ky (see Figure 3 and 4), and these sequences already
represent two extremes of the MIS 3 genetic diversity. This might suggest a refugium closer
to the North Sea than the other sampled geographical locations, or that colder conditions re-
appeared in the North Sea before the Urals. Bison X is then well represented in the Urals until
14.6 ky BP and appears in the Caucasus at 14 ky BP immediately before GI1 and the
subsequent Younger Dryas. The time of the most recent common ancestor (tMRCA) of the
MIS 3 BisonX diversity is estimated to be around 58 (45.8 — 74.9) ky (greyed bar on the tree).

This date closely matches the ages of the last observed MIS 4 BisonX individuals across all
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three locations, supporting the idea of a population movement of cold-adapted BisonX toward

a refugium during the warmer period of MIS 3 in Europe.

151.7

0.8
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I North Sea
Urals

Time
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Figure 4. Maximum clade credibility tree of BisonX estimated using Bayesian analysis and calibrated with
AMS radiocarbon dates associated with the sequenced bones. Dates older than 50kyr are inferred in the
phylogenetic reconstruction, as specimens either returned infinite dates, or were not dated due to their
stratigraphic position. Interestingly, the specimens which reappear in the colder conditions of late MIS 3/early
MIS 2 (right of the grey highlighted region) form a derived clade within the tree indicating they share a recent
common origin. Interestingly, the most recent specimens within the diversity observed during MIS 4 are dated
around 55-60 kyr, close to the MIS 3-4 boundary, and the tMRCA of the MIS 3 BisonX clade (58 ky BP). This
is consistent with a scenario in which BisonX retreated to a refugium during the warmer phases of MIS 3, and
only re-expanded with the return of cold conditions during the earliest phases of the LGM.
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While the Steppe bison is clearly associated with the warmer periods of MIS 3 after 54
ky BP, it is interesting that none of the 44 individuals detected in the Urals and North Sea are
dated between 46 and 38 ky. This gap in the European bison record occurs just after a
particularly cold stadial corresponding to Heinrich event 5a (50-48 ky BP). This particular
time point of 48 ky has already been correlated with major changes in genetic diversity loss
for several diverse Eurasian mammals, including Cave lions (Barnett et al. 2009), Neandertals
(Dalén et al. 2012) and mammoths(Barnes et al. 2007; Gilbert et al. 2008). The
paleovegetation record from Germany (Figure 3) and from a separate study in Greece (Miiller
et al. 2011) also show important alterations of the flora close to this date. The synchronicity
of drastic perturbations in the temperature record, the vegetation record and the genetic
diversity of large mammals (including hominids), suggests that important climate change
remodelled the megafaunal diversity of Eurasia around 50 ky, well prior to the arrival of
anatomically modern humans or the late Pleistocene extinctions following the LGM

(Barnosky et al. 2004; Lorenzen et al. 2011).

While it is not currently possible to assign a firm taxonomic identity to BisonX, it is important
to note that morphological studies in Dmanisi, Georgia, Voigtstedt and Ungermassfeld (Sher
1997; van der Made 1999). Germany, have identified a new early/mid Pleistocene bison
species intermediate in size between B. priscus and B. schoetensacki. Consequently, both this
species, termed Bison cf. voigtstedtensis, and B. schoetensacki appear potential candidates for

the identity of BisonX.
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Figure S1. Date randomization test. The red circle and dotted line represent the molecular rate estimated during
the phylogenetic analysis of BisonX using the radiocarbon dates associated with the ancient sequences as

calibration. The grey lines represent the 95% HPD of rates estimated with randomized dates. The fact that none
of these margins overlap with the original mean rate demonstrates that the radiocarbon dates used for this study

is informative enough to calibrate the tree.
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Table S1. List of published mitochondrial control region sequences used for phylogenetic analysis. The Urals
Steppe bison are highlighted in red. The two last numbers correspond to sample date and the associated error

margin.

American bison
Bison_bison_AF083357_H1_0_0
Bison_bison_AF083358_H2_0_0
Bison_bison_AF083359_H3_0_0
Bison_bison_AF083360_H4_0_0
Bison_bison_AF083361_H5_0_0
Bison_bison_AF083362_H6_0_0
Bison_bison_AF083363_H7_0_0
Bison_bison_AF083364_H8_0_0
Bison_bison_BS100_29_5
Bison_bison_BS102_22_5
Bison_bison_BS129_0_2000
Bison_bison_BS162_AK_170_30
Bison_bison_BS173_NTC_3220_45
Bison_bison_BS175_ICE_186_30
Bison_bison_BS177_NTC_3155_36
Bison_bison_BS200_AB_145_37
Bison_bison_BS342_CHL_10340_40
Bison_bison_BS348_CHL_10505_45
Bison_bison_BS368_0_2000
Bison_bison_BS417_AB_909_29
Bison_bison_BS419_AB_7475_45
Bison_bison_BS421_AB_8145_45
Bison_bison_BS422_AB_908_31
Bison_bison_BS423_AB_4660_38
Bison_bison_BS424_AB_202_32
Bison_bison_BS426_AB_7060_45
Bison_bison_BS428_AB_7105_45
Bison_bison_BS429_AB_6775_40
Bison_bison_BS430_9270_50
Bison_bison_BS432_AB_7310_45
Bison_bison_BS433_AB_10450_55
Bison_bison_BS434_AB_809_32
Bison_bison_BS439_AB_5845_45
Bison_bison_BS441_AB_1273_32
Bison_bison_BS444_AB_636_29
Bison_bison_BS445_AB_378_30
Bison_bison_BS449_6195_45
Bison_bison_BS454_AB_287_29
Bison_bison_BS456_AB_125_30
Bison_bison_BS460_AB_10425_50
Bison_bison_BS464_AB_5205_45
Bison_bison_BS465_AB_7115_50
Bison_bison_BS466_AB_3298_37
Bison_bison_BS503_BIR_2776_36
Bison_bison_BS560_AB_2807_28
Bison_bison_BS569_AB_3600_70
Bison_bison_BS570_AB_11300_290
Bison_bison_BS99_26_5
Bison_bison_U12935_0_0
Bison_bison_U12936_0_0
Bison_bison_U12941_0_0
Bison_bison_U12943_0_0
Bison_bison_U12944_0_0
Bison_bison_U12945_0_0
Bison_bison_U12946_0_0
Bison_bison_U12947_0_0
Bison_bison_U12948_0_0
Bison_bison_U12955_0_0
Bison_bison_U12956_0_0
Bison_bison_U12957_0_0
Bison_bison_U12958_0_0
Bison_bison_U12959_0_0

Steppe bison
Bison_priscus_A3133_Yukon_26360_220
Bison_priscus_BS105_F_23380_460
Bison_priscus_BS107_F_19570_290
Bison_priscus_BS108_F_21020_360
Bison_priscus_BS109_F_20730_350
Bison_priscus_BS111_F_21580_370
Bison_priscus_BS121_F_19360_280
Bison_priscus_BS123_BIR_1730_60
Bison_priscus_BS124_BIR_11900_70
Bison_priscus_BS125_F_27440_790
Bison_priscus_BS126_F_19150_280
Bison_priscus_BS130_BIR_9000_250
Bison_priscus_BS133_F_33800_1900
Bison_priscus_BS145_NS_12270_50
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Bison_priscus_BS146_NS_11810_50
Bison_priscus_BS147_NS_28120_290
Bison_priscus_BS148_NS_6400_50
Bison_priscus_BS149_NS_46100_2200
Bison_priscus_BS150_NS_10510_50
Bison_priscus_BS151_NS_21530_130
Bison_priscus_BS161_NS_21040_120
Bison_priscus_BS163_LC_13240_75
Bison_priscus_BS164_LC_19540_120
Bison_priscus_BS165_LC_26460_160
Bison_priscus_BS170_YT_13040_70
Bison_priscus_BS172_LC_12525_70
Bison_priscus_BS176_LC_12380_60
Bison_priscus_BS178_LC_17960_90
Bison_priscus_BS192_F_26300_300
Bison_priscus_BS193_NS_49600_4000
Bison_priscus_BS195_NS_29040_340
Bison_priscus_BS196_NS_19420_100
Bison_priscus_BS198_Y_2460_40
Bison_priscus_BS201_Y_12960_60
Bison_priscus_BS202_AB_10460_65
Bison_priscus_BS206_Sibh_23780_140
Bison_priscus_BS211_Sibh_43800_1100
Bison_priscus_BS216_NS_47000_2900
Bison_priscus_BS218_Si_14605_75
Bison_priscus_BS222_NWT_6110_45
Bison_priscus_BS223_Si_53300_1900
Bison_priscus_BS224 AK_13125_75
Bison_priscus_BS233_SW_16685_80
Bison_priscus_BS235_BIR_43400_900
Bison_priscus_BS236_SW_19420_100
Bison_priscus_BS237_AB_11240_70
Bison_priscus_BS243_SW_37550_400
Bison_priscus_BS244_LC_26210_170
Bison_priscus_BS248_OCr_12350_70
Bison_priscus_BS249_F_39200_550
Bison_priscus_BS253_LC_12665_65
Bison_priscus_BS254_CHL_10230_55
Bison_priscus_BS258 F_22120_130
Bison_priscus_BS260_D_30750_290
Bison_priscus_BS261_LC_12915_70
Bison_priscus_BS262_D_29150_500
Bison_priscus_BS281_BIR_40800_600
Bison_priscus_BS282_Si_56700_3200
Bison_priscus_BS284_Y_13135_65
Bison_priscus_BS286_Sim_49500_1300
Bison_priscus_BS287_BIR_49100_1700
Bison_priscus_BS289_BIR_2172_37
Bison_priscus_BS291_NS_49700_1400
Bison_priscus_BS292_NS_35710_730
Bison_priscus_BS294_BIR_58200_3900
Bison_priscus_BS297_NS_10990_50
Bison_priscus_BS311_BIR_12425_45
Bison_priscus_BS316_SI_57700_3000
Bison_priscus_BS318_NS_12410_50
Bison_priscus_BS320_SI_49600_1500
Bison_priscus_BS321_AK_9506_38
Bison_priscus_BS323_SI_37810_380
Bison_priscus_BS327_D_31530_230
Bison_priscus_BS328_Sldy_31690_180
Bison_priscus_BS329_D_27060_190
Bison_priscus_BS337_CHL_10378_36
Bison_priscus_BS340_NS_24500_180
Bison_priscus_BS345_NS_39800_1200
Bison_priscus_BS350_NS_38700_1000
Bison_priscus_BS351_BIR_57700_3200
Bison_priscus_BS359_NTC_20020_150
Bison_priscus_BS364_NS_38800_1100
Bison_priscus_BS365_NS_47000_2900
Bison_priscus_BS387_NS_33320_540
Bison_priscus_BS388_NS_27590_280
Bison_priscus_BS389_NS_17160_80
Bison_priscus_BS390_NS_31630_440
Bison_priscus_BS392_NS_36320_780
Bison_priscus_BS393_NS_39850_1200
Bison_priscus_BS394_NS_37460_890
Bison_priscus_BS395_NS_40700_1300
Bison_priscus_BS396_NS_23680_170

Bison_priscus_BS397_NS_32370_470
Bison_priscus_BS398_NS_27400_260
Bison_priscus_BS400_NS_46100_2600
Bison_priscus_BS405_SI_23040_120
Bison_priscus_BS407_NWT_55500_3100
Bison_priscus_BS412_Y_30500_250
Bison_priscus_BS414_BIR_4495_60
Bison_priscus_BS415_D_30810_975
Bison_priscus_BS418_China_26560_670
Bison_priscus_BS438_AB_53800_2200
Bison_priscus_BS440_AB_60400_2900
Bison_priscus_BS443_AB_34050_450
Bison_priscus_BS459_China_47700_1000
Bison_priscus_BS469_AB_305_24
Bison_priscus_BS472_F_13235_65
Bison_priscus_BS473_AB_56300_3100
Bison_priscus_BS477_D_33710_240
Bison_priscus_BS478_D_34470_200
Bison_priscus_BS490_BIR_2415_25
Bison_priscus_BS493_NS_50000_4200
Bison_priscus_BS494_NS_44800_2200
Bison_priscus_BS495_NS_29570_340
Bison_priscus_BS497_NS_30000_540
Bison_priscus_BS498_NS_25980_230
Bison_priscus_BS499_NS_31410_420
Bison_priscus_BS500_NS_35580_550
Bison_priscus_BS517_BIR_2526_26
Bison_priscus_BS564_Si_24570_90
Bison_priscus_BS571_SIdy_32910_170
Bison_priscus_BS592_Urals_42500_450
Bison_priscus_BS605_NTC_20380_90
Bison_priscus_BS660_Urals_29500_140
Bison_priscus_BS662_SI_20000_0
Bison_priscus_BS674_Urals_29060_140
Bison_priscus_BS708_Urals_47050_750
Bison_priscus_BS713_Urals_30970_180
Bison_priscus_IB179_LC_12465_75
European bison
Bison_bonasus_AF083356_0_0
Bison_bonasus_AY428860_0_0
Bison_bonasus_EF693811_0_0
Bison_bonasus_EU272053_0_0
Bison_bonasus_EU272054_0_0
Bison_bonasus_EU272055_0_0
Bison_bonasus_U12953_0_0
Bison_bonasus_U12954_0_0
Bison_bonasus_U34294_0_0

Yak

Bos_grunniens_AY521140_0_0
Bos_grunniens_AY521149_0_0
Bos_grunniens_AY521150_0_0
Bos_grunniens_AY521151_0_0
Bos_grunniens_AY521152_0_0
Bos_grunniens_AY521154_0_0
Bos_grunniens_AY521155_0_0
Bos_grunniens_AY521156_0_0
Bos_grunniens_AY521160_0_0
Bos_grunniens_AY521161_0_0
Bos_grunniens_DQ007210_0_0
Bos_grunniens_DQ007221_0_0
Bos_grunniens_DQ007222_0_0
Bos_grunniens_DQ856594_0_0
Bos_grunniens_DQ856599_0_0
Bos_grunniens_DQ856600_0_0
Bos_grunniens_DQ856603_0_0
Bos_grunniens_DQ856604_0_0
Bos_grunniens_EF494177_0_0
Bos_grunniens_EF494178_0_0

Zebu

Bos_indicus_AB085923_0_0
Bos_indicus_AB268563_0_0
Bos_indicus_AB268564_0_0
Bos_indicus_AB268566_0_0
Bos_indicus_AB268571_0_0
Bos_indicus_AB268574_0_0
Bos_indicus_AB268578_0_0
Bos_indicus_AB268580_0_0
Bos_indicus_AY378134_0_0

Bos_indicus_AY378135_0_0
Bos_indicus_DQ887765_0_0
Bos_indicus_EF417971_0_0
Bos_indicus_EF417974_0_0
Bos_indicus_EF417976_0_0
Bos_indicus_EF417977_0_0
Bos_indicus_EF417979_0_0
Bos_indicus_EF417981_0_0
Bos_indicus_EF417983_0_0
Bos_indicus_EF417985_0_0
Bos_indicus_EF524120_0_0
Bos_indicus_EF524125_0_0
Bos_indicus_EF524126_0_0
Bos_indicus_EF524128 0_0
Bos_indicus_EF524130_0_0
Bos_indicus_EF524132_0_0
Bos_indicus_EF524135_0_0
Bos_indicus_EF524141_0_0
Bos_indicus_EF524152_0_0
Bos_indicus_EF524156_0_0
Bos_indicus_EF524160_0_0
Bos_indicus_EF524166_0_0
Bos_indicus_EF524167_0_0
Bos_indicus_EF524170_0_0
Bos_indicus_EF524177_0_0
Bos_indicus_EF524180_0_0
Bos_indicus_EF524183_0_0
Bos_indicus_EF524185_0_0
Bos_indicus_L27732_0_0
Bos_indicus_L27736_0_0

Aurochs
Bos_primigenius_DQ915522_ALL1_12030_52
Bos_primigenius_DQ915523_CAT1_5650_0
Bos_primigenius_DQ915524_CHWF_3905_185
Bos_primigenius_DQ915537_CPC98_5936_34
Bos_primigenius_DQ915542_EIL06_5830_29
Bos_primigenius_DQ915543_EIL14_5830_29
Bos_primigenius_DQ915554_LJU3_8020_50
Bos_primigenius_DQ915558_NORF_3370_30
Bos_primigenius_EF187280_PVL04_3204_56
Cattle

Bos_taurus_DQ124372_T4_0_0
Bos_taurus_DQ124375_T4_0_0
Bos_taurus_DQ124381_T3_0_0
Bos_taurus_DQ124383_T2_0_0
Bos_taurus_DQ124388_T3_0_0
Bos_taurus_DQ124394_T3_0_0
Bos_taurus_DQ124398_T3_0_0
Bos_taurus_DQ124400_T4_0_0
Bos_taurus_DQ124401_T4_0_0
Bos_taurus_DQ124412_T4_0_0
Bos_taurus_EU177822_T3_0_0
Bos_taurus_EU177841_T1_0_0
Bos_taurus_EU177842_T1_0_0
Bos_taurus_EU177845_T1_0_0
Bos_taurus_EU177847_T1_0_0
Bos_taurus_EU177848 _T1_0_0
Bos_taurus_EU177853_T2_0_0
Bos_taurus_EU177854_T2_0_0
Bos_taurus_EU177860_T2_0_0
Bos_taurus_EU177861_T2_0_0
Bos_taurus_EU177862_T5_0_0
Bos_taurus_EU177863_T5_0_0
Bos_taurus_EU177864_T5_0_0
Bos_taurus_EU177865_T5_0_0

Buffalo

Bubalus_bubalis_AF197208_0_0
Bubalus_bubalis_AF475212_0_0
Bubalus_bubalis_AF475256_0_0
Bubalus_bubalis_AF475259_0_0
Bubalus_bubalis_AF475278_0_0
Bubalus_bubalis_AY488491_0_0
Bubalus_bubalis_EF536327_0_0
Bubalus_bubalis_EF536328_0_0
Bubalus_bubalis_EU268899_0_0
Bubalus_bubalis_EU268909_0_0



Table S2. List of published whole mitochondrial genome sequences used for phylogenetic analysis.

American bison Cattle Buffalo
GU947000_Bison_bison_PlainNebraska  FJ971081_Bos_taurus_Chianina
GU946976_Bison_bison_PlainMontana  FJ971083_Bos_taurus_Romagnola
GU947004_Bison_bison_PlainWyoming  FJ971082_Bos_taurus_ltalianRedPied
GU947006_Bison_bison_WoodElkisland14 GU947021_Bos_taurus_Longhorn Zebu
GU946987_Bison_bison_PlainMontana  AY676864_Bos_taurus_Angus
GU947002_Bison_bison_PlainTexas
GU947003_Bison_bison_PlainTexas

FJ971085_Bos_taurus_Cinisara
FJ971084_Bos_taurus_Agerolese

AY488491_Bubalus_bubalis
AY702618_Bubalus_bubalis
AF547270_Bubalus_bubalis

| GU256940_Bos_indicus
GU947005_Bison_bison_WoodElkislandl AB074965_Bos_taurus_JapaneseBlack  AY126697_Bos_indicus
AF492350_Bos_indicus

Yak
EF494178_Bos_grunniens
EF494177_Bos_grunniens
EF494179_Bos_grunniens
GQ464310_Bos_grunniens
European bison
HQ223450_Bison_bonasus
HMO045017_Bison_bonasus

Table S3. Primers used in this study
Primer Primer Sequence (5' --- 3') Length(c)

Set Al | BovCR-16351F CAACCCCCAAAGCTGAAG ~96bp
BovCR-16457R TGGTTRGGGTACAAAGTCTGTG

Set Bl | BovCR-16420F CCATAAATGCAAAGAGCCTCAYCAG ~172bp
BovCR-16642R TGCATGGGGCATATAATTTAATGTA

Set A2 | BovCR-16507F AATGCATTACCCAAACRGGG ~184bp
BovCR-16755R ATTAAGCTCGTGATCTARTGG

Set-B2 | BovCR-16633F® GCCCCATGCATATAAGCAAG ~132bp
BovCR-16810R"™ GCCTAGCGGGTTGCTGGTTTCACGC

Set A3 | BovCR-16765F® GAGCTTAAYTACCATGCCG ~125bp
BovCR-16998R CGAGATGTCTTATTTAAGAGGAAAGAATGG

Set_ B3 | BovCR-16960F CATCTGGTTCTTTCTTCAGGGCC ~110bp
BovCR-80R" CAAGCATCCCCCAAAATAAA

Two pairs of PCR primers derived from hypervariable control region and 12S-rRNA region of the mitochondrial
genome were used for one-step simplex PCRs.

Primer Primer Sequence (5’--- 3°) (L)ength
C
Fragl | BovCR_16738MF® | CACGACGTTGTAAAACGACATYGTACATAGYA | 67bp
CATTATGTCAA
BovCR_16810TR® | TACGACTCACTATAGGGCGAGCCTAGCGGGTT
GCTGGTTTCACGC
Frag2 | Mamm_12SE CTATAATCGATAAACCCCGATA 96bp
Mamm_12SH GCTACACCTTGACCTAAC

(a): Primers (BovCR-16633F, BovCR-16810R, BovCR-16765F, BovCR-80R) were published in (Shapiro et al.
2004).
(b): To obtain good quality sequences for short fragment from directly sequencing, M13 (CAC GAC GTT GTA
AAA CGA C)and T7 (TAC GAC TCA CTA TAG GGC GA) primer sequences were tagged at the primers
BovCR_16738F and BovCR _16810R, respectively.
(c): Length of PCR amplicon is primer-excluded.
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Study of the time dependence of molecular rates
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Time-dependent rates of molecular evolution
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Abstract

For over half a century, it has been known that the rate of morphological evolution
appears to vary with the time frame of measurement. Rates of microevolutionary change,
measured between successive generations, were found to be far higher than rates of
macroevolutionary change inferred from the fossil record. More recently, it has been
suggested that rates of molecular evolution are also time dependent, with the estimated
rate depending on the timescale of measurement. This followed surprising observations
that estimates of mutation rates, obtained in studies of pedigrees and laboratory
mutation-accumulation lines, exceeded long-term substitution rates by an order of
magnitude or more. Although a range of studies have provided evidence for such a
pattern, the hypothesis remains relatively contentious. Furthermore, there is ongoing
discussion about the factors that can cause molecular rate estimates to be dependent on
time. Here we present an overview of our current understanding of time-dependent rates.
We provide a summary of the evidence for time-dependent rates in animals, bacteria and
viruses. We review the various biological and methodological factors that can cause rates
to be time dependent, including the effects of natural selection, calibration errors, model
misspecification and other artefacts. We also describe the challenges in calibrating
estimates of molecular rates, particularly on the intermediate timescales that are critical
for an accurate characterization of time-dependent rates. This has important conse-
quences for the use of molecular-clock methods to estimate timescales of recent
evolutionary events.

Keywords: calibrations, divergence times, molecular clock, mutation rate, purifying selection,
substitution rate
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subsequent studies, which consistently showed that
morphological evolutionary rates appeared faster when
measured over shorter timescales (Gingerich 1983, 2001;
Roopnarine 2003). A similar phenomenon has recently
emerged in rates of molecular evolution estimated from

Introduction

More than half a century ago, Kurtén (1959) found an
inverse correlation between the rate of morphological
evolution and the time interval over which the rate was

measured. Specifically, the rate of morphological change
between successive generations exceeded macroevolu-
tionary rates by several orders of magnitude. This time-
dependent rate pattern was confirmed in a number of

Correspondence: Simon Y. W. Ho, Fax: +61 2 91140979;
E-mail: simon.ho@sydney.edu.au
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DNA sequence data. In particular, there is a striking
disparity between spontaneous mutation rates, mea-
sured over a small number of generations in studies of
pedigrees and laboratory mutation-accumulation lines,
and the much lower substitution rates measured over
geological time frames (e.g., Parsons ef al. 1997, Howell
et al. 2003; Santos et al. 2005; Gibbs et al. 2009).



2S.Y. W. HO ET AL.

The discrepancy between short- and long-term rates
raises an obvious question: for how long does the short-
term rate remain elevated? Following the initial studies
of mutation rates in human pedigrees that were pub-
lished in the late 1990s (e.g., Howell et al. 1996; Parsons
et al. 1997), some authors suggested that high rates per-
sist for only a few generations (Macaulay et al. 1997;
Gibbons 1998). However, a growing number of empiri-
cal studies have found that rates remain elevated for
prolonged periods, perhaps exceeding a hundred
thousand generations in some taxa (e.g., Ho et al. 2005;
Genner et al. 2007; Burridge et al. 2008; Papadopoulou
et al. 2010). Some researchers have postulated that rates
of evolution decline exponentially as a function of the
age of the calibration used to estimate them (Fig. 1; Ho
& Larson 2006; Ho et al. 2005; Penny 2005), with young
calibrations yielding rate estimates reflecting (nonlethal)
mutation rates and older calibrations giving rate esti-
mates reflecting substitution rates.

A comprehensive characterization of time dependence
remains elusive because it requires that molecular rates
be quantified accurately across a range of timescales. In
turn, this depends on the availability of reliable tempo-
ral information for calibrating rate estimates. While
such calibrations can be found for analyses involving
time frames that are either very short (e.g., documented
pedigrees and laboratory mutation-accumulation lines)
or very long (e.g., palaeontological evidence), there is a
paucity of reliable calibrations for intermediate time
frames (see Box 1). However, estimating rates on inter-
mediate time frames is crucial for studying the decay of
high short-term rates.

Spontaneous
mutation rate

Estimated rate
(changes/site/year)

Evolutionary substitution rate

>

Time before present (years)

Fig. 1 Plot of time-dependent rates showing an exponentially
declining rate estimate with increasing time depth. The sponta-
neous rate of non-lethal mutations is approached at a time
depth of zero. As the time frame increases, the estimated rate
tends towards the long-term substitution rate observed in phy-
logenetic analyses calibrated using palaeontological or geologi-
cal data. The exact form of the curve is likely to show
considerable variation among taxa and among loci.

Validating and quantifying the time dependence of
molecular rates has important consequences for studies
in a number of fields. One of the key implications is
that rates estimated over a given time frame are not
transferable to analyses of other time frames, meaning
that it is invalid to assume that a single molecular clock
applies throughout all lineages over time (e.g., Ho &
Larson 2006; Howell et al. 2008). The degree of this
problem is greatest for studies that use molecular dat-
ing to understand recent evolutionary events, for exam-
ple  those  concerning  viral  phylodynamics,
phylogeographic processes, prehistoric human dispersal
or the extinction of megafauna in the late Pleistocene.
The impact of time-dependent rates extends beyond the
inference of timescales, however, and can also affect the
inference of demographic parameters that use estimates
of the mutation rate, such as effective population size
and migration rates.

To be able to address the problem of time depen-
dence when estimating molecular rates, timescales and
other parameters, it is necessary to have a thorough
appreciation of the causes of elevated short-term rates.
There are many factors that can lead to elevated short-
term rates, but their relative importance will vary
among taxa. Disentangling these factors has wider
implications for understanding the molecular evolution-
ary process (e.g., Woodhams 2006; Peterson & Masel
2009; O’Fallon et al. 2010).

Here we provide an overview of the known biological
and methodological factors that can contribute to the
time dependence of molecular evolutionary rates. We
also list the various sources of information for calibrat-
ing rate estimates (Box 1) and survey the published evi-
dence for time-dependent rates from studies of animals
(Box 2) and bacteria and viruses (Box 3).

The basic biological framework

One of the most important biological reasons why we
should expect molecular rate estimates to be time
dependent is that rates measured on different time-
scales reflect different biological processes. Rates mea-
sured over very short timescales (e.g., between
successive generations) can include genetic differences
representing all but the most detrimental mutations.
Therefore, these rate estimates approach the spontane-
ous mutation rate (discounting lethal mutations). On
the other hand, rates measured over very long time-
scales (e.g., between distantly related species) will
usually be dominated by substitutions (those muta-
tions that were fixed in either diverging lineage) and
will therefore approximate the substitution rate. Sub-
stitution rates are usually much lower than mutation
rates because natural selection tends to remove delete-
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Box 1. Calibrating estimates of molecular evolutionary rates

The degree of divergence between two sequences is determined by two factors: the rate of change and the time since
they last shared a common ancestor. Therefore, to estimate the rate of molecular change, it is necessary to include
independent information about the evolutionary timescale. Age calibrations can come from a variety of sources,
including the fossil record, dated geological events, archaeological evidence, heterochronous sampling, documented
pedigrees and laboratory lines (Figure 2).

Fossil record — One of the most common methods of calibration, particularly in studies of vertebrates, is the use of
palaeontological evidence. Fossil evidence provides the earliest appearance of identifiable members of a lineage,
allowing a minimum age constraint to be specified for the divergence event that gave rise to the lineage. If the
fossil record is sufficiently informative, it is possible to include maximum age constraints or to give calibrations in
the form of parametric age distributions (Yang & Rannala 2006; Ho & Phillips 2009).

In most cases, calibrations based on the fossil record are at least several million years in age. On shorter timescales,
there is usually an insufficient amount of inherited morphological variation for the fossil record to provide reliable
diagnostic characters. Consequently, palaeontological calibrations find their primary employment in phylogenetic
analyses conducted above the population level.

Dated geological events — In a biogeographic context, divergence of species or populations can sometimes be
attributed to geophysical isolating mechanisms or the appearance of new habitats. These can result from the
formation of islands, mountain ranges, seaways or other geological features. If the timing of such an event is
known, for example through radiometric dating, this information can be used to calibrate phylogenetic estimates of
rates. Geological calibrations span a wide range of ages and can include island formation events and ancient
continental movements.

Biogeographic calibrations can come in several forms, depending on the nature of the geological event and its
impact on lineage divergences; for example, the appearance of the Panamanian isthmus might represent a barrier
to gene flow between the Caribbean Sea and the Pacific Ocean (minimum age constraint), or a land bridge between
the American continents (maximum age constraint). It is not always clear whether it is safe to assume a close
correspondence between the age of the geological event and genetic divergence, because disparities can arise as a
result of ancestral divergence or subsequent dispersal (Marko 2002; Heads 2005).

Archaeological and anthropological evidence — Molecular estimates of the timing of human migration have sometimes
utilized calibrations informed by archaeological evidence. These calibrations include the arrival of humans in
Australasia (about 45 000 years ago) and the Americas (about 14 000 years ago), as well as other migration events
spanning a range of geographic and temporal scales (Endicott & Ho 2008; Henn et al. 2009; Subramanian 2009).

Diagnoses of human infection from archaeological sites or from historical documentation have been used to
provide calibrations for analyses of viral and bacterial evolution; for example, Li et al. (2007) used descriptions of
infections in ancient medical texts to infer the presence of smallpox in China in the 4th century AD; along with
other archaeological evidence of smallpox infections, this allowed the authors to place a number of age calibrations
at internal nodes in the phylogenetic tree of the variola virus.

Host codivergence — In some cases, the evolutionary timescale of pathogenic organisms can be inferred by assuming
correspondence with the evolution of host organisms; for example, the estimated timescale of human movements
has been used to provide indirect calibrations for associated pathogens (e.g.,, Lemey ef al. 2005). At higher
taxonomic levels, the codivergence of endosymbiotic bacteria with their host species has been used for calibrating
estimates of long-term rates (Kuo & Ochman 2009). This usually represents the only available source of temporal
information for analyses of pathogen evolution across geological scales. Conversely, stably inherited pathogens can
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Box 1. Continued

be used to infer the recent evolutionary history of their hosts (Kitchen et al. 2008). Given that various studies have found
evidence of host switching in pathogens (e.g., Ricklefs & Fallon 2002; Harkins et al. 2009), the general reliability of assuming host
codivergence for age calibration is uncertain.

Heterochronous sampling — In some data sets, such as those containing ancient DNA or serially sampled viruses and
bacteria, the sequences have distinct ages. Sometimes these dates are known exactly, for example through museum
records or as part of the sampling strategy. Otherwise, they can be estimated radiometrically, stratigraphically or
phylogenetically (Ho, Phillips 2009; Shapiro et al. 2011). If the age range of the sequences is large in relation to the
evolutionary rate, the sampling times can provide sufficient calibrating information for the analysis (Rambaut 2000;
Drummond ef al. 2003). Because they usually apply to the tips of the phylogenetic tree rather than to the internal
nodes, calibrations associated with heterochronous sequences differ markedly from those based on
palaeontological, geological or archaeological data.

Ancient DNA sequences can be hundreds of thousands of years old (Willerslev ef al. 2007). In the majority of
cases, however, precise dating is bounded at around 50 000 years by the limits of radiocarbon methods. Sample
ages can be indirectly obtained by association with dated strata (e.g., Lambert et al. 2002), but there is a risk of
dating errors because of vertical migration of nucleic acids (Haile et al. 2007). Sample intrusions can also produce
dating errors, particularly in archaeological contexts.

Heterochronous data can be obtained from viruses or bacteria by serially sampling from a single patient, from
different patients over a period of months or years, or from preserved historical samples (e.g., Buonagurio et al.
1986; Li et al. 1988). The limits on the inclusion of ancient viral and bacterial data are governed by nucleic acid
survival, sequence verifiability, access to reliable dating information and the extent of mutational saturation. Virus
sequences have been obtained from samples dating to the early twentieth century (e.g., Taubenberger et al. 1997),
although most data sets comprise samples from the past two or three decades.

Documented pedigrees and laboratory lines — In some studies, such as those of documented pedigrees and laboratory
lines, the number of generations separating the individuals is known exactly. If the age of the common ancestor
has not been recorded, it can be inferred using an estimate of the mean generation time. Pedigrees can span tens
to hundreds of generations, depending on the organism. Meta-analyses of published human pedigree studies can
include thousands of genetic transmission events (e.g., Howell et al. 2003; Goedbloed ef al. 2009).
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Fig. 2 Typical age ranges of different forms of calibrating information.
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Box 2. Evidence for time-dependent molecular rates in animals

Mitochondrial genomes — Perhaps the first observation of time-dependent molecular rates was made in a study of
carnivores and primates using gel electrophoresis (Wayne et al. 1991), in which the authors noted that the
molecular rate showed a linear decline with increasing time depth. This trend was most pronounced for time
depths <3 Ma before present. More than a decade later, Garcia-Moreno (2004) collected a number of published
estimates of substitution rates for avian mtDNA, finding a distinctive decline in the estimated rate as the
calibration point increased in age. Subsequent Bayesian phylogenetic analyses of many of the same avian data sets,
along with mitochondrial sequences of primates, reproduced this pattern and clarified the curvilinear relationship
(Ho et al. 2005, 2007c). Several authors have challenged these findings (Emerson 2007; Bandelt 2008), but a similar
rate trend has emerged in a recent study of insect mtDNA (Papadopoulou et al. 2010).

The recent work on time-dependent rates followed a series of surprising observations made in pedigree-based
studies of humans (Bendall et al. 1996; Howell et al. 1996, 2003; Mumm et al. 1997; Parsons et al. 1997;
Sigurdardéttir et al. 2000; Santos et al. 2005). Analyses of mtDNA from individuals with documented relationships
yielded remarkably high estimates of mutation rates, with some being more than an order of magnitude higher
than estimates of substitution rates based on phylogenetic analyses of mammalian and avian mtDNA. Collectively,
these studies pointed towards a very high short-term rate caused by the presence of transient polymorphisms. This
raised the question of how long elevated rates might persist, and led to concerns about the accuracy of date
estimates for recent evolutionary events (Howell & Mackey 1997; Macaulay et al. 1997; Gibbons 1998). High
estimates of mtDNA rates have since been obtained in pedigree studies of other organisms, including
Caenorhabditis (Denver et al. 2000), Drosophila (Haag-Liautard et al. 2008) and Adélie penguins (Millar et al. 2008).

In addition to the disparity between pedigree-based and phylogenetic rates, various studies have found that
molecular rate estimates are higher when calibrated within species than when calibrated with reference to sister
species (e.g., Ho et al. 2008; Rajabi-Maham et al. 2008; Korsten ef al. 2009; Davison et al. 2011). In some cases,
calibration within species was made possible by the inclusion of ancient DNA sequences, which can be up to
hundreds of thousands of years old (see Box 1). Most intraspecific ancient mtDNA data sets have produced relatively
high estimates of rates, sometimes exceeding long-term phylogenetic rates by an order of magnitude (Lambert et al.
2002; Ho et al. 2007b, 2011; Kemp et al. 2007; Hay et al. 2008). In addition, some analyses of ancient mtDNA have
found a relationship between estimated rate and calibration age (Ho et al. 2007c; Subramanian et al. 2009a).

Using calibrations based on dated geological events, such as river capture and lake separation, analyses of mtDNA
from cichlids (Genner et al. 2007) and galaxiid fishes (Burridge et al. 2008) have yielded time-dependent patterns
of rates. In both studies, the estimated rate declined over a few hundred thousand years.

There have been several detailed studies of time-dependent rates using human mtDNA. These have been made
possible by the availability of complete mtDNA sequences from a large number of modern humans, as well as
ancient mtDNA sequences from humans and Neanderthals. Some studies have noted substantial disparities
between pedigree-based rates, genealogical rates and phylogenetic rates (Howell et al. 2003; Santos et al. 2005,
2008; Kemp et al. 2007; Endicott & Ho 2008; Endicott et al. 2009), while others have provided a more detailed
characterization of the dependence of rate on time (Henn ef al. 2009; Loogvali et al. 2009; Soares et al. 2009).

Nuclear genomes — Estimates of mutation rates from pedigree studies have indicated a short-term elevation in
nuclear DNA which was similar to that seen in mitochondrial DNA. Such estimates have been made for
Caenorhabditis (Denver et al. 2004), Drosophila (Houle & Nuzhdin 2004; Haag-Liautard et al. 2007; Keightley et al.
2009) and human (Nachman & Crowell 2000). These estimates are far higher than substitution rates estimated in
phylogenetic analyses.

At the population level, most available nuclear data are in the form of microsatellites or SNPs. Mutation rates vary
considerably among microsatellite loci, depending on characteristics such as genomic context, motif size and the
existing number of repeats (Ellegren 2000; Buschiazzo & Gemmell 2006; Ballantyne et al. 2010). Despite this natural
variation, studies of short tandem repeats in the human Y-chromosome have found an approximately threefold
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Box 2. Continued

difference between the mean rates estimated in pedigree-based and population-level haplogroup-founder analyses
(Forster et al. 2000; Kayser et al. 2000; Zhivotovsky et al. 2004, 2006; Vermeulen ef al. 2009). A smaller disparity
was found between a rate estimated from a 13-generation human pedigree and a phylogenetic rate calibrated
using the human—chimpanzee divergence (Xue et al. 2009).

Box 3. Time-dependent molecular rates in bacteria and viruses

Bacteria — Some degree of time dependence has been observed in rate estimates from bacteria, although there have
been few studies of bacterial rates across significant evolutionary timescales. In a study of Vibrio cholerae, Feng
et al. (2008) found that their estimate of the substitution rate, calibrated using heterochronous sequences, was 100-
fold higher than the standard rate that is usually assumed. In contrast, slow rates for endosymbiotic bacteria were
estimated using calibrations based on the assumption of host codivergence (Kuo & Ochman 2009). The ratio of
nonsynonymous to synonymous mutations has been shown to be strongly time-dependent across several closely
related bacterial taxa (Rocha ef al. 2006).

Viruses — Rates of molecular evolution in viruses span several orders of magnitude. This wide variation is a
consequence of numerous factors but is primarily influenced by the fidelity of the polymerase that is used during
replication (Duffy et al. 2008; Holmes 2009). Generally, RNA viruses mutate more rapidly than retroviruses which,
in turn, mutate more rapidly than DNA viruses. Nevertheless, there is considerable rate variation within each of
these classes, making it difficult to evaluate the dependence of rate on the timescale of observation. This is
compounded by the problem of rapid saturation in viral genomes.

Analyses of heterochronous virus samples have typically yielded high estimates of short-term rates, and these
differ markedly from rate estimates based on an assumption of host codivergence (Jenkins ef al. 2002; Ramsden
et al. 2008; Harkins et al. 2009). In a survey of 15 rate estimates from plant viruses, Gibbs et al. (2009) found that
the highest rate estimates were obtained from heterochronous data. Lower rates were estimated in analyses
calibrated at internal nodes, with the very lowest estimates resulting from calibrations based on ancient
codivergence events. There also appears to be a discrepancy between intrahost and interhost rates of molecular
evolution (e.g.,, Lemey ef al. 2006; Gray et al. 2011), but this can perhaps be explained by aspects of viral
transmission dynamics (Pybus & Rambaut 2009).

There have also been studies of factors leading to the disparity between short- and long-term rates in viruses.
There is extensive evidence of strong purifying selection in various viruses (Holmes 2003), with a compelling time-
dependent pattern in the ratio of nonsynonymous to synonymous mutations in HIV (Sharp et al. 2001). Recent
studies have discounted the impact of several potential biases in the high rate estimates obtained from
heterochronous viral data (Duffy & Holmes 2009; Firth et al. 2010).

rious mutations, which are thought to constitute a
large proportion of spontaneous mutations, even in
noncoding regions of the genome (Eyre-Walker &
Keightley 2007).

To illustrate this point, it is helpful to consider a sim-
ple scenario in which we trace the history of a single
locus in a pair of sister species in a coalescent frame-
work (Fig. 3). In each species, mutations appear at a
certain rate per individual, per generation and per
nucleotide. These mutations are eventually lost or fixed
(a substitution event) at a rate that depends on their fit-
ness effects and on the population size (Ohta 1973). The
fate of neutral mutations in a population is determined

solely by genetic drift and, unless there is strong linkage
to sites under selection, the fixation rate depends only
on the rate at which the mutations are generated (Kimura
1968). At a given population size, the fixation rates of
advantageous and deleterious mutations are higher and
lower, respectively, than the neutral fixation rate.

In this setting, consider the hierarchy of genetic com-
parisons that can be made between four contemporary
individuals A, B, C and D in Fig. 3. A and B represent
closely related individuals from the same population,
so the observed genetic differences between them are
dominated by mutations, the number of which is deter-
mined by the mutation rate. Many of these mutations
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t

between intraspecific
genealogies and
speciation event

t
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prior to speciation
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Fig. 3 A simplified representation of genealogical history at a
single locus in a pair of species. Each circle represents a ran-
domly mating individual and each row represents one genera-
tion. The ancestral species (spanning the time period f3) splits
into two descendent species (spanning the periods t, and ty).
Four contemporary individuals labelled A, B, C and D are
referred to in the text.

are likely to be deleterious, but have not yet been
removed by selection. If A and B are very closely
related (e.g., siblings), then a larger proportion of the
mutations can be detected and the molecular rate esti-
mate will approach the per replication mutation rate
(Howell et al. 2003; Santos et al. 2005).

A and C represent distant relatives within the same
population. The number of genetic differences between
them is largely determined by the mutation rate but, in
the time since their common ancestor, selection has had
more opportunity to remove mildly deleterious muta-
tions. For this reason, the estimate of the molecular rate
in the A-C comparison will be considerably lower than
that derived from the A-B comparison.

A and D represent individuals from different species.
Many of the genetic differences between them are sub-
stitutions (mutations that are fixed during t,; Fig. 3).
However, some of the differences might also be poly-
morphisms that arose during t;. Additionally, some dif-
ferences might be due to mutations that occurred before
the timing of the speciation event (i.e., during f3). The
relative proportions of each of these periods (t;, t,, and
t3) determine the relative influence of the mutation and
substitution rates on the molecular rate estimate from
the A-D comparison. If t, is long relative to both t; and
t; (e.g., if A and D are individuals from distantly
related species), then the rate estimate will approximate
the long-term substitution rate.

The reduction in molecular rate estimates calculated
from the A-C and A-D comparisons, relative to the A-B
comparison, depends on the effective population size
and on the distribution of fitness effects of new muta-
tions in the two lineages. If the population size is large
and the majority of mutations are deleterious, then the
rate estimated from the A-C comparison will be consid-
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erably lower than from the A-B comparison. However,
if both the population size and the fitness effects of
mutations are very small, then the rates estimated from
the A-D and A-C comparisons may be close to that esti-
mated from the A-B comparison. Indeed, when all
mutations are strictly neutral, the long-term substitution
rate is equal to the per generation, per individual muta-
tion rate, regardless of population size (Kimura 1968).

Looking beyond this basic framework, a range of
other biological and methodological factors can amplify
the disparity between estimates of short- and long-term
rates. The identity, importance and relevance of these
factors continue to be debated. Below, we broadly class
these factors into those that relate to natural selection,
calibration error, model misspecification and other arte-
facts. This classification is by no means definitive; most
of the factors involve inadequate modelling of the bio-
logical process when estimating molecular evolutionary
rates. We describe the factors and discuss their relative
significance.

The effects of natural selection

Natural selection tends to remove mutations with nega-
tive fitness effects from populations. The ability of nega-
tive selection to remove a given mutation depends
on both the fitness effect of that mutation and on the
effective population size — mutations are removed more
efficiently by negative selection when they are highly
deleterious and when the effective population size is
large (Ohta 1992). Because negative selection removes
mutations from populations, it results in long-term rate
estimates being lower than short-term rate estimates.
The extent to which selection influences the time depen-
dence of rate estimates will depend on the distribution
of fitness effects of new mutations. It is possible for
positive selection to cause a transient increase in substi-
tution rates, although this will typically apply to only a
very small proportion of sites in the genome.

Negative selection

Analyses of molecular data from pedigrees, laboratory
mutation-accumulation lines, and intrahost viruses indi-
cate that many new mutations are rapidly removed by
selection (Denver ef al. 2000; Holmes 2003; Haag-Liau-
tard et al. 2008; Santos et al. 2008; Stewart et al. 2008).
A large proportion of mutations are likely to be slightly
deleterious for the metazoan mitochondrial and viral
genomes (Ballard & Whitlock 2004; Duffy ef al. 2008;
Stewart et al. 2008; Galtier et al. 2009), the primary
sources of evidence for time-dependent rates (see
Boxes 2 and 3). If this is the case, we should expect to
see a rapid decline from spontaneous mutation rates as
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we look back in time. However, Hill-Robertson interfer-
ence, whereby a low rate of recombination prevents
multiple selected sites from evolving independently
(Hill & Robertson 1966), can substantially reduce the
efficacy of selection in some sequences (Williamson &
Orive 2002), consequently tempering the effects of nega-
tive selection on the time dependence of molecular rate
estimates.

The effect of negative selection on molecular rate esti-
mates is also apparent in the time-dependent decline in
the ratio of nonsynonymous to synonymous changes in
protein-coding sequences (Sharp et al. 2001; Elson et al.
2004; Rocha et al. 2006; Peterson & Masel 2009; Subra-
manian 2009). Analyses of mitochondrial DNA
(mtDNA) sequences have shown that rates at nonsyn-
onymous sites display stronger time dependence than
those at synonymous sites (Endicott & Ho 2008; Loo-
gvali ef al. 2009; Soares et al. 2009; Subramanian et al.
2009a). These results suggest an important role for neg-
ative selection in the time dependence of rates. How-
ever, theoretical investigations have indicated that the
action of purifying selection alone is insufficient to
explain the time-dependent patterns of rates obtained
in published empirical studies of primates and birds
(Woodhams 2006; Peterson & Masel 2009). Sequences in
noncoding regions, such as the mitochondrial D-loop
and microsatellites in the human Y-chromosome, have
also been shown to exhibit time-dependent rates
(Box 2). This pattern might be the result of negative
selection on these sequences, but it is perhaps more
likely that it is because of negative selection in closely
linked coding regions.

Positive selection

Positive selection can produce an increase in nonsynon-
ymous rates, which is reflected in the overall substitu-
tion rate as well as the ratio of nonsynonymous to
synonymous rates. Positive selection could explain
some observations of time dependence if there has been
recent adaptive evolution. It has been postulated that
some of the nonsynonymous mutations towards the tips
of the human mitochondrial genealogy represent adap-
tive changes in response to climatic variation (Mishmar
et al. 2003; Ruiz-Pesini et al. 2004), although these
claims have been contested (Elson et al. 2004; Sun et al.
2007). Moreover, it has been suggested that this form of
positive selection does not lead to the persistent eleva-
tion of rates seen in empirical studies (Loogvali et al.
2009). Given the wide range of sequences and taxa in
which time-dependent rates have been detected, it
seems implausible that widespread recent increases in
rates of adaptive molecular evolution could offer a com-
mon explanation.

The effects of calibration errors

To estimate absolute rates of molecular evolution, it is
necessary to use independent temporal information to
calibrate the age of a given node in the tree (Box 1). If
calibrations are specified incorrectly, any resulting rate
estimates might be biased. A number of errors can arise
when choosing and implementing calibrations; most of
these errors lead to overestimates of rates. This overesti-
mation bias tends to be largest on short timescales,
which can lead to a time-dependent pattern of rates (as
seen in Fig. 1).

Coalescent calibration error

The genetic divergence of a given locus always pre-
cedes or coincides with population or species diver-
gences (t; in Fig. 3), unless there is subsequent gene
flow. When calibrations are based on the presumed tim-
ing of a population- or species-divergence event, genetic
divergence is typically assumed to coincide with popu-
lation divergence. This leads to an underestimate of the
time since genetic divergence, with a consequent over-
estimation of substitution rates. The magnitude of this
bias will be greatest on short timescales, where the tem-
poral difference between genetic and population diver-
gences forms an appreciable proportion of the total
time separating the two populations or species
(Edwards & Beerli 2000). The severity of the effect also
increases with the effective population size and genera-
tion time of the ancestral lineage. Some methods enable
calibration of population divergences rather than
genetic divergences (e.g., Heled & Drummond 2010),
allowing the problem of coalescent calibration error to
be avoided.

Recently, it was suggested that the rate overestima-
tion caused by this coalescent calibration error provides
a sufficient explanation for observed time-dependent
trends in rates (Peterson & Masel 2009). In practice,
however, there are some instances in which congruence
between genetic and population splits is plausible. If
there had been a bottleneck in the ancestral population
prior to or during speciation, then there is a high proba-
bility that genetic divergence occurred close to the time
of population divergence.

Coalescent calibration error almost certainly explains
some portion of the observed time dependence of
molecular rate estimates. However, the suggestion that
it offers a sufficient explanation is challenged by the
high rate estimates obtained in studies of data sets com-
prising sequences of varying ages (heterochronous
data), including ancient mtDNA (e.g.,, Lambert et al.
2002; Ho et al. 2007b; Hay et al. 2008) and viruses
(Box 3). In these studies, rate estimates are not cali-
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brated at divergence events, but at the tips of the tree
(see Box 1). Therefore, this approach does not entail
any assumptions about the concurrence of genetic and
population divergences. If the high rates estimated in
analyses of heterochronous data are legitimate, then
coalescent calibration error cannot be the exclusive
cause of time-dependent rates. Therefore, it appears that
heterochronous sequence data might play an important
role in further explication of this phenomenon, although
there has been some debate over the validity of rates
estimated from such data sets (Ho et al. 2007b, 2011;
Debruyne & Poinar 2009; Miller et al. 2009; Navascués
& Emerson 2009; Subramanian et al. 2009b; Firth et al.
2010).

Palaeontological, biogeographic and archaeological
calibration error

In phylogenetic analyses, estimates of molecular rates
are usually calibrated using temporal information from
the fossil record or from assumed biogeographic splits
(Box 1). The timing of an evolutionary divergence event
can be assumed to be older than the earliest appearance
of either of its descendent lineages in the fossil record.
Genetic divergence generally precedes the appearance
of diagnostic morphological variation, meaning that
there is a disparity between date estimates provided by
molecular data and the fossil record. In addition, there
is also a very low probability that a fossil taxon can be
reliably placed close to a divergence event. Thus,
genetic divergence times are underestimated by palae-
ontological evidence, which can lead to overestimates of
molecular rates. The relative magnitude of this bias is
most problematic for studies of short evolutionary time-
scales where the age underestimation can represent a
substantial proportion of the true age of the calibration
(Ho et al. 2005), but fossil calibrations are rarely used in
such settings.

In studies of recent evolutionary events, calibrations
based on biogeography or archaeology are sometimes
employed (Box 1); for example, the appearance of a
geological feature can produce a barrier to gene
flow, allowing the timing of genetic divergence to be
estimated. In some cases, colonization events can be
identified in phylogenetic trees and their timing esti-
mated using geological or archaeological evidence (e.g.,
Fleischer et al. 1998; Henn et al. 2009). Biogeographic
calibrations carry a number of risks because they usu-
ally involve strong assumptions, the most important of
which is that there is a close correspondence between
genetic and geological events. However, genetic diver-
gence can substantially antedate the emergence of a bar-
rier to gene flow, for example in the presence of
undetected, extinct sister lineages (Emerson 2007). This
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can lead to a severe overestimation of molecular rates
(e.g., Marko 2002). On the other hand, dispersal or other
agents of gene flow can result in genetic divergence
postdating geological events, resulting in an overestima-
tion of the calibration age and subsequent underestima-
tion of molecular rates.

The effect of model misspecification

In all estimates of rates, numerous simplifying assump-
tions are required. This is reflected in the use of rela-
tively simple models of genetic inheritance, nucleotide
substitution and demographic history. Computational
and statistical tractability is the main purpose of these
assumptions, but often this comes at the cost of biologi-
cal realism. Biases in the estimates of various parame-
ters, including rates, can arise if the model is
misspecified (Swofford et al. 2001; Lemmon & Moriarty
2004). Although this problem can sometimes be mini-
mized through a rigorous model-selection procedure, it
can be the case that none of the available models is
entirely adequate (Gatesy 2007).

Phylogenetic assumptions concerning inheritance

In most phylogenetic analyses, it is assumed that the
sampled sequences are orthologous, which means that
they diverged from each other via a speciation process
and not by duplication events or horizontal gene trans-
fer. In analyses of animal mtDNA, common assump-
tions include uniparental inheritance, homoplasmy and
a lack of recombination. However, occurrences of bipa-
rental inheritance, paternal leakage, heteroplasmy and
recombination have been reported for mtDNA from a
variety of taxa (e.g., Schwartz & Vissing 2002; Bromham
et al. 2003; Barr et al. 2005; Santos et al. 2005; Tsaousis
et al. 2005). If these violations of the assumptions are
not adequately dealt with, estimates of the rate of
molecular evolution can be inaccurate (White et al.
2008). The presence of nontarget sequences (e.g., paralo-
gous copies of genes in a single-gene analysis) will usu-
ally produce an artificial inflation of genetic diversity,
leading to a rate overestimation that is greater on short
timescales. However, it is difficult to envisage these
problems occurring on a widespread scale in published
analyses.

Substitution model misspecification and saturation

When the process of nucleotide substitution is modelled
in a phylogenetic analysis, it is almost always assumed
to be homogeneous throughout the tree. One of the
functions of these models is to correct for unobserved
substitutions; underestimation of these unseen changes
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is the typical outcome of substitution model misspecifi-
cation (Sullivan & Joyce 2005). Under-correction for
mutational saturation can cause patterns of time-depen-
dent rates, because saturation is likely to be less of a
problem over very short time frames (such as those
associated with analyses of recent events) but is an
important factor over longer time frames (such as those
associated with phylogenetic analyses). It has been sug-
gested that this effect might be at least partly responsi-
ble for time-dependent rates (Garcia-Moreno 2004;
Emerson 2007; Ho et al. 2007c; Raquin et al. 2008).

Demographic factors

In Bayesian phylogenetic methods, a prior distribution
needs to be specified for the tree (including topology and
branch lengths). In some implementations, the prior dis-
tribution is generated using a stochastic branching or coa-
lescent process (Drummond et al. 2006; Yang & Rannala
2006). For intraspecific data sets, the use of the coalescent
also requires assumptions about the demographic history
of the species being studied. Coalescent-based
approaches typically involve simple parametric models
of demographic change, built upon assumptions such as
panmixia and random sampling. It has been demon-
strated that violation of these assumptions, as well as
incorrect modelling of demographic history, can lead to
biases in rate estimates; for example, the presence of
severe bottlenecks or marked population subdivision,
combined with biased sampling, can artificially elevate
the estimates of short-term rates made using heterochro-
nous data (Miller et al. 2009; Navascués & Emerson 2009).

The problem of demographic model misspecification
can be at least partly addressed using extensions of the
coalescent that allow for population structure (Notohara
1990), while a model-selection procedure can be imple-
mented to determine the most appropriate description of
population history. Alternatively, some complexities in
demographic history can be accommodated using flexi-
ble models of population change (e.g., Drummond et al.
2005; Heled & Drummond 2008). However, because pop-
ulation history can rarely be described with confidence,
it remains possible that time-dependent rates will be a
feature of coalescent analyses for some time.

Artefacts causing time dependence of molecular
rates

Time dependence in rate estimates can also be influ-
enced by a number of additional measurement errors.
Some of these, such as sequence errors, can be difficult
to detect, whereas certain statistical phenomena can be
dealt with more readily.

Sequence error and postmortem damage

Errors in DNA sequences can be introduced at various
stages of analysis, including base misincorporation dur-
ing the polymerase chain reaction and misinterpretation
of sequence traces. In studies of sequences acquired
from ancient samples, the DNA molecule can be altered
by postmortem damage, the level of which is usually
higher than typical sequencing error by an order of
magnitude (Lindahl 1993). Regardless of the source,
sequence errors will manifest themselves as spurious
recent mutations, leading to time-dependent rate esti-
mates as well as biases in other parameters (Clark &
Whittam 1992; Ho et al. 2005, 2007a; Johnson & Slatkin
2008). The manifold sequencing coverage achieved by
next-generation sequencers might lead to a better char-
acterization of sequence quality, but the degree of error
in published sequences is unknown (e.g., Forster 2003;
Bandelt et al. 2006).

The impact of sequence errors is most pronounced
when there is low diversity among sequences, which is
often the case for population-level data. Assuming a
fixed frequency of sequence error, the estimation bias in
rates declines with increasing sequence divergence (Ho
et al. 2005). In phylogenetic analyses of ancient DNA
sequences, this estimation bias can be alleviated using
models of sequence damage (Ho et al. 2007a; Mateiu &
Rannala 2008; Rambaut et al. 2009). However, because
all sequencing errors will be incorrectly recorded as
recent mutations, they are likely to explain some pro-
portion of the time dependence of rates in a large num-
ber of studies.

Skewed rate distributions

Molecular rates are described by scale parameters,
which have a natural lower bound of zero and lack a
rigid upper bound. This asymmetric constraint can
introduce a bias in Bayesian rate estimates, particularly
if they are associated with wide credibility intervals,
leading to a positively skewed posterior distribution in
which the point probability of a very high rate is
higher than normal. Consequently, the mean can give
a biased reflection of the rate, especially if the rate is
estimated from a data set with very low sequence var-
iability (Heled & Drummond 2008; Debruyne & Poinar
2009). Thus, the use of mean rate estimates in Bayesian
studies of substitution rates might explain some cases
of time-dependent rates. A recent simulation-based
study demonstrated that this bias can be reduced or
removed through the use of other measures of central
tendency, such as the median or mode (Ho et al.
2011).
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Ascertainment bias

For some types of markers, comparison of rates esti-
mated over different timescales might be confounded if
the rates have been calculated using different loci. This
can be caused by ascertainment bias, whereby rapidly
mutating markers are selected for pedigree studies
while slowly evolving markers are chosen for evolution-
ary studies (Zhivotovsky et al. 2004; Bandelt 2008;
Ballantyne et al. 2010). This can also be the case for sin-
gle-nucleotide polymorphisms (SNPs), whereby highly
variable sites are selected to provide resolution within
species but might not provide resolution in interspecific
comparisons; for example, this is a major problem with
SNP-chips that have been designed to analyse a small
subset of species (Decker et al. 2009). In some studies,
fast-evolving and poorly aligned sites are discarded to
improve the ratio of phylogenetic signal to noise and to
increase confidence in homology (Castresana 2000),
leading to a biased representation of the sequence data.
Although it is unclear whether these ascertainment
biases extend to any of the direct comparisons that have
been made between pedigree and phylogenetic rates
(Howell et al. 2008), the focus on rapidly evolving
markers does lead to the additional problem of muta-
tional saturation over long time frames.

Concluding remarks

Numerous factors have the potential to produce a
time-dependent pattern in molecular rates, particularly
via elevation of short-term rates. Short-term estimates
of rates are likely to include mutations that will not
be observed on longer timescales, owing to loss of
mutations by selection. Therefore, short-term rates are
closer to the nonlethal mutation rate than long-term
rates, with the latter reflecting slower substitution
rates.

In addition to the transience of deleterious mutations,
various estimation biases can lead to an inflation of
short-term measures of rates. In general, estimation
biases and methodological artefacts tend to cause over-
estimation of short-term rates and underestimation of
long-term rates. Overestimation bias tends to be propor-
tionally greater on short timescales, which leads to a
time-dependent pattern of rates. Although it is likely
that their contributions will vary considerably among
data sets, particularly among taxonomic groups, it
seems plausible that negative selection, coalescent cali-
bration error and perhaps model misspecification are
the most important factors leading to elevated short-
term rates. Some of these issues can be corrected by rig-
orous testing of model assumptions and careful selec-
tion of calibrating information.
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Given the number of potential factors causing time-
dependent rates, as well as differences in their effects
among loci, it might prove very difficult to correct for
these factors when making estimates of evolutionary
timescales. Until further studies have quantitatively
addressed the importance of and interactions between
each of these factors, building mechanistic models to
account for time-dependent rates is unlikely to be
straightforward. Perhaps the most pragmatic approach
to obtaining accurate estimates of evolutionary time-
scales is to be aware of the factors causing time-depen-
dent rates and to attempt to avoid them.

An important practical consequence of time-depen-
dent rates is that a strict molecular clock is rarely
appropriate for investigating phylogenetic trees that
cross the barrier between populations and species. Even
if a relaxed molecular clock is employed in an attempt
to deal with this problem (e.g., Korsten ef al. 2009), it is
typically assumed that all of the branch-specific rates
come from a single distribution (Drummond et al.
2006). A potential solution is to perform separate analy-
ses at the intra- and interspecific levels, or perhaps to
use local-clock models to distinguish between short-
and long-term rates (Yoder & Yang 2000; Drummond &
Suchard 2010). Alternatively, it may be appropriate to
define substitution rate mathematically as a function of
time, applied across all lineages of a phylogenetic tree
(Rodrigo et al. 2008).

Further empirical studies, including detailed compari-
sons among the factors discussed in this review, will help
to identify the scale and impact of the various factors.
Evidence from nuclear data, including noncoding
regions, should also prove to be illuminating. The growth
of genomic sequence data provides an excellent opportu-
nity to investigate time-dependent rates in detail, particu-
larly when sequences are available from multiple
individuals within a population as well as from closely
related species. The identification of reliable age calibra-
tions, particularly those relating to recent evolutionary
timescales, is also an important avenue of research.

It should be noted that some of the factors described
in this review can also affect estimates of rates over
much longer time frames; for example, the problems of
saturation and model misspecification will grow in
severity as the timescale of measurement increases. On
long timescales, however, it is likely that the effects of
time-dependent factors will be small in comparison with
other sources of error, including those relating to calibra-
tions and models of rate variation among lineages.
Additional factors such as changes in the substitution
process and differences in equilibrium nucleotide fre-
quencies will also become significant (e.g., Phillips 2009).

Understanding the causes of time-dependent rates is
important for a number of reasons, not only for quanti-
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fying rates of molecular change but also for construct-
ing evolutionary timescales. This is likely to have an
impact on estimates of the timing of events that have
occurred in the past few hundred thousand years, and
perhaps over longer timescales. Disentangling the fac-
tors influencing rate estimation will also lead to an
improvement in our understanding of the molecular
evolutionary process.
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ABSTRACT

The archaeological record of Central Europe identifies a succession of profound
cultural and economic changes between the last hunter-gatherers of the Mesolithic and the
incoming farmers of the Early Neolithic (~5450 BC), through to the socially stratified
chiefdoms of the Early Bronze Age (~2200 BC)'™. The exact nature and genetic context of
the transformative changes that took place over these four millennia remains unclear™,
although current genetic patterns hint at multiple inputs from outside Central Europe®’.
Present-day European mitochondrial (mt) DNA variability is dominated by haplogroup (hg) H
(~40%)°, yet this was virtually absent in Mesolithic hunter-gatherers® and present in only 19%
of early Neolithic farmers’. Traditional mitochondrial D-loop sequencing has been unable to
accurately resolve the evolutionary history of hg H, leaving the origins of more than a third of
European mtDNA diversity obscured'’. We use new ancient DNA approaches to sequence 39
complete hg H mt genomes from well-preserved human remains and reconstruct the genetic
background to the cultural changes that took place between the Neolithic and Bronze Age in
‘real-time’. This first population-level study of ancient human mt genomes allows us to
directly observe sequence evolution in human mtDNA by linking individual hg H genomes to
specific points in time. We calculate an evolutionary rate that is considerably higher than
current estimates and reconstruct recent demographic history. The ancient mt genomes reveal
that the origins of present-day European hg H distribution and diversity were established by
the Mid-Neolithic, shortly after a pronounced genetic discontinuity between archaeological
cultures of the Early (pre-4000 BC) and Mid-to-Late Neolithic (post-4000 BC). Further
genetic contributions were made in the Late Neolithic, particularly by the first pan-European
cultures such as the Bell Beakers who expanded out of Iberia ca. 2800 BC, potentially in

association with the initial spread of the Celtic language family'".
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Mitochondrial haplogroup H accounts for over 40% of mtDNA variation across much
of Western Eurasia, with declining frequencies south and east to ~10-30% in the Near East
and Caucasus’. Phylogeographic studies suggest that hg H arrived in Europe from the Near
East prior to the Last Glacial Maximum (22,000 BP), and survived in glacial refugia in
Southwest Europe before undergoing a postglacial re-expansion”'. However, traditional
approaches, which have relied on sequencing ~360 bp of the mitochondrial D-loop or control
region, have been unable to resolve either the phylogeny or phylogeographic distribution of
hg H*". Limited studies of complete genome sequences have highlighted the complexity of

12’14'16). As a result, the origins of almost half

the evolutionary history of this haplogroup (e.g.
of the maternal population history of Europe remain unclear, raising the question of when and
how H became the predominant haplogroup.

A recent phylogenetic analysis of the 16.6 kb human mt genome has identified 87
subclades of hg H'” and revealed that 71% of hg H polymorphic diversity is located outside
the D-loop, in the coding region'®. Consequently, we designed a new DNA-hybridisation
capture system to sequence complete mt genomes from immortalised libraries of the highly
damaged and degraded endogenous DNA recovered from archaeological remains
(Supplementary Information)'”.

We used this method to generate a genetic picture across a chronological transect of
archaeological cultures in the Mittelelbe-Saale region of Saxony-Anhalt (Germany). This
region provides a continuous archaeological record since Palaeolithic times with excellent
preservation of human skeletal remains. Our transect spans the >3500 years of the Central
European Neolithic period (Table 1; Supplementary Information), from the first farmers of
the Early Neolithic /inear pottery culture LBK (5450-4775 BC), through the Rossen
(4625-4250 BC), Schoningen (4100-3950 BC), Baalberge (3950-3400 BC), and Salzmiinde
(3400-3025 BC) cultures. These were followed by two of the first pan-European phenomena,
the Corded Ware (CWC, 2800-2050 BC) and Bell Beaker (BBC, 2500-2050 BC) complexes,
before the emergence of the Early Bronze Age with the Unetice culture (2200-1575 BC).

Individuals assigned to hg H by simplex and multiplex PCR’ were selected from a
collection of over 400 prehistoric Europeans (Supplementary Information). Target-enriched
DNA libraries were prepared from 37 Mittelelbe-Saale individuals, as well as two hg H
samples from Italy, and genotyped via the Affymetrix MitoChip v2.0% (Supplementary
Information). Six target-enriched libraries were also analysed via a single-molecule, real-time
(SMRT?'; Pacific Biosciences) sequencing platform. In addition, 35/391 (9%) of all SNPs
identified via the MitoChip were independently tested and confirmed by direct PCR from

independent extracts and Sanger sequencing.
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Table 1. Summary of genotyping and archaeological data for human individuals.

All samples displayed sequence variants at nucleotide positions (np) 263, 750, 1438, 4769, 8860 and 15326 -
going ‘out of hg H2a2al/rCRS’ - except for BZHS8 (missing 1438 and 4769 due to its position within hg H2ala;
Figure 1a). Bold = previously characterised hg H SNPs. Regular= ‘private’ / as-yet-unknown hg H SNPs (nps
16519 is usually not considered in phylogenetic reconstructions).

Culture / Age Hg' SNP differences relative to the rCRS Individual®
H23 10211, 16519 HAL36
H 16093, 16129, 16519 HALIL
H26 11152, 16519 HAL32
Hle 3010, 5460, 16519 HAL39
LBK (5450-4775 BC) HSS 8596, 16519 DEB9
Hlj 3010, 4733, 16519 DEB21
Hibz 1719, 3010, 14380, 16519 KARGa
H 152, 16519 KARI11b
H46b 2772, 11893, 16519 KARI6a
HS89 6932, 8068, 12696, 16519 OSH2
Rossen (4625-4475/4250 H1 3010, 16519 OSH3
BC) H16 152, 10394, 16519 OSHI1
H5b 456, 5471, 16304 OSH7
N H10i 13503, 14470A, 16093, 16519 SALZI8a
Schoningen (4100-3950 BC) ;) 1766, 3010, 5460, 16519 SALZ21b
Hilela5 | 3010, 5460, (5960), 8512, 8865, 14902, 16519 ESP30
Baalberge (3950-3400 BC) o 45 4793, 15409, 16388, 16519 HQU4
Salzmiinde H3 152, 6776, 16519 SALZ57a
(3400-3100/3025 BC) H3 6776, 16519 SALZ77a
Corded Ware (2800- Hé6ala 239, 3915, 4727, 9380, 11253, 16362, 16482 ESP15
2200//2050 BC) H1TBD | 3010, 8149, 9377, 9467, 13671, 14319, 16189, 16519 | BZH6
Hie7 3010, 5460, 15220, 15401, 16293, 16519 BZH4
H5a3 456, 513, 4336, 15884, 16304 ROTG6
H3b 2581, 6776, 16519 ALBI
H3a02 4577, 6776, 16256, 16519 ROTI
ge’sl(l)(liezazlgg/z 050 BO) H5a3 456, 513, 4336, 15884, 16304 ROT2
Hdal 3992, 4024, 5004, 9123, 14365, 14582 QUEXII1
Hdal 3992, 4024, 5004, 9123, 14365, 14582 QUEXII2
H1 3010, 16519 QLB26a
Hi3ala2c | 2259, 4745, 9025, 13542, 13680, 14872 QUEXII3
H1 3010, 16519 QLB28b
Hilla 195, 961G, 8448, (13759), 16293, 16311 BZH1
H2ala3 | 951, 6173, 13095, 16240T, 16354 BZHS
HS82a 195, 16220, 16519 BZH14
Unetice (2200-1575 BC) Halalas 13,5392, 4024,5004, 8269, 9123, 10044, 13545, 14365, | .\ /-
H3 152, 6776, 16519 EUL57B
H7h 4793, 16213,16519 QUEVIII4
E‘gzaflg o Age Hlawl | 3010, 8701, 15912, 16519 .
Tron Age (500 BC) H90 5435, 8911, 10237, 15109, 16519

Haplogroup H designations based on the http://www.phylotree.org mtDNA tree Build 14 (5 April 2012) I8,
*Samples that were independently typed via Pacific Bioscience SMRT sequencing are shown in bold.

Mt genome sequences from all 39 individuals were unambiguously assignable to sub-
branches of hg H'®, confirming that a single human individual was typed in each case (Table
1). The ancient hg H sequences were highly diverse, with 34 distinct haplotypes attributed to
20 major sub-haplogroups (gene diversity H= 0.997 +/- 0.0071; nucleotide diversity 0.000421
+/- 0.000225) including three novel lineages (H88-H90).
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Phylogenetic network analysis of these ancient mt genomes reveals clear evidence of
evolution over the 3500-year transect (Figure 1a). Sequences from older samples represent
basal hg H lineages, only one to three mutations away from the ancestral root haplotype of hg
H, while more recent samples comprise more derived haplotypes, and appear on longer
branches. This represents the first detailed direct observation of the human mt evolutionary
rate and also confirms the authenticity of the aDNA data. The network also reveals
pronounced differences between the sub-haplogroup composition of mt genomes from the
Early Neolithic (ENE) cultures and those of the Mid/Late Neolithic to Early Bronze Age
(LNE). Early Neolithic (and in particular LBK) genomes from before 4000 BC, are either rare
today (H16, H23, H26) or have not yet been observed in present-day populations (H46b, H8S,
H89). In sharp contrast, later hg H sub-clades (after 4000 BC) are largely common in present-
day European populations (e.g., hg H3, H4, H6, H7, H11, and H13)'>'*"*_ Only three of 37
lineages (within the common, basal sub-clade H1) were shared between ENE and LNE
cultures, demonstrating minimal local genetic continuity (Table 1).

To examine this apparent temporal discontinuity, we tested whether cultures from
early and late Neolithic pools represent different meta-populations. While population pairwise
distances were non-significant (Fst = 0.01459; p = 0.12048+/- 0.0032), comparisons based on
the presence of sub-clades using non-parametric multivariate analysis of variance (NP-
MANOVA, p=0.0034) confirmed the pattern (Supplementary Tables 8 and 9). Therefore, it
appears that Early Neolithic lineages were largely superseded after 4000 BC, and that much
of present-day Central Europe’s hg H diversity was created by the diversification of Mid-
Neolithic lineages (after 4000 BC) and/or by the incorporation of new lineages from outside
central Europe during the subsequent Late Neolithic (2800 BC) and emerging Bronze Age
(2200 BC). The Late Neolithic is known to have been a period of profound cultural and
economic change® with newly emerging, pan-European cultures, such as the Bell Beaker
phenomenon in Western Europe and the Corded Ware culture in north eastern Europe,
overlapping in Mittelelbe-Saale (Supplementary Information). These demographic changes
between Early and Late Neolithic cultures parallel the initial Meso-Neolithic transition, the
other major genetic boundary — between hunter-gatherers and farmers in early European

history — thus far revealed by ancient DNA™’.
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Figure 1. Mitochondrial haplogroup H sequence evolution. a, A phylogenetic network of 39 prehistoric
mitochondrial genomes illustrates rapid genetic change during the Neolithic. The sorting of mt genomes into two
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Neolithic and Mid-to-Late Neolithic, respectively. Node colours represent archacological cultures. b, A Bayesian
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It is unclear when hg H became the predominant haplogroup in Europe, as
archaeogenetic and paleodemographic reconstructions using modern data have very large
uncertainties”**. We used Bayesian skyride analysis to reconstruct the population history of
hg H using 200 representative present-day samples and the 39 dated ancient specimens as
calibration points (Figure 1b; Supplementary Information). The resulting skyride plot is the
first real-time paleodemographic reconstruction of European populations and shows a
consistent and strong exponential growth in effective population size through the entire
Holocene. While the data match European census size® and population density estimates
from archaeological sites*, they also provide detailed estimates for prehistoric times for
which data points remain very scarce (Figure 1b). As predicted by the temporal dependency
of evolutionary rates™, the rate obtained from the dated ancient DNA sequences appears
considerably higher (2.4x10™ substitutions/site/year for the entire mt genome) than standard
estimates based on the traditional human/chimp split (e.g. 1.66x10™® for the entire mt
genome® and 1.26x10™® for the coding region®’). Consequently, we estimate a younger
coalescence date for hg H (10.9 to 19.1 kya) than previously reported (19.2 to 21.4 kya for
HVSI®, 15.7 to 22.5 kya for the mt coding region®” or 14.7-22.6 kya when corrected for
purifying selection®®). This suggests that the re-expansion of hg H lineages into Central,
Northern, and Eastern Europe reflects population growth throughout the entire Neolithic
period, rather than the traditional view of just a post-glacial expansion prior to the Holocene
(12 kya)>""2,

To examine the geographic origin of Neolithic cultures (Table 1) and their
contribution to the modern Central European mtDNA pool, we used Principal Component
Analysis (PCA) to examine their genetic affinities to present-day Western Eurasian
populations (Supplementary Table 7). A PCA of 15 hg H subgroup frequencies shows that
present-day populations form three significantly supported (p<0.0001) geographic clusters: (1)
Iberia in the west; (ii) the Caucasus, the Near East, and Anatolia; and (iii) (Central and
Eastern) Europe from the Urals to France (Figure 2; Supplementary Tables 7, 8a).
Discriminant analysis of the first 15 principal components scores confirms that the clustering
pattern of the modern and prehistoric cultures is non-random (p<0.001; Supplementary Figure

6).
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The PCA plot reveals that earliest farmers (LBK; n=9) cluster with present-day
Caucasus, Near East, and Anatolian populations, as previously noted’ and consistent with a
detailed archaeological record tracing the spread of agriculture via LBK farmers back to
Anatolia and the Near East where farming originated ~12,000 years ago'.

In contrast, individuals from the successor series of regional (Mid-)Neolithic cultures
(Rossen, Schoningen, Baalberge, and Salzmiinde, ca. 4625-3025 BC, MNE; n=10) cluster
with present-day Central European populations (Figure 2). This is consistent with a phase of
more localised development after the initial Neolithisation (Supplementary Information), even
allowing for moderate influences from contemporaneous Mid-Neolithic cultures outside
Mittelelbe-Saale. Importantly, this indicates substantial genetic continuity from the Mid-
Neolithic to the present-day in Central Europe.

The Late Neolithic Bell Beakers (BBC; n=7) form one of the first pan-European
archaeological complexes, emerging around 2800 BC, and are recognised by a cultural
package of rich grave goods (including the eponymous bell-shaped ceramic beakers). BBC
individuals display close genetic affinities to present-day Iberian populations (Figure 2),
largely based on high frequencies of sub-clades H1 and H3, which are thought to have spread

7,10,12

from a post-glacial Iberian refugium and were also found in ancient Neolithic samples

from France and Spain®**’

. These genetic affinities between Central Europe’s Bell Beakers
and present-day Iberian populations suggest a considerable genetic influx from the West
during the Late Neolithic. The role of the Bell Beaker folk in the rise and spread of hg H
across Western Europe also has intriguing linguistic implications, as this movement has
recently been linked to the initial spread of the Celtic language family''. This theory suggests
that the Celtic language family developed from Indo-European precursors in Iberia (e.g.
Tartessian) and spread throughout the Atlantic Zone, before a period of rapid mobility
reflected by the Beaker phenomenon carried them across much of Western Europe. It now
seems possible that this movement also led to the high proportion of hg H1 and H3 in the
same areas. This important finding not only challenges traditional views of a linguistic spread
of Celtic westwards from Central Europe during the Iron Age, but also implies that Indo-
European languages arrived in Europe substantially earlier, presumably with the arrival of
farming?”.

Additional Late Neolithic movements added further genetic complexity, as
exemplified by the eastern affinities of the Corded Ware culture (CWC). The archaeological
association of the CWC is supported by two distinct mt genomes (H1_TBD and Hé6ala),

which were not found in previous cultures and the contemporaneous Bell Beaker neighbours.

Similarly, data from the subsequent Early Bronze Age Unetice culture indicate genetic
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influences from both the East (sub-clades H2a, H7 and H11) and the West (sub-clades H3 and
H4) based on frequency distributions of these sub-clades in present-day populations'>'*".
Our results suggest that the broad foundations of the Central European mtDNA pool,
approximated via hg H, were formed during the Neolithic and that through a series of later
Neolithic demographic events, hg H became the predominant mtDNA branch in Europe.
Early Neolithic hg H mt lineages brought in by Central Europe’s first farmers were largely
superseded after 4000 BC, but since that time there appears to have been substantial genetic
continuity from the Mid-Neolithic to the present-day in Central Europe. The widespread Bell
Beaker cultural phenomenon, potentially connected to the expansion of the Celtic language
family, is likely to have been one driving factor in the later expansion of hg H. However, Late

Neolithic Corded Ware and early Bronze Age data suggest a complex series of further genetic

contributions.
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1. Ancient DNA work

All ancient hg H individuals in this study were selected from a large pool of Neolithic
samples (n=>400) from the Mittelelbe-Saale region in Saxony-Anhalt, Germany. This sample
collection forms the core of an interdisciplinary, multi-centre project lead by the State Office
for Heritage Management and Archaeology Saxony-Anhalt / State Museum for Prehistory
Halle and the Bioarchaeometry group of the Johannes Gutenberg University of Mainz,
Germany, and includes the Australian Centre of Ancient DNA (ACAD). All samples reported
in this study are from recent excavations (2000 and younger), except for samples from the site
of Derenburg, which were excavated from 1996-1999). A minimum of two samples per
individual were collected under ‘DNA-free’ conditions and/or largely in situ following
established protocols in collaboration with staff from the State Office in Halle'. Samples were
not washed or treated after excavation and were kept refrigerated and/or in cooled conditions.

The majority of the ancient DNA (aDNA) work for this study was carried out at the
specialised facilities of the Australian Centre of Ancient DNA (ACAD) following appropriate
criteria to prevent/minimise contamination with modern DNA. DNA extractions, and
sequencing of the mitochondrial control region HVS I samples DEB9 and DEB21 were
carried out at the aDNA facilities of the Johannes Gutenberg University of Mainz, Germany.
In addition, sample preparation, HVS-I sequencing and coding region SNP-typing of samples
KAR6, KARI11, KAR 16, SALZ 18, SALZ 21, SALZ 57, SALZ77, EUL 41 and EUL 57

were also carried out in Mainz.
1.1. DNA extractions

A silica suspension was prepared by adding 6g of silicon dioxide (Sigma-Aldrich) to
50mL of DNA-free distilled water. The suspension was left for one hour to pellet larger grain
sizes, before 40mL of the supernatant containing the finest particles was transferred to a new
tube and kept overnight for further settling. Finally, a working silica suspension was created
by discarding ~30mL of supernatant, retaining 10mL of the medium sized silica particles.

Preparation of tooth and bone samples for DNA extraction was carried out as
previously described”. In previous studies we routinely used a phenol-chloroform based DNA
extraction protocol that involved washing and concentration steps on Amicon filter units with
a molecular weight cut-off of 30 and/or 50kDa, which results in a gradual loss of double-
stranded DNA smaller than ~125bp (Amicon Ultra 4, User guide 2011). To recover DNA
fragments of all sizes and especially from shorter fragments <100bp, we designed a

customised DNA extraction protocol based on a standard silica-based extraction. On average
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0.2g of tooth/bone powder were incubated overnight under constant rotation at 37°C in
4.44mL of lysis buffer consisting of 0.5M EDTA, pH 8.0; 0.5% N-lauroylsarcosine;
0.25mg/uL proteinase K. After lysis, the samples were centrifuged at 4,600 rpm for 1min and
the supernatant transferred to a new S0mL tube. 125ul of medium-sized silica suspension
(see above) and 16mL of in-house binding buffer (13.5mL QG buffer (Qiagen), 1X Triton,
20mM NacCl, 0.2M acetic acid (all Sigma-Aldrich)) were added and DNA was left to bind to
silica overnight at room temperature under slow and constant rotation. The pH indicator
included in the QG buffer provided the optimal pH conditions necessary for the binding of
DNA to silica. On the third day the sample was centrifuged for 1min to pellet the silica
particles and the supernatant was poured off. The pellet was transferred to a 1.5mL tube and
washed three times by resuspension in ImL 80% ethanol, centrifuged for 1min at 13,000rpm
and the supernatant removed. The pellet was left to dry for 30min and subsequently
resuspended in 200uL of pre-warmed (to 50°C) TE buffer (10mM Tris, ImM EDTA) and
incubated for 10min. After pelleting for 1min at 13,000rpm the supernatant was collected,

aliquoted and stored at -18°C until further use.

1.2. PCR amplifications, HVS I sequencing and coding region SNP typing

All ancient hg H individuals in this study were selected from a large pool of Neolithic
samples (n=>400) that were genotyped by direct sequencing of the mitochondrial
hypervariable segment I (HVS I) and minisequencing of 22 coding region SNPs using a
multiplex approach.

DNA was extracted from two independent samples for each individual. HVS I was
amplified using a minimum of four short overlapping primer pairs, following established
protocols as described previously™. Multiplex SNP typing of 22 haplogroup informative
SNPs (GenoCoRe22) was carried out using a SNaPshot based protocol as described
previously®. The GenoCoRe22 multiplex typing approach provided an ideal monitoring
system for contamination of the ancient samples and non-template controls, as the PCR
multiplex directly targets SNPs of all the major Eurasian haplogroups likely to constitute
potentially contaminating lineages. Mitochondrial results were considered genuine and
authentic when all sequences from replicated overlapping PCRs (a minimum of 6-8
fragments) produced unambiguous results in accordance with the GenoCoRe22 multiplex
typing results from two independent extractions. One extract from each successfully typed
individual was subsequently used for DNA library preparation. We also designed primer pairs
targeting selected single nucleotide variants (discordant calls) from various quality score

threshold settings as well as known characteristic sub-haplogroup SNPs (e.g. HI, H23, etc.) in
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order to confirm or exclude these via direct sequencing from the original and/or independent
extract (Supplementary Table 1).

In addition, the complete mt genomes of all staff at ACAD involved directly in the
handling of the samples (P.B., W.H., C.J.A., and J.T.) and downstream steps of this study
were sequenced to monitor potential contamination (Supplementary Table 2). DNA was
extracted from swab samples and directly sequenced using standard protocols routinely used

at the University of Arizona Genetics Core (UAGC)”.
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Supplementary Table 1. Primer sequences for additional coding region SNP confirmation via direct PCR
and Sanger sequencing.

SNP Name | Sequence 5’ to 3’ PCR target

3010 (H1) L0298 | CAACAATAGGGTTTACGACCTC 71
H0301 | AACGAACCTTTAATAGCGGCTG

10211 (H23) | L1018 | TTACGAGTGCGGCTTCGAC 80
H1021 | AGAAGGTAATAGCTACTAAGAAGAATTTTA

11152 (H26) | L1114 | AACCACACTTATCCCCACCTT 78
HI118 | AAGTATGTGCCTGCGTTCA

14060 L1403 | CCTGACTAGAAAAGCTATTACCTAAAACA 80

(discordant) | H1406 | GCCTTTTTGGGTTGAGGTGAT

14063 L1406 | ACCAAATCTCCACCTCCATCA 79

(discordant) | H1409 | AGTGGGAAGAAGAAAGAGAGGAA

2772 (H46) | L0277 | AATGCAAACAGTACCTAACAAACC 72
H0279 | CGCCCCAACCGAAATTTTTAATG

11893 L1186 | TCGCTAACCTCGCCTTAC 66

(private) H1189 | ACGTGGTTACTAGCACAGAGA

10675 L1067 | TTGCCATACTAGTCTTTGCCG 76

(discordant) | H1070 | CCATATGTGTTGGAGATTGAGACT

10521 L1052 | CTAGCATTTACCATCTCACTTCTA 67

(discordant) | H1054 | ATAGTAGGGAGGATATGAGGTG

Supplementary Table S2. Haplotypes and polymorphic sites in mt genomes from staff members.

Staff | Haplotype | Differences to rCRS’

ADL3 | Hla4 73,263, (309.1C, 315.1C), 750, 1438, 3010, 4769, 8860,
ADL4 | Hlbe 263, (309.2C, 315.1C), 750, 1438, 3010, 4769, 8860, 10750,
ADLS5 | H56¢ 263, (309.2C, 315.1C), 750, 1438, 4769, 8860, 11788,
ADL6 | Hlzl 263, (309.2C, 315.1C), 327, 750, 1438, 3010, 4769, 8860,

1.3. Ancient DNA Library preparation

DNA polishing/phosphorylation reactions were performed at 100ul final volume with
5 to 25ul of aDNA extract added to reactions comprising S0mM Tris-HCI pH 7.5, 10mM
MgCl,, ImM ATP, 10mM Dithiothreitol, 250pg/ml rabbit serum albumin (RSA; Sigma),
400uM of each ANTP (Invitrogen), 50U T4 Polynucleotide Kinase (New England Biolabs,
NEB), 10U DNA Polymerase I, Large (Klenow) Fragment (NEB), and 15U T4 DNA
Polymerase (NEB). Thermocycling profiles consisted of 25°C for 15 min, 37°C for 15min,
and 12°C for 15min. At 12°C, 10ul of 0.5M EDTA pH8.0 (Sigma) was added, followed by
550ul Qiagen Buffer PB1. DNA was purified using MinElute spin columns (Qiagen) as per
the manufacturer’s instructions.

Adaptor ligation reactions were performed at 60ul final volume with reactions
comprising 62.8mM Tris-HCI pH7.6, 10mM MgCl,, ImM ATP, 2.8mM Dithiothreitol, 6%
Polyethylene Glycol (PEG 6000), 2uM Adaptor UniHyb-A, 2uM Adaptor UniHyb-B, and
4,000U T4 DNA Ligase (NEB). The thermocycling profiles consisted of 20 cycles of 24°C
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for 1min, 16°C for 30sec, and 8°C for 30sec. Then 300ul Qiagen Buffer PB1 was added to
each reaction. DNA was isolated from the rest of the reaction components using MinElute
spin columns (Qiagen) as per the manufacturer’s instructions. The partially double stranded
adaptor UniHyb-A comprised the oligonucleotides UniHyb-Af
GGTGTTGTTAGGAATGCGAGA and UniHyb-Ar TCTCGCATTCCTAA. The partially
double stranded adaptor UniHyb-B comprised the oligonucleotides UniHyb-Bf
AGGATAGGTCGTTGCTGTGTA and UniHyb-Br TACACAGCAACGA. UniHyb-A and
UniHyb-B were formed by hybridisation with a thermocycling profile of 95°C for 2min, then
75°C for 20sec, followed by a ramp from 75°C to 10°C at 2°C/min increments.

Polymerase ‘fill-in’ reactions, to remove nicks and to create fully double-stranded
adaptor-tagged aDNA, were performed at 30ul final volume with reactions comprising 20mM
Tris-HCI pH 8.8, 10mM (NH4),SO4, 10mM KCI, 2mM MgSO4, 0.1% Triton X-100, 250uM
of each ANTP, and 16U Bst DNA Polymerase, Large Fragment (NEB). The thermocycling
profile was 37°C for 30min. Then 150ul Qiagen Buffer PB1 was added to each reaction.
DNA was purified using MinElute spin columns (Qiagen) and eluted into 21l as per the
manufacturer’s instructions.

PCR amplification reactions, to create ‘master’ DNA libraries, were performed in 3 x
44ul volumes per original sample/extract, with 7ul of eluted DNA added per tube to reactions
comprising 1x AmpliTaq Gold buffer II, 2.5mM MgCl,, 2.5U AmpliTaq Gold (Applied
Biosystems), 250uM of each NTP (Invitrogen), and 0.5uM of PCR primers UniHyb-PCR-A
(GGTGTTGTTAGGAATGCGAGA) and UniHyb-PCR-B
(AGGATAGGTCGTTGCTGTGTA), see also Supplementary Figure 1. The thermocycling
profile consisted of 94 °C for 11 min, followed by 12 cycles of 30sec at 95°C, 30sec at 60°C
and 1min (+2 sec/cycle) at 72°C, followed by a final 10min at 72°C. The 3 x 44pl volume
reactions were pooled. From each original sample/extract ‘master’ DNA library pool, 2.5ul
was then added to 4 x 35ul reactions comprising: 1X AmpliTaq Gold buffer II, 2.5mM
MgCls, 250uM of each ANTP, 1.0U AmpliTaq Gold (Applied Biosystems); and 0.5uM of
PCR primers UniHyb-PCR-A and UniHyb-PCR-B. The remainder of the ‘master’ DNA
libraries were archived at -80°C. Once reamplified using the above thermal profile and
pooled, these 4 x 35ul amplification reactions were purified using MinElute spin columns
(Qiagen) and eluted into 15pl as per the manufacturer’s instructions. These comprised the
‘primary’ DNA libraries and amplification products were sized and quantified via gel
electrophoresis against quantified size markers (HyperLadder™ V, Bioline) and a Nanodrop

2000 (Thermo Scientific).
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1.4. Hybridisation-based enrichment of human mtDNA target sequences within libraries

The basic design for hybridisation of tracer (in this case library) DNA and biotinylated
driver (in this case human mitochondrial probe) DNA sequences was previously described by
Patel and Sive (2001)°. The main differences were as follows. First, in addition to the
described HEPES/NaCl-based hybridisation conditions, SSC-based hybridisation conditions
were also used with Na* concentrations between 660-990mM. Second, hybridisation reactions
were carried out in a total volume of 30ul. Third, 300-400ng of MinElute-concentrated
‘primary’ library DNA and 85-120ng of biotinylated probe DNA were used. Fourth, the
thermocycling profiles used for hybridisation were 95°C for Smin, followed by 14-18h at 50
or 55°C. Fifth, and finally, the two library primers UniHyb-PCR-A and UniHyb-PCR-B were
included as part of the hybridisation mix at 0.67-1.0uM.

There were two reasons behind the inclusion of the library amplification PCR primers
in the hybridisation mix. First, by annealing to their complementary sequences in the adaptors
flanking the ancient DNA insert sequences in the PCR amplified libraries, UniHyb-PCR-A
and UniHyb-PCR-B could act as ‘blocking oligos’’ to minimise unwanted hybridisation
between the adaptor-tagged flanking regions of otherwise unrelated single-stranded library
DNA molecules (Supplementary Figure 1). Second, following binding of biotinylated probe
molecules to Streptavidin beads and stringency washes to remove non- or weakly-hybridised
single-stranded library DNA molecules, incubation with dNTPs and a DNA polymerase with
strand-displacing activity would allow primer extension to neatly disrupt the double-stranded
region of stable hybridisation between human mitochondrial probe DNA sequences and
single-stranded library DNA molecules that had inserts with complementary sequences. The
net effect of this polymerase ‘filling-in’ reaction would be to free the originally single-
stranded library DNA molecules captured by the probe molecules by hybridisation: the
biotinylated probe molecules would remain bound to the magnetic Streptavidin beads and the
discrete now-‘filled-in’ double-stranded library DNA molecules could be removed cleanly in
the free supernatant using a magnetic rack (Invitrogen) which would keep the bead-bound
probe molecules pelleted adjacent to the magnet (Supplementary Figure 1).

Following the 14 to 18h overnight hybridisation step, the biotinylated probe molecules
in the 30ul hybridisation reactions were bound and immobilised to magnetic Streptavidin
beads as previously described®. Successive stringency washes, to remove non- or weakly-
hybridised single-stranded library DNA molecules, used decreasing salt and increasing
temperature and followed the following profile: 2X SSC/0.1% SDS at 37°C for 1min; 2X
SSC/0.1% SDS at 42°C for 10min; 1X SSC/0.1% SDS at 43°C for 10min; 0.5X SSC/0.1%

SDS at 44°C for 10min; 0.5X SSC/0.1% SDS at 45°C for 10min. At this point, the beads
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(with attached biotinylated probe molecules and stably hybridised single-stranded library
DNA molecules with complementary insert sequences) were attached to the tube side via the
magnet and the supernatant was removed via pipetting and discarded. The beads were then
immediately resuspended in buffer conditions to suit a strand-displacing polymerase activity.

Two strand-displacing polymerases, the Klenow Fragment (3'—5" exo ) and the Bst
DNA Polymerase, Large Fragment (NEB) were used. With the Klenow Fragment (3" —5"
exo ), the reactions were performed at 60pul final volume comprising 15mM Tris-HCI pH 8.0,
50mM KCl, 5.5mM MgCl,, 250uM of each dNTP, and 5U Klenow Fragment (3’ —5" exo0").
The tubes were incubated at 37°C for 15-30min with regular agitation to keep the beads in
suspension. The reaction tube was then applied to the magnetic rack and the 60pl supernatant
transferred to a fresh 200ul tube. This tube was immediately incubated at 80°C for 20min to
inactivate the enzyme. With the Bst DNA Polymerase, Large Fragment, the reactions were
performed at 35pul final volume comprising 15mM Tris-HCI pH 8.0, 50mM KCl, 10.0mM
MgCl, 200uM of each dNTP, and 100pg/ml of BSA. The beads were resuspended in the
buffer — minus the Bst DNA Polymerase, Large Fragment enzyme — and pre-heated to 60°C.
The enzyme was added and the tubes were incubated at 60°C for Smin with regular agitation
to keep the beads in suspension. The reaction tube was then applied to the magnetic rack at
60°C and the 35ul supernatant transferred to a fresh 200ul tube. This tube was immediately
incubated at 80°C for 20min to inactivate the enzyme.

Using either approach, the heat-inactivated supernatant was split between several
(generally 4-8) PCR reamplification reactions (total combined volume 140pl), designed so
that upon the addition of the sub-portion of Klenow or Bst buffer, the final composition of the
reactions would be 1X AmpliTaq Gold buffer II, 2.5mM MgCl,, 250uM of each dNTP, 1.0U
AmpliTaq Gold (Applied Biosystems), and 0.5uM of PCR primers UniHyb-PCR-A and
UniHyb-PCR-B using the above thermal profile. Amplification reactions were pooled and
library amplificons purified using MinElute spin columns (Qiagen) and eluted into 15 pl as
per the manufacturer’s instructions. These comprised the ‘first enrichment” DNA libraries and
amplification products were sized and quantified via gel electrophoresis against size markers
(HyperLadder™ V, Bioline) and a Nanodrop 2000 (Thermo Scientific). In general, the whole
hybridisation / enrichment / reamplification cycle was repeated three times, to produce ‘third
enrichment’ DNA libraries highly enriched for short fragments of endogenous mtDNA
sequence within the ancient DNA libraries.

The above system underwent development and optimisation over the period of this
research. A number of parameters were varied in order to optimise the enrichment and
coverage of human mtDNA sequences within libraries. Overall, a number of observations can

be made about the above hybridisation / enrichment / reamplification steps. Most importantly,
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of all the parameters varied, the only ones that appear to have made a substantial difference to
the experimental outcome were the stringency wash steps. High temperatures and/or low salt
concentrations generally led to poor subsequent library reamplification (presumably as many
of the short human mtDNA inserts within libraries — generally 20-70 bases — did not hybridise
to probe DNA efficiently beyond a certain point). Lower temperatures / higher salt
concentration led to poorer coverage of the mt genome following enrichment, presumably due
to the retention of significantly higher proportions of non-mtDNA sequences during lower
stringency washes (data not shown). Empirically, the stringency wash conditions described
above seemed to work well with DNA extracted and made into libraries from generally well-
preserved archaeological remains. Switching between HEPES/NaCl-based versus SSC-based
hybridisation conditions, using between 300-400ng of MinElute-concentrated ‘primary’
library DNA, using between 85-120ng of biotinylated probe, overnight hybridisation for 14 to
18h at either 50 or 55°C, or using between 0.67-1.0uM UniHyb-PCR-A and UniHyb-PCR-B

primers all appeared to make little or no discernable difference.

1.5. Preparation of biotinylated human mitochondrial DNA probes

Total genomic DNA from a present-day individual belonging to mitochondrial hg J1¢8 (with
SNP differences from the revised Cambridge Reference Sequence (rCRS)’ at nucleotide
positions: 73G, 185A, 228A, 295, 462, 489, 2706, 3010, 4216, 7028, 10084, 10398, 11251,
11719, 12612, 13708, 14766, 14798, 15452A, 16069, 16126, 16261, 16265 and 16319) was
extracted from a buccal swab using the DNeasy Blood & Tissue Extraction kit (Qiagen). This
hg J1c8 mitochondrial genome was amplified in two overlapping fragments by long-range
PCR (LR-PCR) using the PCR primer pair combinations L06363/H14799 (8476bp) and
L14759/H06378 (8340bp). Primer details are: L06363
(ACCATCTTCTCCTTACACCTAGCAQG), H14799 (GGTGGGGAGGTCGATGA), L14759
(AGAACACCAATGACCCCAATAC) and H06378 (GATGAAATTGATGGCCCCTAA).
Probe was generated in two ways: (a) via LR-PCR with Biotin-dNTPs included in the ANTP
mix, followed by DNA fragmentation; (b) via LR-PCR without Biotin-dNTPs, followed by
DNA fragmentation then 3’-biotinylation with Biotin-ddUTP using the enzyme Terminal
Transferase (TdT).

(a) Biotinylated probe DNA was generated by LR-PCR (Expand LR dNTPack,
Roche) according to the manufacturer’s recommendations. Biotin-dNTPs (NEB Biotinylated
dNTP Mixture) were incorporated into the PCR reaction at a ratio of 1:10 with regular
dNTPs. The whole mitochondrial genome was amplified in eight separate 25ul LR-PCR
reactions using the two primer sets L06363/H14799 (8476bp) and L.14759/H06378 (8340bp).

In total 42 cycles of PCR were carried out using the Bio-Rad Tetrad 2 Thermal Cycler.
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Cycling conditions included: initial denaturation at 92°C for 2mins; 10 cycles of 92°C for
10sec, 60°C for 15sec, 68°C for 8min 40sec; followed by 32 cycles of 92°C for 10sec, 60°C
for 15sec, 68°C for 8 min 40sec — increasing by 15 sec/cycle; final extension at 68° for
10mins; followed by a hold at 4°C. PCR reactions were pooled for each product and loaded
onto 1% Agarose gels. Bands were visualised by ethidium bromide staining prior to excision
of the correct-sized band under UV light with a clean, sharp scalpel blade. Purification of
bands was carried out using the QIAquick Gel Extraction Kit (Qiagen) and eluted in 30pl as
per manufacturer’s instructions. Quantification was performed using gel electrophoresis
against quantified size markers (HyperLadder™ V, Bioline) and a Nanodrop 2000 (Thermo
Scientific). DNA was diluted to 120ul total volume with distilled water as a requirement for
the sonicator prior to shearing. Fragmentation of DNA to the desired size range was achieved
by discontinuous sonication (Microtip sonicator, Thomas Optical & Co. Pty. Ltd) at high
speed, amplitude 6, for 4 x 1min intervals, no ice. Sonication was performed in time intervals
to avoid successive heat build-up that can damage the DNA and the sample was subjected to
centrifugation during each time interval, using a benchtop centrifuge. Post sonication, DNA
was purified and concentrated using the QIAquick PCR Purification Kit (Qiagen) and eluted
in 30pl as per the manufacturer’s instructions. The resulting biotinylated probe DNA was
analysed on a 1% Agarose gel, with the resulting smear in the size range 200-600bp. DNA
concentration was estimated using the Nanodrop. DNA from both halves of the mitochondrial
genome was pooled to produce an equimolar concentration of biotinylated probe DNA across
the genome, ready for hybridisation.

(b) Biotinylated probe DNA was generated by LR-PCR (Expand LR dNTPack,
Roche) according to the manufacturer’s recommended conditions. The whole mitochondrial
genome was amplified in eight separate 25ul LR-PCR reactions using the two primer sets
L06363/H14799 (8476bp) and L14759/H06378 (8340bp). In total 42 cycles of PCR were
carried out using the Bio-Rad Tetrad 2 Thermal Cycler. Cycling conditions included: initial
denaturation at 92° for 2 mins; 10 cycles of 92°C for 10sec, 60°C for 15sec, 68°C for 8min
40sec; followed by 32 cycles of 92°C for 10sec, 60°C for 15sec, 68°C for 8min 40sec —
increasing by 15sec/cycle; final extension at 68° for 10mins; followed by a hold at 4°C. PCR
reactions were pooled for each product and loaded onto 1% Agarose gels. Bands were
visualised by ethidium bromide staining prior to excision of the correct-sized band under UV
light with a clean, sharp scalpel blade. Purification of bands was carried out using the
QIAquick Gel Extraction Kit (Qiagen) and eluted in 30 ul as per the manufacturer’s
instructions. Quantification was performed using a Nanodrop 2000 (Thermo Scientific). DNA

was diluted to 120ul total volume with distilled water as a requirement for the sonicator prior
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to shearing. Fragmentation of DNA to the desired size range was achieved by sonication
(Microtip sonicator, Thomas Optical & Co. Pty. Ltd) at high speed, amplitude 6, for 4min, no
ice. Post sonication, DNA was purified and concentrated using the QIAquick PCR
Purification Kit (Qiagen) and eluted in 30ul as per the manufacturer’s instructions. The
resulting DNA was analysed on a 1% Agarose gel, with the resulting smear in the size range
200-600bp. DNA concentration was estimated using gel electrophoresis against quantified
size markers (HyperLadder™ V, Bioline) and a Nanodrop 2000 (Thermo Scientific). DNA
from both halves of the mitochondrial genome was pooled to produce an equimolar
concentration of biotinylated probe DNA across the genome, ready for biotinylation via
Biotin-16-ddUTP and the enzyme Terminal Transferase (TdT). Prior to 3° end-labelling,
sonicated probe DNA was made single stranded by heating at 95°C for Smin, then
immediately placed on wet ice for Smin. Reactions for the 3° end-labelling of probe DNA
were performed at 50pl final volumes comprising: S0mM Potassium Acetate; 20mM Tris-
Acetate pH 7.9; 10mM Magnesium Acetate; 0.25mM Cobalt Chloride; sonicated
mitochondrial probe DNA at 10pmol of 3’ ssDNA ends; 0.1mM Biotin-16-ddUTP (Enzo);
40U Terminal Transferase enzyme (NEB). The thermocycling profiles were: 37°C for 60min;
then 70°C for 10min. DNA was isolated from the rest of the reaction components using
Qiagen Nucleotide Removal Kit spin columns and eluted into 30ul as per the manufacturer’s
instructions.

Considerations of probe biotin labelling and library elution via strand-displacing
polymerases: as described above, there were two versions of probe synthesis and preparation:
(a) via LR-PCR with Biotin-dNTPs included in the ANTP mix, followed by DNA
fragmentation; and (b) via LR-PCR without Biotin-dNTPs, followed by DNA fragmentation
then 3’-biotinylation with Biotin-16-ddUTP using the enzyme Terminal Transferase (TdT). In
addition, two strand-displacing polymerases were used to disrupt the double-stranded region
of stable hybridisation between human mitochondrial probe DNA sequences and single-
stranded library DNA molecules that had inserts with complementary sequences, and thereby
elute library DNA molecules: (a) the Klenow Fragment (3’ —5" exo"); and (b) the Bst DNA
Polymerase, Large Fragment. Initially, (a) and (a) were used together. Although this approach
worked extremely well, on one occasion (probe batch October 2010) probe sequences could
be identified in enriched library DNA sequences (almost exclusively in the overlapping region
between the probe amplicons). Presumably, this occurred due to interactions between library
molecules with mtDNA inserts, library oligos and free 3’-ends of probe molecules.
Fortunately, we were able to eliminate these occasional hg J1c8 intrusions via direct PCR on
independent ancient DNA extracts from the same archaeological individuals. However, this

encouraged the development of the combined (b) and (b) approach. The rationale was that 3’-
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Biotin-16-ddUTP labelling the probe would prevent probe molecules from extending under
any circumstances. In addition, using the Bst DNA Polymerase, Large Fragment at 60 °C
should also drastically reduce any potential spurious, non-specific, hybridisation of library
primers to probe (compared to those that might occur at 37°C). Once this approach had been
adopted, we didn’t see a single instance of any identifiable probe SNP in any enriched

libraries, for either human or non-human samples (data not shown).
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Supplementary Figure 1. Schematic representation of working steps involved in a) preparation of probes,
b) ancient DNA library preparation, and c) targeted enrichment of mitochondrial DNA.
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2. Affymetrix Mitochip v2.0

2.1 Preparation of enriched libraries as MitoChip probes

Following the final (third) round of hybridisation / enrichment / reamplification, ~1/10
of the enriched library was reamplified with the dU-containing primers: U-UniHyb-Af
(GGTGTTGUTAGGAAUGCGAGA) and U-UniHyb-Bf
(AGGATAGGUCGTTGCUGTGTA). Following reamplification, the dU bases could
subsequently be digested with a combination of Uracil DNA glycosylase (UDG) and the
DNA glycosylase-lyase Endonuclease VIII. (NEB’s USER Enzyme is a pre-mixed
combination of these two enzymes.) UDG catalyses the excision of uracil bases, forming an
abasic (apyrimidinic) site while leaving the phosphodiester backbone intact, whereas the lyase
activity of Endonuclease VIII breaks the phosphodiester backbone at the 3" and 5” sides of the
abasic site so that base-free deoxyribose is released. Effectively then, treatment of the U-
UniHyb-Af/ U-UniHyb-Bf amplified libraries with the USER Enzyme trims off all but 6
bases (A) or 5 bases (B) of the UniHyb-PCR-A and UniHyb-PCR-B library adaptors. This
minimises any non-mtDNA hybridisation between unrelated single-stranded library DNA
molecules via their adaptor sequences, maximising the opportunities for authentic enriched
human mtDNA sequences to hybridise to the MitoChip. The specific PCR amplification
conditions used were 1X AmpliTaq Gold buffer II, 2.5mM MgCl,, 250uM of each dNTP,
1.0U AmpliTaq Gold (Applied Biosystems), and 0.5uM of PCR primers U-UniHyb-Af and
U-UniHyb-Bf. The thermocycling profile was 94°C for 10min; followed by 25-30 cycles of
30sec at 95°C, 30sec at 60°C and 30sec (+1 sec/cycle) at 72°C; followed by a final 20min at
72°C. DNA was purified using MinElute spin columns (Qiagen) as per the manufacturer’s
instructions. USER Enzyme digestion took place for 2-3 hours at 37°C in 60pl final volume
reactions comprising 15mM Tris-HCI pH 8.0, 50mM KCl, 1.5mM MgCl,, 3U USER
Enzyme. The entire reaction was then cleaned up by passing through a BioRad P-30 column
as per the manufacturer’s instructions and purified DNA sized and quantified as described

above. The isolated DNA was then biotin-labelled as described below (Section 2.2).
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2.2. Affymetrix Mitochip v2.0 background and sample preparation

The Affymetrix Mitochip v2.0 is an oligonucleotide tiling array for high-throughput
resequencing analysis of the human mitochondrial (mt) genome’. For each nucleotide position
(np) of the mt genome interrogated, the array possesses eight 25-mer probes - four each to
match the heavy and the light strands, respectively, of the rCRS mt genome’. Each of these
strand-specific 25-mers varies only at the central position. For each np, this allows all four
possible alleles (A, T, C or G) to be interrogated on both strands within a tight local sequence
context — via the hybridisation of fluorescently labelled fragments of sample DNA. The
Mitochip v2.0 also carries additional local context probes to interrogate mtDNA sequence
variants for 500 of the most common haplotypes (e.g. particular insertions, deletions, and
adjacent or closely spaced SNPs) based on the FBI database’. There are a number of reasons
why resequencing via oligonucleotide tiling arrays might be an attractive genotyping strategy
for researchers dealing with samples that yield highly damaged and degraded DNA.

With some forensic, environmental, or formalin-fixed paraffin-embedded (FFPE)
archived samples and medical biopsies, DNA degradation and physical fragmentation can be
considerable and irreversible. Forensic, environmental, and in particular
ancient/archaeological samples (including archived museum specimens covering unique and
irreplaceable now-lost genetic diversity from both extant and extinct species), can contain
minute amounts of highly damaged and degraded endogenous DNA. Worse still, up to 99%
or more of DNA templates extracted from samples like these can be non-endogenous post-
mortem and soil bacterial DNA sequences. DNA extracts with a high background complexity
like these sometimes contain few or no endogenous DNA templates >100bp in length (as
determined via PCR amplification with a primer pair targeting a 100bp region). However, a
key finding in recent years has been that as one interrogates shorter and shorter DNA
templates in ancient DNA extracts, the effective copy numbers of DNA targets in that size
range increases exponentially. Evidence from a number of independent studies has
conclusively demonstrated this negative exponential relationship between fragment size and
template copy number®'*"3.

This relationship between aDNA fragment size and copy number provides the
rationale behind the use of the Mitochip v2.0. Provided short fragments of endogenous human
mtDNA sequences of ~20-25 bases and above could be significantly enriched (over and
above fragments of non-mt human DNA and the high levels of non-endogenous bacterial
DNA sequences typically intrinsic to archaeological samples), the Mitochip v2.0 could
interrogate every nucleotide position (np) of the mt genome via its overlapping 25 base

windows. The chip’s ability to SNP-type fragments of aDNA of 20-25 bases and above would
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maximise the chances of genotyping mt genomes from even highly marginal archaeological
samples thousands of years old. Prior to the use of the Mitochip v2.0 as an aDNA genotyping
tool, therefore, we had to develop and optimise new methodologies designed: (a) to efficiently
extract short fragments of damaged and degraded DNA from archaeological remains; (b) to
immortalise this extracted DNA as amplifiable libraries; (c) to enrich for human mtDNA
target sequences within these libraries via hybridisation-based DNA-capture protocols; and
(d) to label these mt-enriched DNA libraries for use as probes in Mitochip-based
resequencing analyses of the human mt genome’.

In everyday use, with DNA extracts from modern human samples, the 16569 bp
mtDNA genome is typically amplified via two or three overlapping long-range (LR-)PCR

targets9’14'16

. Following LR-PCR, amplification products undergo fragmentation, labelling,
and finally hybridisation, as described in the Affymetrix GeneChip CustomSeq Resequencing
Array Protocol'’. Clearly however, LR-PCR with target lengths over 5kb is impossible for
highly damaged and degraded endogenous DNA extracted from marginal forensic or
archaeological samples. For example, in the range 126-179 bp used to investigate the control
region in short overlapping fragments®, one of our ancient DNA extracts failed to consistently
yield amplicons (individual HQU4, which nevertheless could be placed into hg H7d5 using
the whole mtDNA Mitochip v2.0 approach described herein).

Both theoretical considerations and empirical evidence indicate two opposing
influences on library insert sizes during our mtDNA enrichment process (Section 1.4.).
Hybridisation during the targeted DNA-capture step tends towards more efficient enrichment
of longer mtDNA insert sequences, due to the increased stability of longer annealed hybrids
between library and probe sequences at any given hybridisation, stringency wash
temperatures and salt concentrations. In contrast, post-hybridisation library PCR
reamplification preferentially amplifies smaller amplicons (i.e. library constructs with shorter
aDNA sequence fragments inserted between library adaptors)'®. As shown previously,
damaged and degraded ancient DNA fragments are (on average) shorter than non-ancient
molecules, meaning adaptor-tagged ancient mtDNA fragments will generally be strongly
preferentially amplified over any present-day / ‘modern’ adaptor-tagged contaminant mtDNA
present“’7.

Between these ‘push-and-pull” influences on library insert size, our hybridisation-
based DNA-capture and library (adaptor) PCR reamplification protocols allowed us to enrich
human mtDNA target sequences largely in the 20-70 bp range. Over 95% were within this
size range based on a total of 232,347 reads from Pacific Biosystems data from six libraries

enriched for human mtDNA sequences. Here, only 10666 (4.6%) were longer than 70bp with

a maximum read length reaching 158bp (Supplementary Figure 2).
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Supplementary Figure 2. Distribution of number and length of human mtDNA reads from Pacific
Biosciences data (232,347 reads in total).

The vast swathe of endogenous ancient human mtDNA fragments between ~20-to-50
bases (Supplementary Figure 2) targeted in this study would have been too short to be
amplified directly by traditional PCR-based approaches (assuming typical forward and
reverse PCR primers of ~25 bases). In contrast to traditional PCR-based approaches,
therefore, hybridisation-based DNA-capture vastly expands both the potential aDNA template
copy numbers available (via targeting <50 base aDNA molecules) and the mitochondrial
genome coverage (via targeted enrichment using a whole mitochondrial genome probe).

Endogenous ancient mtDNA molecules largely within the 20-70bp range have no need
for a fragmentation step prior to labelling as MitoChip v2.0 probe, as they are already ideally
sized for a chip-based resequencing/genotyping approach based on hybridisation to the
strand-specific 25-mers on the array. Assuming the exponential increase in copy number with
decreasing target size continues, our approach therefore maximises the chances of assembling
mt genome sequences from the most difficult, poorly preserved, samples™'’. However, DNA
molecules fragmented to <20 bases are effectively beyond recovery and analysis, as
fragments smaller than this cannot be captured efficiently by hybridisation or meaningfully
tackled bioinformatically'’.

Following DNA extraction, library immortalisation, DNA-capture enrichment for
human mtDNA target sequences within these libraries, enriched library reamplification, and
pre-labelling preparation (Sections 1.3-1.5.), we therefore bypassed the fragmentation step in
the Affymetrix CustomSeq Resequencing Array Protocol'’. Instead we directly labelled
prepared libraries using the following protocol:

1. 4-6 ng of enriched library DNA underwent biotin labelling using Terminal
Deoxynucleotidyl Transferase (TDT) as per the Affymetrix GeneChip Whole Transcript

Sense Target Labelling Assay Manual (P/N 701880, rev. 4).
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2. Labelled samples were hybridised to Affymetrix GeneChip Human
Mitochondrial Resequencing 2.0 Arrays for 17 hours at 49°C.

3. Arrays were washed, stained and scanned as per the GeneChip CustomSeq
Resequencing Array Protocol (P/N 701231, rev. 5).

4. Affymetrix GeneChip Command Console software (v3.2) was used to generate
CEL files, which were then analysed using GeneChip Sequence Analysis Software (GSEQ
v4.1, Affymetrix).

An intrinsic aspect of resequencing arrays is an inevitable trade-off between call rate

1620 previous studies using both the Mitochip v2.0 and other

and accuracy of analyses
resequencing microarrays have empirically optimised parameters. For example, after using
quality score threshold settings (QST) of 2, 3, 6, 9, 12, and 30, Hartmann et al. (2008) settled
on the haploid model with a QST of 3 and no reliability rule filter as the favoured parameters
for their analysis of 93 worldwide (present-day) mitochondrial genomes'®. However, although
previous studies that used the Mitochip v2.0 and other resequencing microarrays are
instructive and informative, there are at least two key aspects of our study that do not reflect
any previous analyses by resequencing microarrays and which meant that we needed to
empirically establish the most favourable parameters for ourselves.

First, in previous Mitochip studies 100% of the input probe DNA corresponded to
human mtDNA sequences from the sample-of-interest However, in our case, even with
successive rounds of targeted DNA-capture enrichment of human mtDNA sequences,
followed by library re-amplification, the final enrichment libraries used to generate probe will
inevitably be composed of <100% human mtDNA sequences. As described above, cloning
and next-generation library sequencing of enriched DNA libraries suggests that 65-85% of
input mt-enriched library probe onto chips is likely to correspond to ancient human mtDNA
sequences. Second, as has been shown in many studies, the amplification of ancient DNA

generates sequence changes due to miscoding lesion DNA damageg’zl'23

. This damage derived
DNA sequence variation within the labelled Mitochip probe therefore added an additional

layer of complexity.

2.3. Affymetrix Mitochip v2.0 validation for ancient DNA

The performance of the Mitochip v2.0 on ancient DNA libraries enriched for human
mtDNA sequences was assessed by several criteria.

First, for all 39 archaeological individuals, the original DNA extracts from which the
initial master and primary libraries were prepared, as well as duplicate extracts from separate

bone/tooth samples from the same archaeological individuals (for replication), were tested
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independently over 413bp of HVSI via short overlapping PCR amplicons. In one case, ancient
DNA extracts failed to yield every HVSI PCR amplicon (HQU4). In total, duplicate direct
PCR and Sanger sequencing analyses of all 39 hg H individuals identified 16 SNP differences
from the rCRS in HVSI (Supplementary Table 3). From the Mitochip runs using our mtDNA-
enriched libraries as probes, 15 of these 16 SNPs were also identified for all levels, QST 1, 3,
6 and 12. One mutation (16213A in individual QUEVIII4) was called correctly for QST 1, but
called as ‘N’ by QST 3, 6 and 12.

Second, 363 bp of HVSII were also amplified in a number of short overlapping
fragments from 9 of the ancient DNA extracts and typed by Sanger sequencing as described
previously®*. Direct PCR and Sanger sequencing analyses of data from these individuals
identified a further 13 SNP differences from the rCRS (ignoring unstable C-stretch insertions;
Supplementary Table 3). From the Mitochip v2.0 runs using our mtDNA-enriched libraries as
probes, 12 of these SNPs were also identified for all levels, QST 1, 3, 6 and 12. One mutation
(00152C from SALZ 57A) was called correctly for QST 1, but called as ‘N’ by QST 3, 6 and
12.

Third, an additional six (previously described) subhaplogroup-defining SNPs
identified via the Mitochip v2.0 were also independently confirmed (Supplementary Table 3).
Thirty-five out of 159 SNPs (31%) were directly sequenced. All six SNPs were independently
tested using newly designed primer pairs (Supplementary Table 1) via direct PCR from the
extract used to make the original library (and/or the duplicate extract) followed by Sanger
sequencing. All six confirmed the SNPs identified via the Mitochip v2.0 runs. This
independent confirmation was particularly important for haplogroups defined by a single SNP
and phylogenetic branching point, such as hg H23 (defined by 10211T, Supplementary Figure
3) and hg H26 (defined by 11152C) for the Early Neolithic LBK individuals HAL36 and
HAL32, respectively.
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Supplementary Figure 3. Examples of data from different sequencing platforms highlighting a diagnostic
SNP at np 10211 in individual HAL36 (hg H23). a) classical ‘Sanger’ or dye-terminator sequencing ; b)
trace view of probe intensity as consecutive bases from the Affymetrix v2.0. CEL files c) alignment of four
different QSTs (1, 3, 6 and 12) against the rCRS (AC_000021).

Fourth, the 25-mer based Mitochip v2.0 resequencing array is based on the rCRS”.
Due to historical developments, current haplogroup nomenclature places the rCRS in hg
H2a2a>*?%. As Supplementary Figure 4 shows, this means that any human mt genome
sequence outside hg H2 must necessarily have a minimum of 6 SNP variants compared to the
rCRS: at nps 263, 8860, 15326 (‘out of hg H2a2a’); np 750 (‘out of hg H2a2’); np 4769 (‘out
of hg H2a’); and np 1438 (‘out of hg H2’). Of the 39 hg H archaeological individuals
investigated, 38 lie outside hg H2 (Table 1): with the remaining individual (BZHS8) belonging
to hg H2ala3. With the two duplicate archaeological samples included (i.e. 41 Mitochip v2.0
runs), this means in total there should be (40 x 6) + (1 x 4) = 244 SNP variants to test the
performance and accuracy of the Mitochip v2.0 when used with probes made from ancient
DNA libraries enriched for human mtDNA sequences. Of these expected variants, 242/244
gave the correct expected calls for all levels, QST 1, 3, 6 and 12. Two samples, BZH1a and
SALZ 57A, gave N at SNP 4769 for QST 1, 3, 6 and 12, due to missing data (i.e. the region
including the SNP could not be read). However, the replicate sample of BZH1a (BZH1b)
gave the correct 4769G at all levels, QST 1, 3, 6 and 12, showing that separate samples from
the same archaeological individual can produce different quality outcomes due to both

differential preservation of DNA and stochastic variation.

200



1438
r4

2

H2a 2282 EU597492
H2a1 2218354 EUS97521, FJ161702
H2a1abSl3 FJ668389, AY339428

H2a2jF=2

g LR L NC_012920 (=rCRS)

H2a2bl1822] AY330426
H2a2b1 L8232 EU443605, EF418606
FORSILCCUS Co AY339429, AY738962
H2a4 2l AM263179, AM263181

H2a5 L2228 (10291) DQ112834
H2as5alie42 AY738963, FJ527772

Supplementary Figure 4. Snippet of mtDNA phylogeny, illustrating the six diagnostic SNPs (highlighted in
red) within hg H that define the rCRS as haplotype H2a2a (modified after http://www.phylotree.org/, Build
13).

Fifth, in addition to these generic ‘out of H2a2a> SNPs common across our sample set,
there were also those pivotal diagnostic SNPs and hierarchies of SNPs that place
archaeological individuals into particular established subgroups of hg H according to the most
recent release of PhyloTree, Build 14°° (Table 1). In total there are 159 SNP variants in this
category. Of these 159 SNP variants, 96 correspond to previously characterised
subhaplogroup-defining SNPs. Many of these Mitochip-identified SNPs belong to root-to-tip
hierarchies of phylogenetic branching points. The observation of continuous root-to-tip
chains, with no missing SNPs, is another key test of the accuracy and reliability of our
strategy to type prehistoric mt genomes via the Mitochip v2.0.

For example, for archaeological individual ESP15, beginning with the rCRS (hg
H2a2a) basis of the Mitochip v2.0, the hierarchical flow is thus:

J nps 263, 8860, 15326 (out of hg H2a2a);

. np 750 (out of hg H2a2)

. np 4769 (out of hg H2a)

. np 1438 (out of hg H2) — arriving at the root of hg H

. np 16362 (into pre-hg H6)

. nps 239, 16482 (into hg H6)

. np 3915 (into hg Ho6a)

. nps 4727, 9380 (into hg H6al)

. np 11253 (into hg H6ala)

201



All these key root-to-tip SNPs were successfully identified via our Mitochip v2.0 run.
Moreover, SNPs defining derived twigs on the H6ala branch at nps 5460 (hg H6alal) and
7325,9362, 11611 and 16311 (hg H6alala) were not detected. This means we can
unambiguously place archaeological individual ESP15 within hg H6ala at a basal position. It
is important to bear in mind that there were nine phylogenetic branching points involved in
placing individual ESP15 within hg Hé6ala, involving 13 positive SNPs and dozens of
exclusionary ones.

The remaining 63 (out of 159) SNPs are private, of which 25 are located in the coding
region and 38 in the D-loop (Table 1). Lastly, 29 of the latter correspond to 16519C, which is

a mutational ‘hotspot’ in evolutionary terms”"**

, although it appears to be stable and
repeatable in individual terms, based on duplicated samples and sequence data derived
independently from the Mitochip v2.0.

Overall then, the reliability of the Mitochip v2.0 data is confirmed by the fact that
there are no missing links in the hierarchical phylogenetic flow and that there is only one
root-to-tip route for every ancient individual. Over the whole sample set (plus duplicates)
there were no absences of predicted SNP variants or a ‘missing links’ at previously
characterised phylogenetic branching points. Every archaeological individual occupies a
single position on the phylogenetic tree. Along with the independent confirmation of SNPs
described above (and below), these data provide strong evidence that using ancient DNA
libraries enriched for human mtDNA sequences as probes, the Mitochip v2.0 can generate
robust and reliable mt genome sequences and can play a very useful role in the detailed
classification of mt haplogroups from prehistoric human populations.

Sixth, six selected enriched libraries were run individually on the Pacific Biosciences
platform as described below and SMRT reads were compared to results generated via the
Mitochip v2.0. We deliberately chose samples that either had a high number of private SNPs,
such as OSH2, BZH4, and BZH6 (four, four and six private SNPs, respectively) or from
samples where we observed a background level of SNPs that correspond to the probe (BZH1,
DEBDY; see section 1.5 for an explanation). All private SNPs observed consistently in the
Mitochip v2.0 data (at all QST levels) were confirmed by deep sequencing using the SRMT
platform. The mean percentage of majority allele calls for private SNPs (86.2%) is not
significantly different (i.e. lower) from the expected (i.e. previously characterised) SNPs
(89.9%) when compared for these three samples (p=0.109; Nonparametric Wilcoxon Signed
Ranks Test), indicating that the allele calls of private SNPs are as robust and reliable as ones

that reflect examples previously characterised in the established nomenclature.
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Supplementary Table 3. Direct PCR, followed by Sanger sequencing, results for HVS I, HVS II and
selected coding region SNPs.

Individual | hg HVS I Haplotype | np HVS II Haplotype np Coding SNPs
HAL36 H£3 rCRS 15997-16409 10211
HALI11 H 16093C, 16129A 15997-16409

HAL32 H26 rCRS 15997-16409 11152
HAL39 Hle rCRS 15997-16409

DEB9 H88 CRS 15997-16409

DEB21 H1j CRS 15997-16409

KAR 6A Hlbz rCRS 16046-16402 | 263G, (315.1C) 34-397

KAR 11B H rCRS 16046-16402 | 152C, 263G, (315.1C) 34-397

KAR 16A | H46b rCRS 15997-16409 | 263G, (315.1C) 34-397 | 2772, 11893
OSH2 H89 rCRS 15997-16409

OSH3 H1 rCRS 16017-16409

OSH1 Hl16 rCRS 16056-16409

OSH7 H5b 16304C 15997-16409

SALZ18A | H10i 16093C 16046-16402

SALZ 21B | Hle7 rCRS 15997-16409 | 263G, (315.1C) 34-397

ESP30 Hlela$ rCRS 15997-16401

HQU4 H7d5 rCRS? 16288-16409

SALZ57A | H3 rCRS 15997-16409 | 152C, 263G, (315.1C) 34-397
SALZ77A | H3 rCRS (ACAD) 15997-16409

ESP15 Heéala ‘165236 B 15997-16401

BZH6 Hlcal 16189C 16056-16193, 3010
BZH4 Hle8 16293G 16832-16;183 3010
ROT6 H5a3 16304C 15997-16409

ALBI1 H3b rCRS 15997-16409

ROT1 H3a02 16256T 15997-16409

ROT2 H5a3 16304C 15997-16409

QUEXII1 H4al rCRS 15997-16409

QUEXII2 H4al rCRS 15997-16409

QLB 26A H1 rCRS 16046-16402 | 263G (309.1C, 309.2C, 315.1C) | 34-397
QUEXII3 Hl13ala2c rCRS 16056-16409

QLB 28b H1 rCRS 16046-16402 | 263G, (309.1C, 309.2C, 315.1C) | 34-397

BZH1 Hlla 16293G, 16311C 16056-16409

BZHS8 H2ala3 16240t, 16354T 16056-16409

BZH14 H82a 16220G 16056-16409

EUL 41A H4alala2 rCRS 15997-16409 | 73G, 263G, (309.1C, 315.1C) 34-397

EUL 57B H3 rCRS 15997-16409 | 152C, 263G, (315.1C) 34-397
QUEVIII4 | H7h 16213A 15997-16409

Sardinia Hlawl rCRS 15997-16409

Iron Age H90a rCRS 15997-16409
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2.4. Affymetrix Mitochip v2.0 data analysis

We visually inspected all 16544 nucleotide positions of the GSEQ outputs at QSTs 1,
3, 6 and 12 as an alignment against the rCRS and in parallel examined trace views of probe
intensities in the respective trace CEL files. Redundant probes tiled to cover most common
control region variants were not analysed.

We identified and characterised regions, which were not, or only poorly, covered
(Supplementary Table 4). These can largely be described in two categories, AT-rich regions
and poly-cytosine stretches (C-stretches). It is well known that the hybridisation of AT-rich
regions of DNA is less efficient due to the lower melting temperature and potential secondary
DNA structure of AT-rich regions®. Over three consecutive rounds of hybridisation and
enrichment, as well as during the final hybridisation to the Mitochip v2.0, certain restricted
AT-rich regions were clearly selected against. In addition, even without prior
enrichment/hybridisation rounds Hartmann et al.'® observed that the vast majority of non-
called nucleotides (N calls) occurred in regions with a run of >4Cs, within a 25-base window
of a mutation, and within a 25-base window of >15 As and Ts. By visual inspection of all
samples using the probe intensity view, we could observe that for all C-stretch regions at least
one direction of the tiling arrays (forward or reverse) was readable. We therefore used QST 6
outputs to manually reclaim C-stretch regions, and could decrease the number of N calls to an
average of 248, resulting in a final call rate of 98.5% across all samples. This corresponds to a
mean coverage of 98.5% of the mt genome considering the 12 bases at the beginning and end
of the mt genome that are not interrogated by the Mitochip v2.0 (Supplementary Table 5).
Judging from the probe intensity view in GSEQ, AT-rich regions are usually not well covered
in both directions, indicating that these regions are successively lost/decreased during
hybridisation rounds (including the Mitochip), whereas C-stretches are well covered, but can
generate readability difficulties on one strand within the 25 base window that is interrogated
by the Mitochip v2.0 tiling array (Supplementary Figure 5).

We realised that by individual visual inspection of probe intensities and by applying
signal intensity thresholds, the number of remaining N or discordant calls could be further
reduced, as had been described recently30. In our case, however, under the assumption that the
final round enriched library does not only contain 100% human mtDNA sequences (and
damage derived base changes in a sub-fraction of these), but also a proportion of potentially
similar microbial analogous sequences, we chose a conservative approach and kept QST 6
outputs, that were manually corrected for C-stretch region only, as final calls.

The final designation of mitochondrial genome sequences into sub-haplogroups of hg

H — via identified SNP differences to the rCRS — was therefore the result of several lines of
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evidence: the Mitochip v2.0 runs themselves (with a comparison between the QST outputs at
1, 3, 6 and 12); independent direct PCR and Sanger sequencing of previously characterised
and novel ‘private’ SNPs from DNA extracts and via SMRT sequencing; and a final
phylogenetic validation using the — at present — largest available dataset for hg H mt genomes
(provided by DMB and LQ). The rationale of the PhyloTree database is to list subgroup-
defining SNPs if they have been observed at least twice from two independent, unrelated
sequences/individuals. Most of the end-tip sequences on the mt phylogeny contain a number
of additional private SNPs that are not listed in the tree, but are potentially informative for a
higher resolution pending future confirmation as additional sequences become available. In
the light of the ever-growing nature of this database, the status of these private SNPs will
remain tentative for now. However, the fact that all 16 private SNPs that were observed on the
Mitochip v2.0 could unambiguously be confirmed by next generation sequencing, allows us
to conclude that the detection of private SNPs can be relied upon when sufficiently high QSTs
are applied to MitoChip-derived data. Final mt genome sequences data were deposited in
Genbank under acc. XXX-XXX. CEL files are available upon request and will be made

available at http://www.adelaide.edu.au/acad/publications/data.
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1. AC_000021 CCTCCTATTTAT TETAGECACCTETA
2.qs06_brt05_06_9409_BZH4 rTCTACTA}GAAC CHITUNUNUNYUNYNC AA CC CCCfrGGT CAACCT CAACCTAGGCCTCCTATTTAT TC TAGC CACCTCTAGCCTAGCCGTTTACT CAATCC
3. qs06_brt05_05_9403A_BZH1 rrcTACTATGAAC CINNINYUNYIYIC AA CENC|FGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGC CACCTC TAGCCTAGCCGTTTACTCAATCC
4..qs06_brt05_01_8260_HAL36 rrcrAcTAGAACHC TTTNYUNYIINC AA CC CCCFGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGC CACCTC TAGCCTAGCCGTTTACT CAATCC
5. qs06_brt05_03_9417_BZH8 [TCTACTATGAAC CITISISI SIS AA CC CCCJTGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
6. gs06_brt05_10_8252_HAL32 [TCTACTATGAAC CCIRTNIINYC AA ClCCCFGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
7. qs06_brt05_07_9413_BZH6 [TCTACTAFGAAC CCRITNUISYSININC AA CC CCCJTGGTCAACCTCAACCTAGGCCTCCTAT TTAT TCTAGCCACCTCTAGCCTAGCCGTTTACT CAATCC
8.qs06_brt05_09_8201_HAL11 rTCTACTATGAAC ININUINYIYSAA CHCCC[FGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGC CACCTC TAGCCTAGCCGTTTACT CAATCC
9.qs06_brt05_11_8277_HAL39 rTCTACTATGAAC CCIIINUIMYIMINC AA CCCCCFGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTC TAGCCTAGCCGTTTACTCAATCC
10. gs06_brt05_13_4388_ROT6 [TCTACTAFGAAC CCTTTSISISYSYNNC AA CC CCCIFGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
11. gs06_brt05_14_4408_ESP15 [TCTACTATGAAC NN C AA CHlCCCFGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACC TCTAGCCTAGCCGTTTACTCAATCC
12. gs06_brt05_16_4442_ALB1 [TCTACTATGAAC CRRINIRIISYC AA CC CCCFGGTCAACCTCAACCTAGGCCTCCTATTTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
13. gs06_brt05_15_4440_ESP30 rTCTACTATGAAC CHNINIIINUNYINAA CCHCCfrGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGC CACCTCTAGCCTAGCCGTTTACT CAATCC
14. qs06_brt05_17_4446_ROT1 rTCTACTATGAAC CIIINYYMYYYINC AA CCCCC[FGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTC TAGCCTAGCCGTTTACTCAATCC
15. qs06_brt05_18_4448_ROT2 rTCTACTATGAAC CCIITINYIIYIYMIAA CC CCCFGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTC TAGCCTAGCCGTTTACT CAATCC
16. gs06_brt05_19_9429_BZH14 [TCTACTATGAAC CCINISISISINC AA CllcCCIrGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
17. gs06_brt05_20_4321_HQU4 [TCTACTATGAACCC RTINS C AA CRRICC[FGGTCAACCTCAACCTAGGCCTCCTATTTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
18. gs06_brt05_21_4362_OSH2 [TCTACTAFGAAC CCRTNUISYSIRINC AA CC CCCJTGGTCAACCTCAACCTAGGCCTCCTAT TTAT TCTAGCCACCTCTAGCCTAGCCGTTTACT CAATCC
19. gs06_brt05_22_4364_OSH3 rTCTACTATGAAC CCITTINIUNMUNYYC AA CC CHC[rGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGC CACCTCTAGC CTAGCCGTTTACT CAATCC
20. qs06_brt05_23_4325_QUEXII1 rTCTACTATGAAC CCIIINUUNYIYIIC AA CHCCC[FGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTC TAGCCTAGCCGTTTACT CAATCC
21. qs06_brt05_24_4327_QUEXII2 rTCTAC TATGA ANRNC TTTSISISYSYNC AA CHlCCCIrGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
22. gs06_brt05_25_4330_QUEXII3 rTCTAC TA | RSN A A CC CCCFGGT CAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACC TCTAGCCTAGCCGTTTACTCAATCC
23. gs06_brt05_27_8415_Sardinia [TCTACTATGAAC CC RN C AA ClCCCFGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
24. qs06_brt05_26_4461_Latsch rrcTACTATGHAC CCIITTINYMMNUNYNC AA CC CCCfrGGT CAACCT CAACCTAGGCCTCCTATTTAT TC TAGC CACCTCTAGCCTAGCCGTTTACT CAATCC
25. qs06_brt05_29_DEB9 rTCTACTATGAAC CCIIIINYINYINC AA CHICC[FGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTC TAGCCTAGCCGTTTACTCAATCC
26. qs06_brt05_30_DEB21 rrcTACTATGAAC HTNNINYUNYUYIC AA CCICC[FGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGC CACCTC TAGCCTAGCCGTTTACT CAATCC
27..qs06_brt05_32_10312_KAR11B [TCTACTATGAAC CCINSISISSINC AA CCHCCIrGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
28. gs06_brt05_31_10311_KARGA [TCTACTATGAAC CCIRTRIRISYC AACC CCCFGGTCAACCTCAACCTAGGCCTCCTATTTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
29. gs06_brt05_33_10313_KAR16A [TCTACTATGAAC INIYSYSIRINC AA CCRICCTGGTCAACCTCAACCTAGGCCTCCTAT TTAT TCTAGCCACCTCTAGCCTAGCCGTTTACT CAATCC
30. qs06_brt05_34_10314_SALZ18A  [TCTACTA}GAACHCIMUMUNUNNYNC AA CCCCCFGGT CAACCT CAACCTAGGCCTCCTATTTATTCTAGCCACCTCTAGCCTAGCCGTTTACT CAATCC
31.qs06_brt05_35_10315_SALZ21B  [TCTACTATGAANCITIIIYUNUIMIC AA CCICC|FGGTCAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTC TAGCCTAGCCGTTTACTCAATCC
32.qs06_brt05_37_10317_SALZ77A  [TCTACTAJGAAC CCIITINUINUIIIIC AA CCCCFGGTCAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTC TAGCCTAGCCGTTTACTCAATCC
33.qs06_brt05_38_10318_EUL41A [TCTACTATGAAC CC T C AA C I'GGTCAACCTCAACCTAGGCCTCCTATTTATTCTAGCCACCTC TAGCCTAGCCGTTTACTCAATCC
34. qs06_brt05_36_10316_SALZS7A [TCTACTATGAACCC NN A A CCRCCFGGTCAACCTCAACCTAGGCCTCCTATTTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
35. qs06_brt05_39_10319_EUL57B [TCTACTATGAAC CCRTNUISYSIINC AA CERC|TGGT CAACCTCAACCTAGGCCTCCTAT TTAT TCTAGCCACCTCTAGCCTAGCCGTTTACT CAATCC
36. qs06_brt05_41_4360_OSH1 rTcTACTATGA ANCINIINYUYIYC AA CERCC[FGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGC CACCTC TAGCCTAGCCGTTTACTCAATCC
37.qs06_brt05_40_10320_QLB26A rTcTACTATGAAC HTIIIYUNYUMIC AA CC CCCFGGT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGC CACCTC TAGCCTAGCCGTTTACT CAATCC
38. qs06_brt05_44_4335_QUEXII6 [TCTACTATGAAC CNTISISISISINC AA CARICCITGGTCAACCTCAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
39. qs06_brt05_42_4370_OSH7 [TCTACTAFGAAC CCIRTRTRIIYC AA I'GGTCAACCTCAACCTAGGCCTCCTATTTATTCTAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
40. qs06_brt05_45_10321_QLB28B [TCTACTAFGAAC CHNTIISRIRINC AR CCFGGTCAACCTCAACCTAGGCCTCCTATTTATTCTAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
41. qs06_brt05_43_4308_QUEVIIl4 rTCTACTATGAAC CHTTNININNUNYYC AA CICCrGGT CAACCTCAACCTAGGCCTCCTAT TTAT TC TAGC CACCTCTAGCCTAGCCGTTTACT CAATCC
42. qs06_brt05_Probe_fragmentase rTCTACTATGAAC CCIITNUIIIIC AA CJrGGTCAACCTCAACCTAGGCCTCCTATTTATTCTAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
43. qs06_brt05_Probe_sonicated rrcracTAfGAACEC TTTNYINYIYMICEA CHCC G GT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGC CACCTC TAGCCTAGCCGTTTACT CAATCC
44. gs06_brt05_46_9404_BZH1rep [T CTAC TA ]IS ST ST TS Y C NG GT CAACCT CAACCTAGGCCTCCTAT TTAT TC TAGCCACCTCTAGCCTAGCCGTTTACTCAATCC
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Supplementary Figure 5. Reclaiming cytosine-stretches for final mt genome sequence calls. Alignment of
QST 6 output for all individuals illustrates N calls for C-stretches, whereas in all cases the tiling array for
the reverse strand reveals readable data (zoom in for four selected samples).
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Supplementary Table 4. List of problematic regions of the human mt genome as defined by N calls from

an alignment of all archaeological mt genome sequences at QST 6.
Problematic regions by np | location description
208 D-loop AT-rich
301-312 D-loop C-stretch
435-436 D-loop C-stretch
495-501 D-loop C-stretch
803-805 RNRI C-stretch
956-965 RNRI C-stretch
1683-1684 RNR2 C-stretch
2490 RNR2 C-stretch
3169-3171 RNR2 C-stretch
3211 RNR2 C-stretch
3485-3486 ND1 C-stretch
3527-3529 NDI1 C-stretch
3568-3586 NDI1 C-stretch
3894-3896 ND1 C-stretch
3960-3962 ND1 C-stretch
4138-4140 ND1 C-stretch
4251-4252 NDI1 C-stretch
4761-4775 ND2 AT-rich
5084-5094 ND2 AT-rich
5233-5235 ND2 C-stretch
5304-5305 ND2 C-stretch
5439 ND2 C-stretch
5450 ND2 C-stretch
5495-5517 ND2/TRNW AT-rich
5897 non-coding C-stretch
6314 COX1 C-stretch
6568 COX1 C-stretch
6847 COX1 C-stretch
7297-7312 COX1 AT-rich
7332-7334 COX1 unclear
7399-7406 COXl1 C-stretch
7468-7469 TRNS C-stretch
7492-7493 TRNS C-stretch
7517-7535 non-coding/TRND | AT-rich
7540-7569 TRND AT-rich
7817 COX2 C-stretch
7819 COX2 C-stretch
8030 COX2 C-stretch
8496-8505 ATPS8 AT-rich
8560-8561 ATP8/ATP6 C-stretch
9527-9528 COX3 C-stretch
9556-9558 COX3 C-stretch
9573 COX3 C-stretch
9909 COX3 unclear
9998-10005 COX3 AT-rich
10112-10113 COX3 AT-rich
10193-10195 ND3 C-stretch
10280 ND3 C-stretch
10450-10459 TRNR AT-rich
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Problematic regions by np | location description
10487-10495 ND4L AT-rich
10675-10676 ND4L unclear
10939 ND4 C-stretch
10949-10950 ND4 C-stretch
11142 ND4 C-stretch
11235-11236 ND4 C-stretch
11377-11380 ND4 AT-rich, palindrome
11428-11249 ND4 C-stretch
11675 ND4 C-stretch
11869 ND4 C-stretch
12086-12087 ND4 C-stretch
12110 ND4 C-stretch
12387 ND5 C-stretch
12970 ND5 C-stretch
13027-13028 ND5 C-stretch
13054-13060 ND5 C-stretch
13648-13650 ND5 C-stretch
13678-13679 ND5 C-stretch
13755-13765 ND5 C-stretch
14063 ND5 CA-rich
14156-14158 ND5 C-stretch
14245-14247 ND5 C-stretch
14342 ND6 C-stretch
14419-14427 ND6 C-stretch
14491-14515 ND6 C-stretch/AT-rich
14532 ND6 C-stretch
14777-14781 CYTB AT-rich
14809-14816 CYTB C-stretch
15265-15268 CYTB C-stretch
15527-15528 CYTB C-stretch
15538-15544 CYTB C-stretch
16186-16191 D-loop C-stretch
16260-16262 D-loop C-stretch
16377 D-loop C-stretch
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3. Pacific Biosciences SMRT® sequencing and data analyses

Six of the mt-enriched DNA libraries were converted to SMRTbell template libraries for
sequencing on a Pacific Biosciences RS. First, the samples were blunted by incubating 1ug of
enriched amplicons with 1X Template Prep Buffer (Pacific Biosciences, Menlo Park, CA),
ImM ATP, 0.4mM dNTPs, 0.2mg/mL rabbit serum albumin, 20U T4 Polynucleotide Kinase
(NEB, Ipswich, MA), 4.5U T4 DNA Polymerase (NEB) and water to 40uL for 15 minutes at
25°C. The blunted samples were then purified with GenCatch spin columns (Epoch Life
Science) and A-tailed. To A-tail, samples were incubated in solutions containing the blunted
amplicons, 1x Template Prep Buffer, 0.4mM dATP, 8U Klenow Fragment exo— (NEB) and
water to 40puL for 60min at 37°C. After tailing, the samples were GenCatch purified and
circularized by ligation to hairpin adaptors. Ligations were carried out in reactions containing
the A-tailed amplicons, 1X Fermentas T4 Ligase Buffer, 60U T4 Ligase (Fermentas), 0.5uM
T-tailed hairpin adaptor (Pacific Biosciences), and water to 60uL. All ligations were
incubated at 25°C for 16 h and then heated at 65°C for 10min to inactivate the ligase. Each
sample was then treated with 20U of Exonuclease I (NEB) and 10U Exonuclease I11 (NEB)
for 60min at 37°C to digest linear, non-circularised, DNA molecules. Finally, the samples
were GenCatch purified and an aliquot of each was assayed on a Bioanalyzer using a High
Sensitivity DNA chip.

Single-Molecule, Real-Time (SMRT) sequencing was carried out on the PacBio RS at
the Pacific Biosciences lab (Menlo Park, USA). Reads were processed and mapped to the
respective reference sequences for each plasmid using the Basic Local Alignment with
Successive Refinement (BLASR) mapper
(http://www.pacbiodevnet.com/smrtanalysis/software/blasr) and the Pacific Biosciences
SMRT Analysis pipeline using the standard mapping protocol
(http://www.pacbiodevnet.com/smrtanalysis/software/smrtpipe). Circular consensus reads’’
were trimmed to remove the library PCR adapter sequences before mapping to the rCRS
(NC _012920) using a maxScore = -50 filter and exported as SAM.files (Supplementary Table
6).

At ACAD, SAM.files were imported into Geneious Pro 5.5.6°* and re-assembled to
the rCRS discarding reads <20bp in length and using a conservative mapping method.
Custom sensitivity settings were: 10% maximum gaps per read and a maximum gap size of 3,
20 bases minimum overlap with a word length of 14 (ignoring repeats >5 times) and index
word length of 12, 10% maximum mismatches per read and a maximum ambiguity of 4 bases

(Supplementary Table 6).
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To estimate the ratio of endogenous human mtDNA, we calculated the average rate of
redundancy at expected SNP sites, i.e. we counted the number of reads that corresponds to the
allele (or the SNP variant) present in the Mitochip data from the same individual
(Supplementary Data 1). Average results across all six samples indicate that the majority of
the reads (83.8%) were consistently derived from a single endogenous source. This number
increases when two samples containing traces of probe DNA sequence are removed (87.4%).
The second largest fraction of the reads (11%, and 10.6% for four samples) corresponds to
any other state (transitions, transversions and indels) at these particular nps and incorporates
varying levels of: a) potential background contamination of exogenous human mtDNA; b)
post-mortem miscoding lesion DNA damage; and c) read inaccuracies. Finally, we also
calculated the proportion of potential contamination with the probe by checking the 29 SNPs
that distinguish our probe (haplotype J1c8) from the rCRS. Of these, six SNPs leading out of
the H2 branch are shared with all archaeological individuals (except individual BZHS), and
SNP 3010A is shared mutation between subhaplogroups J1 and H1 and are therefore not
informative, leaving 22 nps that could be checked for the presence of reads that share an
identical allele with the probe. The average proportion of reads that resemble the probe is
1.9% across all four samples, for which we did not have an indication from the Mitochip v2.0
data, and higher (5.1%) when BZH1 and DEB9 were included. This proportion can be
considered a maximum, since the coverage is not evenly spread across the mt genome and
appears random, and secondly, DNA damage, esp. C>T and G>A transition could mimic read
inaccuracies. In addition, the potential contribution of the probe is significantly lower than the
average background (p=0.028, Nonparametric Wilcoxon Signed Ranks test), therefore not
affecting the overall allele call and the final haplogroup designation. With updated probe
preparation and mt-enriched library recovery protocols (see above), probe background can be
reduced to undetectable levels.

SAM and Assembly files are available upon request and will be made available at

http://www.adelaide.edu.au/acad/publications/data.
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4. Population genetic analyses

4.1. Network analyses

A median joining network of all ancient hg H samples (Figure 1a) was
generated/constructed manually using the most up-to-date version of the mitochondrial
phylogenetic tree (PhyloTree.org, mtDNA tree Build 14) as a scaffold on which to place the

%033 The latest version includes a revised version of the hg H subtree

observed hg H lineages
comprising 1203 sequences in total. As per convention, insertions at np 309.1C(C), 315.1C,
523-524d (aka 522-523d), 16182C, 16183C, 16193.1C(C) and mutation 16519 were not
considered for phylogenetic reconstruction®. Prior to the network reconstruction, the ancient
hg H samples were pooled into different temporal/cultural groups in order to calculate genetic

diversity indices and to test for genetic differentiation.

4.2. Principal component analysis

Principal component analysis (PCA) is a commonly used form of data reduction,
suitable for extracting information from genetic markers (here sub-haplogroups of human
mtDNA hg H), as the analysis attempts to display all variation within the data on a small
number of axes, while limiting a priori assumptions about the data being analysed. PCA was
used to describe and visualise the maternal genetic relationship amongst the Neolithic cultures
investigated and to 37 modern-day European and Near Eastern populations (Figure 2a). PCA
was performed on the frequency of sub-clades of mtDNA hg H taken from the literature and
is summarised in Supplementary Table 7. To minimize statistical noise caused by rare sub-
clades and to allow for data compatibility across published studies we considered only the
following 15 most common hg H sub-clades in Europe and the Near East: H*, H1, Hla, H1b,
H2, H2al, H3, H4, HS, H5a, H6, H6a, H7, H8 and H11. PCAs were performed and visualized
in R version 2.11.1°* using a customized script based on the function prcomp freely available
upon request.

Ancient hg H samples were pooled into three different groups based on number of
samples available for ‘pan-European’ archaeological phenomena/cultures alongside
hypothesized geographic origins (LBK, n=9 and BBC, n=7), and a temporally transitional
group pooling regional (mostly Mid-Neolithic) cultures (MNE, n=10) due to small sample
size, excluding distinct but small sample sets such as the Corded Ware (n=2) and later Bronze
Age Unetice (n=5) data. This MNE pool clustered with present-day Central European

populations (Figure 2), signifying the presence of a substratum of hg H diversity in the Mid-
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Neolithic different from certain prominent cultures such as the preceding LBK and the
subsequent Bell beakers. This might be explained by a phase of more localised/regional
development after the initial Neolithisation, even allowing for moderate influences from

3336 We note however that the

contemporaneous Mid-Neolithic cultures outside our region
observed clustering may have reflected an artificial homogenisation caused by grouping many

potentially distinct supra-regional influences from diverse Mid-Neolithic cultures.
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4.2.1. Discriminant function analysis

To test whether the ‘geographic’ spread of the PCA plot is real or a random artifact of
frequency data, we performed a linear functional discriminant analysis in SPSS version 17.0.
This analysis was performed using the PCA scores from the first 15 principal components.
The geographic spread observed in the PCA plot was reproduced by the functional
discriminant analysis, as seen in the plot of function 1 and 2 (Supplementary Figure 6).
Furthermore, the functional discriminant analysis significantly supported the grouping of the
Early (LBK) and Middle/Late Neolithic (BBC) cultures with the modern Near Eastern and

North/Central and Western European populations, respectively.
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Supplementary Figure 6. Linear functional discriminant analysis of PCA scores.
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4.2.2. Multivariate analysis of variance (MANOVA)

To confirm whether the clustering pattern observed in the PCA between the ancient
and modern populations was significantly supported, we performed a non-parametric
multivariate analysis of variance (NP-MANOVA). The NP-MANOVA was performed on a
Raup-Crick distance matrix, which was produced from the presence/absence of the 15 hg H
sub-clades used in the PCA. Calculations were performed in PAST version 2.09 with 10,000
permutations per test and post-hoc Bonferroni correction to account for multiple
comparisons*. In accordance with the linear functional discriminant analysis, the NP-
MANOVA results significantly supported the presence of three distinct geographic groups
from the genetic data (Supplementary Tables 8a). We also tested whether the temporal
grouping of ancient individuals in archaeological time periods, which ranged from a narrow
to a broader definition, would be statistically supported. Here, only the latter, i.e. lumping
both the Mid-Neolithic samples and the Bronze Age samples into broader ‘Late Neolithic’
pool was significantly supported by the NP-MANOVA (Supplementary Tables 8b-d).

Supplementary Table 8a-d. Summary of NP-MANOVA tests of a) cultures grouped with geographic
regions, and between Neolithic samples pooled in different time periods: b) four time periods; c) three
times periods; and d) two time periods. Bonferroni corrected values are given in bold print and areas
shaded grey indicate significant values (p<0.05).

a) Cultures grouped with geographic regions as in Figure 2.

Iberia Near East Mainland Europe

Iberia 0 0 0.0001
Near East 0 0 0.0004
Mainland Europe 0.0003 0.0012 0
b) Four time periods

Early Neolithic Middle Neolithic Late Neolithic Bronze Age
Early Neolithic 0 0.1456 0.0497 0.0355
Middle Neolithic 0.7734 0 0.9168 0.7449
Late Neolithic 0.2652 1 0 0.5289
Bronze Age 0.234 1 1 0
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¢) LBK, BBC, and pooled intermediate Neolithic (MNE) as used in PCA

LBK MNE BBC

LBK 0 0.2463 0.0912
MNE 0.734 0 0.7961
BBC 0.2901 1 0
d) Two time periods

Early Neolithic Late Neolithic
Early Neolithic 0 0.0034
Late Neolithic 0.0034 0

4.3. Population genetic summary statistics and mismatch distributions

All population genetic statistics were calculated in Arlequin version 3.5%. We used

jMODELTEST 0.1.1* in order to find the best fitting evolutionary model and, if required, to

estimate a discrete gamma shape parameter for our 39 non-partitioned mt genomes. Based on

the resulting scores for each model (AIC and BIC), we subsequently used the Tamura & Nei

model and a gamma value 0.049 for our calculations of population distances in Arlequin.

Pairwise population comparison via Fsr values showed that genetic distances

increased with time during the duration of the Neolithic, reaching the highest and significant

values (p=0.00386) between the Early Neolithic and the earliest Bronze Age (Supplementary

Table 9a).

Supplementary Table 9a-c. Population pairwise and linearised Slatkin’s Fgrs between Neolithic samples
pooled in different time periods: a) four time periods, b) two pan-European cultures (LBK, BBC) and one
intermediate period (MNE), and c¢) two time periods. Slatkin Fgys are italicised (upper diagonal) and

significant distances are given in bold print.

a) Four time periods

Early Neolithic | Middle Neolithic | Late Neolithic | Bronze Age
Early Neolithic 0 0 0.03179 0.09555
Middle Neolithic | 0.01135 0 0 0.02299
Late Neolithic 0.02247 -0.01165 0 0.01148
Bronze Age 0.08722 0.03081 -0.02250 0
b) LBK, BBC, and pooled intermediate Neolithic (MNE) as used in PCA

LBK MNE BBC
LBK 0 0 0.03369
MNE -0.02587 0 0
BBC 0.03260 -0.00704 0
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¢) Two time periods

Early Neolithic Late Neolithic
Early Neolithic 0 0.01459
Late Neolithic 0.01438 0

We further calculated mismatch distributions for each of the temporal/cultural groups
in order to assess signals of demographic expansion during the Neolithic (Supplementary
Figure 7a-c). A uni-modal distribution should indicate a period during or shortly after a
demographic expansion, whereas a more ‘ragged’, multi-modal distribution is commonly
found in more stationary populations. When put in temporal order, we could observe a shift
from a smooth uni-modal distribution in the early Neolithic and especially in the LBK
towards a very ragged multi-modal distribution in later stages of the Neolithic as well as the
early Bronze Age™*®. An identical pattern could be observed for estimates of spatial
expansion based on mismatch distributions (data not shown). Uni-modal mismatch
distributions for early Neolithic samples suggesting a recent expansion are consistent with the
spread of farming lifestyles during the Neolithic transition.

The tendency towards more stationary populations in the Late Neolithic and Bronze
Age suggest a process of stasis and/or diversification and possibly a higher impact of drift in
smaller and more restricted settlement areas, in accordance with the increase in pairwise FSTs

during the Neolithic.
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Supplementary Figure 7. Mismatch distribution graphs in temporal order indicate a decrease in
demographic expansion during the Neolithic.
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4.5. Bayesian skyride analyses and mutation rate

The data set comprised 37 newly sequenced, non-related, ancient mitochondrial
genomes and 5 sets of randomly chosen distinct modern-day haplogroup H mitochondrial
genomes from Phylotree (http://www.phylotree.org, mtDNA tree Build 12 (20" July 2011))
and 420 newly available hg H sequences”’. The Sequences were aligned to the revised
Cambridge Reference Sequence (rCRS: AC_000021)° manually using the program
SeaView™. The alignment was partitioned into 4 subsets, representing the D-loop, the
protein-coding regions (1st+2nd codon positions and 3rd codon position) and a concatenation
of tRNA and RNA genes. Insertions at nps 309.1C(C), 315.1C, 523-524d (aka 522-523d),
16182C, 16183C, 16193.1C(C) were not considered for phylogenetic reconstruction and
position 16519 was removed from the D-loop subset™. The best substitution models were
selected using ModelGenerator 0.85* by comparison of Bayesian Information Criterion
scores: HKY+G for D-loop, TN+G for protein-coding regions and HKY for RNA genes.
Considering the short evolutionary timescale being studied (intra-haplogroup), models
including a proportion of invariant sites were excluded. A Bayesian skyride analysis®’ was

performed using the phylogenetic software BEAST 1.6.1°!

and calibrated using radiocarbon
dates from 18 of the ancient individuals and mean archaeological dates for the remaining
individuals. This allowed us to achieve a broad temporal coverage for ~3500 years of the
Neolithic period in Central Europe (55002000 BC) and to generate the most precise
demographic reconstruction of hg H. Results were replicated using independent sets of 100
(1x), 200 (3x), and 300 (1x) mitochondrial genomes. A strict molecular clock was used,
allowing for a distinct rate in each subset of the alignment. Additional analysis using an
uncorrelated log normal relaxed clock to account for potential rate variations could not reject
the strict clock assumption. Results from two MCMC chains were combined after
100,000,000 iterations and 10% burn-in. All parameters showed sufficient sampling,
indicated by effective sample sizes above 200. Tracer 1.5 was used to produce the skyride
plot shown in Figure 1b. Our data contradict a recent study based on modern-day mt genomes
only, which describes a pronounced population increase at ~7000 BC, interpreted as a
Neolithic expansion into Europe, but followed by slow population growth until the present
day>.

We carried out a ‘date randomization test’, to test whether the signal from the
radiocarbon dates associated with the ancient sequences is sufficient to calibrate the H
haplogroup phylogeny™*. This test randomises all dates associated with the sequences

(including modern ones) and replicates of the phylogenetic analysis as described above. If the

structure and spread of the ancient sequences in the tree were sufficient to calibrate the
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analysis, the inferred mean rate of the randomised analysis should be significantly different
from the rate calculated using the correct association date/sequence. In other words, the 95%
HPD of the randomised analysis should not overlap with the mean rate estimated without
randomisation. The comparison of estimated rates from the main analysis and from ten
replicates with randomised dates presented in Supplementary Figure 8 confirms the presence

of sufficient signal provided by dates from the 37 ancient samples to calibrate the tree.

1e-09

Rate (s/s/y)

le-11

1le-13

Iterations

Supplementary Figure 8. Date randomisation test for the dated phylogeny. Estimated rates were
replicated ten times, each with randomised dates (in grey). These are significantly different from the rate
estimated from the main analysis (in red), confirming the presence of sufficient signal from the ancient tip
dates to calibrate the tree.
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4.6. Haplogroup designation according to the “Copernican” reassessment of the human

mitochondrial tree

Access to complete mt genome data from modern-day samples from two recent
studies”*” has provided the basis for the phylogenetic network and demographic
reconstructions of mtDNA hg H for this study. Several thousand novel mt genomes have
extended the human mtDNA phylogeny and have deepened the resolution of hg H to 87 sub-
clades in particular. At the same, and during the final stages of this study, a reassessment of
the mtDNA tree from its root was published, that recommended the use of the Reconstructed
Sapiens Reference Sequence (RSRS)> over the traditional use of the revised Cambridge
Reference Sequence (rCRS)’. While our study was conducted using the traditional rCRS, we
also report our ancient mt genome data using the new RSRS, anticipating a rapid reception of
the new reference and reporting formats (Supplementary Table 10).

When compared to the phylogenetic root (RSRS) all our samples display the
following sequence variants leading into branch hg H (in numerical order): G73A (back
mutation A73G in EUL41A), C146T, C152T (back mutation T152C! in KAR11B, SALZ57A,
EULS7B, OSH1), C182T/T182C!, C195T, (back mutation T195C! in BZH14), A247G,
522.1AC, A769G, A825t, A1018G, G2706A, A2758G, C2885T, T3594C, G4104A, T4312C,
T7028C, G7146A, T7256C, A7521G (not covered due to AT-rich region, see section 2.4),
T8468C, T8655C, G8701A, (back mutation A8701G! in Sardinia), C9540T, G10398A,
T10664C, A10688G, C10810T, C10873T, C10915T, A11719G, A11914G, T12705C,
G13105A, G13276A, T13506C, T13650C (T13650N in BZH1, HAL32, HAL39, ALBI,
HQU4, OSH1, QUEXII6, QUEVIII4 due to C-stretch, section 2.4), T14766C,
G15301A/A15301G!, A16129G, (back mutation G16129A! in HAL11), T16187C, (T16187N
in HAL11, ROT1, OSH3, DEB9, KAR6A, QUEXII6 due to C-stretch), C16189T (back
mutation T16189C! in BZH6), T16223C, G16230A, T16278C and C16311T.
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Supplementary Table 10. Summary of genotyping data using the “Copernican” approach. Sub-haplogroup

definig SNPs are shown in bold and ‘private’ / as-yet-unknown sequence variants in regular print.

Individual | Hg' Hg H sequence variants compared to RSRS

HAL36 H23 C10211T

HAL11 H T16093C, G16129A!

HAL32 H26 T11152C

HAL39 Hle G3010A, G5460A

DEB9 HS88 A8596G

DEB21 H1j G3010A, T4733C

KAR6a Hlbz G1719A, G3010A, C14380T

KARI11b H T152C!

KARI16a H46b C2772T, A11893G

OSH2 H89 A6932G, C8068T, T12696C,

OSH3 H1 G3010A

OSH1 H16 T152C!, C10394T

OSH7 H5b C456T, G5471A, T16304C, C16519T

SALZ18a | H10i C13503T, T14470a, T16093C

SALZ21b | Hle7 T1766C, G3010A, G5460A

ESP30 Hlela$ G3010A, G5460A, (C5960T), A8512G, G8865A, C14902T

HQU4 H7d5 A4793G, C15409T, G16388A

SALZ57a | H3 T152C!, T6776C

SALZ77a | H3 T6776C

ESPI15 Heéala T239C, G3915A, A4727G, G9380A, T11253C, T16362C, A16482G, C16519T
BZH6 H1_TBD | G3010A, A8149G, A9377G, T9467C, A13671G, T14319C, T16189C!
BZH4 Hle7 G3010A, G5460A, A15220G, A15401G, A16293G

ROT6 HSa3 C456T, G513A, T4336C, G15884A, T16304C, C16519T

ALBI1 H3b A2581G, T6776C

ROT1 H3ao02 C4577T, T6776C, C16256T

ROT2 HSa3 C456T, G513A, T4336C, G15884A, T16304C, C16519T

QUEXII1 | H4al C3992T, A4024G, T5004C, G9123A, C14365T, A14582G, C16519T
QUEXII2 | H4al C3992T, A4024G, T5004C, G9123A, C14365T, A14582G, C16519T
QLB26a H1 G3010A

QUEXII3 | H13ala2c | C2259T, A4745G, G9025A, A13542G, C13680T, C14872T, C16519T
QLB28b H1 G3010A

BZH1 Hlla T195C!, T961g, T8448C, (G13759A), A16293G, T16311C! , C16519T
BZHS H2ala3 GI51A, G1438A, G4769A, C6173T, T13095C, A16240t, C16354T, C16519T
BZH14 H82a T195C!, A16220G

EUL41a H4alala5 | A73G!, C3992T, A4024G, T5004C, G8269A, G9123A, A10044G, C13545T,
EULS7B H3 T152C!, T6776C

QUEVIII4 | H7h A4793G, G16213A

- Hlawl G3010A, A8701G!, C15912T

- H90 C5435T, T8911C, T10237C, T15109C

"Haplogroup H designations based on the http://www.phylotree.org mtDNA tree Build 14 (5 April 2012)”.
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5. Archaeological background

The Neolithic in Central Europe is an epoch of cultural and social complexity and
dynamism, which is reflected in the succession of archacologically distinct cultural layers>.
Many of these are temporally interwoven and the assemblages of artefacts of certain cultures
can resemble features of preceding ones. At other times, new cultures appear/emerge without
a close resemblance to preceding cultures and carry elements in style and/or artefacts which
appear ‘exotic’ (i.e. have their origins outside Central Europe). This succession of distinct
cultural layers provides the basis for our main underlying question: whether cultural changes
have been triggered or accompanied by genetic/population changes.

Our area of interest, the Mittelelbe-Saale (MES) region of Saxony-Anhalt, Germany,
has long been an attractive settlement area, with a tight network of waterways and close to
long-established trade routes. Climatically and geologically, the MES region benefits from its
location in the rain-shadow of the nearby Harz Mountains, its deposits of ores and salts, and
its fertile black and para-brown soils. This explains why this settlement cluster was highly
sought after by many successive groups, whereby a range of demographic models and modes
of recurrent streams of colonisation can be assumed.

The Neolithic in Central Europe lasted for roughly 3500 years and is commonly
divided in an early, intermediate and later phase, the Early Neolithic, the Middle Neolithic
and the Late Neolithic. Our rationale was to type samples from all three phases in a ‘transect
through time’. Archaeological details for each of the individuals and cultures are given in

Supplementary Table 11.

Early Neolithic:
The Early Neolithic (5450-3950 BC) in MES is represented by four archaeological

cultures: the Linienbandkeramik (linear pottery culture or LBK), the Stichbandkeramik
(stroke ornamented culture), and the following cultures Rossen and Gatersleben, named after
eponymous sites in MES. A detailed archaeological record traces the spread of agriculture via
LBK farmers back to the Carpathian Basin, the Balkans, through Greece and back into

3657 For the three

Anatolia and the Near East where farming originated ~12,000 years ago
subsequent Early Neolithic cultures with a smaller geographical distribution, a cultural origin
outside the MES region (but nevertheless in Central Europe) is assumed, which explains the
temporal overlap of the beginning and ending of subsequent cultures:

Linienbandkeramik (LBK): 5450-4775 BC,

Stichbandkeramik (SBK): 4925-4625 BC,

Rossen (RSK): 4625-4475/4250 BC and
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Gatersleben (GLK): 4475-4250 BC.

The LBK is the oldest Neolithic culture in Central Germany and represents the first
people in the region who relied on agriculture and animal husbandry. The LBK was identified
earliest in Western Hungary (Transdanubia), where it incorporated novel technologies and
ideas from Anatolia, the Levant and the Near East during the Neolithic transition. From there,
the LBK expanded relatively rapidly along the major waterways and fertile Loess towards
Central Europe, reaching as far as the Paris Basin in the West and Ukraine in the East™®. The
terminal Early Neolithic is characterised by Epi-Rdssen and Epi-Lengyel, two horizons (Late-
Lengyel-horizon; 4250-3950 BC) that are defined by distinct ceramics found at the sites

Grona and Schiepzig, respectively.

Middle Neolithic:
The Middle Neolithic (42502725 BC) in Saxony-Anhalt encompasses eight cultures:

Michelsberg, Baalberge, Salzmiinde, Tiefstichkeramik, Walternienburg, Bernburg, EIb-Havel
and Kugelamphorenkultur (Globular Amphorae). Most of these cultures are only present in
distinct regions of Saxony-Anhalt and have emerged locally, whereas others originated
outside of it. This explains the large overlap of temporal successions and partial
contemporaneity/co-existence in neighbouring regions:
Michelsberg (MBK): 4250-3500 BC
Jordansmiihle (JMK): 4100-3650 BC
Baalberge (BAC): 3950-3400 BC
Salzmiinde (SMC): 3400-3100/3025 BC
Tiefstichkeramik (TSC): 3650-3325 BC
Walternienburg (WBC): 3325-3100 BC
Bernburg (BEC): 3100-2650 BC
Elb-Havel (EHC): 3100-2725 BC

By and large, the Mid-Neolithic in Saxony-Anhalt is defined by two phases of
successive cultures unified by the overarching theme of the Funnel beaker tradition, an older
phase (3950-3100 BC) and younger one (3100-2650 BC). Some of these cultures are
interlocked with previous ones, whereas others seem to replace existing ones, arguing for
differential processes over time and space. Towards the end of the Mid-Neolithic, a seemingly
foreign culture (Fischbeck group) whose origin is not yet resolved can be observed in eastern
parts of the Mittelelbe-Saale area, but which resembles the late Globular Amphorae culture,

and gives rise to the Schonfeld culture.

Late Neolithic:
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The Late Neolithic in MES is represented by five cultures, including the
Schnurkeramik or Corded Ware culture (CWC): 2800-2200/2050 BC,

Einzelgrab or Single-grave culture (SGC): 2800-2200/2050 BC,
Schonfeld culture in the Northeast (SFC): 2725-2050 BC,
Ammensleben: 2650-2200/2050 BC, and
Glockenbecher or Bell Beaker culture/phenomenon (BBC): 2500-2200/2050 BC.

The Late Neolithic horizon is defined as 2725-2200 BC, even though earliest signs of
the Corded Ware culture can be found around 2800 BC, whereas remains of beaker cultures
can last as long as 2050 BC. The Bell Beaker culture is evident in the archaeological record
from 2500 BC onwards in the South of MES, when it starts to move into settlement areas
previously occupied by Corded Ware people, the latter of which have affinities to
archaeological groups further east’®. The settlement density in MES increases during its later
phase (2300-2050 BC), when the Corded Ware is superseded by Bell Beaker elements, often
at the same sites. This Late Neolithic Bell Beaker phenomenon is of particular interest, since
archaeological evidence suggests it originated in the Tagus region of Western Iberia around
2800-2700 BC before spreading to become one of the first major pan-European cultures®. It
has been traced archaeologically over Western Europe (including enclaves in North Africa) as
far as Hungary, Ireland, and southern Scandinavia. Earlier Neolithic cultures were
overlain/infiltrated by discernable Bell Beaker elites with a cultural package endowed with
rich grave goods (including the eponymous bell-shaped ceramic beakers).

During the transition to the Bronze Age, early Bronze Age cultural elements of the
Unetice culture appear contemporaneously to late elements of the Bell Beaker culture, again
sometimes also at the same site. The site of Eulau, famously known for its oldest nuclear
family graves, represents a good example of cultural dynamics during the Late Neolithic, as it
shows the presence of both Corded Ware and Bell Beaker cultures, and later of the early

Bronze Age Unetice culture.

6. Additional discussion of genetic results in the light of archaeological and

anthropological evidence

The expansion of hg H is compatible with a post-glacial resettling of Northern and

60-62 a5 indicated by our population skyride and

Central Europe from southwestern refugia
PCA plot. However, we propose that the rise of hg H to become the predominant mtDNA
branch in Europe was mediated by subsequent demographic events during the Neolithic, as
evidenced by a general increase in hg H frequency and strong population growth during this

period. Interestingly, hg H was virtually absent amongst Central and Northern European
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hunter-gatherers®®*, formed only 19% of LBK individuals, ~20% of a French Middle
Neolithic (30302890 calBC) site® and ~28% of Neolithic samples from the Iberian
Peninsula®®’. The widespread Bell Beaker phenomenon fits well as a potential driving factor
for the dissemination of hg H throughout most parts of Western Europe. Having reached a
certain frequency, and assuming a generally higher rate of population growth in southern and
western Europe in post-Neolithic times®, this may have contributed to the fixation of H as the
predominant European mtDNA haplogroup.

The spread of both the LBK and Bell Beaker cultures across large parts of Europe
might be considered exceptional, supra-regional phenomena. Assuming that the observed
match between ancient hg H sub-clade frequencies and particular present-day population
groupings does reflect ancient ‘genetic homelands’, Central European LBK and Bell Beaker
populations must have carried strong signals of a geographical and cultural origin in their (mt)
genome, here in the form of characteristic subsets of hg H sub-clades. The fact that these
signals were not lost (or obscured by later events) suggests two cultures with considerable
coherence as interbreeding human populations over time (many generations) and space (from
the Near East or the Iberian peninsula to Central Europe). Craniometric and morphological
data from Mesolithic hunter-gatherer and Neolithic farming populations also suggest a
significant population influx from the Near East into Europe® and substantial variability
throughout the Neolithic”’. Distinct mobility profiles have also been identified via strontium
isotopes for both the LBK'' and Bell Beaker period’.

However, in all likelihood, most cultural change observable in the Central European
archaeological record probably did not involve significant populations of highly mobile
individuals driven by new technologies, economic systems, and/or cultural beliefs” to cover
wide and disparate parts of Europe (and thereby leave an identifiable genetic mark).
Therefore, we might not expect distinct genetic signatures from all archaeological cultures,
particularly not from more regionally restricted ones.

In general, while our current estimates of genetic affinities are somewhat limited by
relatively small sample numbers, a more detailed picture will undoubtedly emerge as more
data become available. However, our use of complete mt genomes to perform a diachronic

study showcases the enormous potential for fine-scale reconstructions of Europe’s prehistory.
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ABSTRACT

Anatomically modern humans appeared in Africa between 100,000 and 200,000 years
ago, but most parts of the world have only been colonised within the past 50,000 years.
Phylogenetic information from the mitochondrial genome and other genetic markers has
contributed to the global picture of the human evolutionary history. However, the precise
timescale of this recent human evolution and dispersal is still subject to debate. Most
estimates of this timescale are calibrated using the human-chimpanzee divergence, estimated
at around 6.5 My from the fossil record. However, the considerable disparity between
estimates based on this fossil calibration and those based on more recent calibration points,
such as biogeographical events or known pedigrees, has raised doubts about the reliability of
current inferences.

In the present study we use 46 whole mitochondrial genomes from dated ancient
human samples to re-calibrate the timescale of recent human evolution. We show that the
dates associated with the ancient samples are sufficient to calibrate the entire phylogeny of
modern humans. Our estimates of mitochondrial molecular rates are higher than those from
previous studies based on fossil calibration, but lower than the estimates from pedigree
studies. This result is in accordance with the time dependence of molecular rates and has

important consequences for the estimated timescale of human dispersals across the globe.
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INTRODUCTION
From our origins in Africa, the global migration routes taken by anatomically modern

humans (AMH) are now well established. However, the exact timescale of this journey is still
subject to debate (Stoneking et al. 1992; Endicott et al. 2009; Oppenheimer 2012). This
temporal uncertainty is mainly due to the lack of appropriate calibration points covering the
past 200 thousand years (ky) of human evolution. Most analyses of human evolutionary
timescales have been estimated using the human-chimpanzee split as an external calibration
point (e.g., Mishmar et al. 2003; Soares et al. 2009). However, molecular rates depend on the
time period over which they are inferred (see Chapter 5: Ho et al. 2011a). More precisely, the
depth of a particular calibration point has an impact on the estimated rates and dates. For
example, coalescent dates of shallow timescales tend to be overestimated when they are based
on old fossil calibrations (examples are given in Chapter 2). Considering this time
dependence of molecular rates, the split between human and chimpanzee, at 6.5 million years
before present (My BP), is too old to be able to provide a precise calibration for the
evolutionary history of modern humans (Stoneking et al. 1992; Ho et al. 2005; Henn et al.
2009; Subramanian et al. 2009; Ho et al. 2011a). In contrast, mutation rates estimated in
pedigree studies tend to be very high (Howell et al. 2003; Santos et al. 2005; Madrigal et al.
2012), as they account for genetic changes that will not necessarily be fixed in the population.
The use of a high rate estimate will lead to coalescent age underestimates. It appears that only
calibration points from the same time period than the one targeted would provide an accurate
estimate of the timescale (Ho and Larson 2006).

So far, the main solution to overcome the lack of direct calibration along the human
tree has been the use of archaeological evidence for biogeographic events, such as the
colonisation of islands or continents (Stoneking et al. 1992; Atkinson, Gray, Drummond
2008; Endicott, Ho 2008; Henn et al. 2009). However, the link between the divergences of
genetic lineages and populations remains uncertain, as genetic isolation between two
populations could have happened long before they became geographically separate.
Alternatively, gene flow could have occurred or continued between two populations after and
despite their geographic separation.

The use of ancient DNA offers a useful alternative to calibrate estimates of short
evolutionary timescales. In this case, radiocarbon dates associated with ancient sequences can
provide direct temporal information at the tips of the evolutionary tree (Drummond et al.
2003; Ho et al. 2011b). This removes the need to make assumptions about the correspondence
between genetic and population divergences, or about the consistency of rates between extra-
and intraspecific levels (see Chapter 5). In this context, our capacity to infer a precise

timescale from ancient AMH sequences will depend on their distribution across the human
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tree, both over time and among lineages (Ho et al. 2011b). Published studies of ancient
human samples have involved either very short fragments (HVR) or only few whole
mitochondrial genomes (WMG) (Otzi/Tyrolean Iceman, Ermini et al. 2008; Saqqaq, Gilbert
et al. 2008; Kostenki, Krause et al. 2010a), providing inadequate temporal information to
calibrate estimates of the timescale of human evolution and dispersal. In the present study, we
use 43 novel WMG sequences from ancient AMH samples, in addition to the existing
sequences of AMH (3 WMG), Neandertal (5 WMG) and Denisovan (1 WMQG), to re-calibrate
the human mitochondrial timescale.

In contrast to studies using only short fragments of the control region, the use of
whole mitochondrial genomes drastically increases the amount of phylogenetic information.
However, the heterogeneity of evolutionary processes in different parts of the mitochondrial
genome needs to be taken into account. For example, the control region is known to have a
higher mutation rate than the coding region. This rate heterogeneity can potentially lead to
biased estimates of rates and dates, as shown in Chapter 5. Therefore, partitioning the WMG
into different subsets, with a different molecular clock model for each of them, is required to
obtain reliable estimates of rates and dates. Most of the partitioning schemes commonly used
for the mitochondrial genome are based on subjective rules (e.g., one subset per gene or per
codon position, or different subsets for non-coding and coding regions), without statistical
justification. To objectively define the best partitioning scheme for each sequence alignment,
we use the program PartitionFinder (Lanfear et al. 2012).

Refinement of the human mitochondrial timescale can help to clarify the uncertainties
that are still persistent in the evolutionary history of AMH. For example, while the presence
of AMH outside Africa before the Toba eruption (which represents an important
palaeontological stratum at 74 ky BP) is unconfirmed by the archaeological record, the
presence of closely related hominids in South-East Asia before that period lead to
confounding palaeoanthropological evidence on the subject (Oppenheimer 2012). Also, the
potential role of climate change in the expansion of human population could be more
accurately assessed from precisely timed demographic events (Atkinson, Gray, Drummond

2008; Stewart, Stringer 2012).
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MATERIAL AND METHOD

Data

Ancient sequences

As part of The Genographic Project, complete mitochondrial genomes were sequenced
from 43 ancient human remains at the Australian Centre for Ancient DNA (Table 1). The
method used to extract, target-enrich, and sequence WMG is provided in the first part of
Chapter 6, along with population genetic analyses of the 37 hg H sequences. The additional
six sequences belong to the haplogroup (hg) Nla. In addition to these newly sequenced
WMGs, nine published sequences from AMH, Neandertal and Denisovan samples were
included in the study (Ermini et al. 2008; Gilbert et al. 2008; Green et al. 2008; Briggs et al.
2009; Krause et al. 2010a; Krause et al. 2010b):

Modern sequences

To obtain data sets of reasonable size for Bayesian analysis, two sets of 154 and one
set of 254 AMH sequences were randomly selected from a pool of 1,127 non-redundant
WMGs (Phylotree, van Oven, Kayser 2009, http://www.phylotree.org, mtDNA tree Build 4).
We added data from 46 ancient individuals to obtain data sets of 200 and 300 AMH
sequences each (Table 2). In addition, one alignment of 206 hominids was obtained by adding
six sequences from Neandertal and Denisovan individuals to a set of 200 AMH.
Independently, one N1a dataset was built by combining the 20 N1a modern mitochondrial
sequences available on Phylotree (Build 13, Dec 28 2011, Palanichamy et al. 2010) with the

six newly sequenced WMGs from ancient samples.
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Table 1. List of all ancient samples used in the study

Published

244

Sub-species  Sample hg Age (years)

ALBI1 H3b 4,276

BZH1 Hlla 4,225

BZH14 H82a 3,834

BZH4 Hle8 4,225

BZH6 Hlcal 4,375

BZHS H2ala3 3,959

DEB21 H1j 7,072

DEB9 HS88 7,060

ESP15 Hé6ala 4,380

ESP30 Hlela$ 5,792

EUL41a H4alala2 3,837

EULS57b H3 3,837

HAL11 H 7,060

HAL32 H26 7,060

HAL36 H23 7,060

HAL39 Hle 7,134

HQU4 H7d5 5,625

KARI11b H 7,060

ilgv[g KAR16a H46b 7,060
KARG6a Hlbz 7,060

Latsch Hl16 2,450

OSH1 H89 6,350

OSH2 H1 6,350

OSH3 H5b 6,350

OSH7 H1 6,476

QLB26a H1 4,310

QUEVIII4 H7h 3,980

QUEXII1 H4al 4,250

QUEXII2 H4al 4,000

QUEXII3 Hl13ala2c 4,290

ROT1 H3ao2 4,221

ROT6 H5a3 4,416

SALZ18a H101 5,975

SALZ21b Hle7 5,975

SALZ57 H3 5,248

SALZ77a H3 5,181

Sardinia Hlawl 3,574

0OAO1 Nlal 6,387

HAL4 Nlal 7,062

AMH HAL7 Nlalb 7,062
hg Nla HAL15 Nlala3 7,062
HAL27 Nlala3 7,062

HAL34 Nlalb 7,062

EU810403 K1 (Otzi) 5,200

AMH EU725621 D2al (Saqqaq) 4,000
FN600416 U2 (Kostenki) 30,000
Denisovan NC 013993 - 35,000
NC 011137 - 38,310
FM865407 - 39,900
Neandertal FMS865408 - 39,240
FM865409 - 38,790
FM865411 - 65,000




We also had access to novel hg H samples via collaborators Doron M. Behar and Lluis
Quintana-Murci, providing 729 non-redundant hg H WMGs out of the 1,236 samples. These
were recently published (Behar et al. 2012a, 2012b) and are listed in the updated built of
PhyloTree (Build 14, Apr 5 2012). Among the 729 H WMGs, one set of 200 and one set of
300 sequences were randomly selected and combined with the 37 hg H ancient WMGs (Table
2).

In order to replicate the analyses based on the human/chimpanzee tMRCA (time of the
most common recent ancestor) calibration, we also collected five chimpanzee WMGs and

combined them with one set of 154 modern AMH sequences.

Table 2. Summary of the eight data sets used in the present study.

AMH/Neand/ AMH/
AMH AMH AMH . hgH heH S Chimp
Samples total 2001) 200(2) 300 206 237 337 26 159
No. modern AMH 154 154 254 154 200 300 20 154
samples, random
No. ancient AMH 46 46 46 46 37 37 6
samples
Denisovan - = - 1 Z =
Neandertal - = - B) = =

Analyses

Sequence alignment

Sequences were aligned to the revised Cambridge Reference Sequence (rCRS:
AC 000021) using the program SeaView (Gouy, Guindon, Gascuel 2010) and adjusted
manually. We excluded transversions and insertions at np 309.1C(C), 315.1C, 523-524d (aka
522-523d), 16182C, 16183C, 16193.1C(C) and a transition at np 16519 from phylogenetic
reconstruction as suggested in previous studies (e.g., Bandelt et al. 2006; van Oven, Kayser

2009).

Partitioning

The partitioning scheme and the substitution model for each subset were
simultaneously selected using PartitionFinder (Lanfear et al. 2012) using the Bayesian
information criterion. Considering all possible partitioning schemes from nine predefined
subsets (all three codon positions of the coding genes and ND6 subdivided into CP1 (first
codon position), CP2, CP3, ND6 CP1, ND6 CP2, ND6 CP3, as well as tRNA genes, rRNA
genes, and the D-loop), the best scheme identified by PartitionFinder was a division in five
subsets, combining the three ND6 codon positions and CP1, tRNA and rRNA as one partition
each. However, since there is no a priori biological support for the combination of CP1 and

t/TRNA, and to allow for comparison of our results with previous studies, we set Coding CP1
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and t/rRNA apart as two subsets. This lead to the following scheme of six partitions: coding
genes CP1, CP2, CP3, as well as ND6, tRNA + rRNA genes, and the D-loop.

To account for nine insertions observed in the phylogeny of hg H (Phylotree) we
added 5 positions to the D-loop subset (42.1G; 44.1C; 291.1A; 573.1CC), and 4 to the RNA
gene subset (5899.1C; 12310.1C; 960.1C; 5752.1A).

Bayesian phylogenetic analyses

Sequence alignments were analysed using BEAST 1.6.2 (Drummond, Rambaut 2007).
For each subset the substitution model was selected through comparison of the Bayesian
information criterion in PartitionFinder. An uncorrelated lognormal relaxed clock was used
for each subset to account for potential rate variations between different branches of the
phylogenetic tree (Drummond et al., 2006). A strict clock was used when it could not be
rejected for a particular subset. The Bayesian skyride demographic model (Minin,
Bloomquist, Suchard 2008) was used to account for demographic changes through time, and
to reconstruct the demographic history of AMH.

As the skyride option is based on the coalescent model, it assumes a random sampling
of individuals from a panmictic population. This assumption is violated when individuals of
different species were used in the same analysis. We tested the impact of a violation of the
panmictic model in a second analysis using the *BEAST option and chimpanzee samples to
calibrate the human phylogeny. The *BEAST option combines the implementation of a
coalescent model between individuals defined as part of the same population, and the Yule

model at the inter-specific level, where each node represents a speciation event.

Date—randomisation test

A date-randomisation test was conducted on one alignment of 200 AMH sequences,
one alignment of 237 hg H and the alignment of 26 hg N1a (Table 2) to test if the number of
radiocarbon dates from ancient samples and its temporal spread were sufficiently large to
calibrate estimates of evolutionary timescales (Ho et al. 2011b). Molecular rate estimates
from the analysis with the true sample dates and five replicates with randomized dates were

compared for each of the six mitochondrial subsets.
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RESULTS AND DISCUSSION
Date-randomisation test

Figure 1 shows the comparison of estimated rates from the main analysis (true sample
dates) and from replicates with randomised dates. For both the AMH and the hg H trees, the
mean rate estimated for the six mitochondrial subsets is never included in any of the 95%
highest posterior density intervals of the rate estimates obtained with randomised sample
dates. This indicates that the dates of the ancient samples included in the alignments provide
enough temporal information to calibrate the phylogenies from each dataset. However, for the
Nla phylogeny, only the D-loop subset passes the date-randomisation test, revealing that the
dates associated with the six ancient N1a sequences are not sufficient to calibrate an estimate
of the rate. In some instances, the lack of temporal coverage from the ancient samples might
be responsible for such a result, but in the case of hg N1a, the dates of the six ancient
sequences range up to 7,000 years BP, similar to the dates used for hg H. Considering the low
number of total samples for hg N1a and the low number of ancient sequences, it is likely that
the observed lack of temporal signal comes from a lack of genetic diversity between modern
and ancient sequences. If the ancient sequences represent haplotypes similar to those of
modern sequences, there has been little genetic change between the sampling periods, and the
rate estimate will be very imprecise. Consequently, further results are only presented for the

hg H and the AMH phylogenies.

0.1
.

Rate (s/s/My)
01
—e—
e
e

0.001

Dloop CP1 ' CP2  CP3 ' ND6 RNA Dloop CP1  CP2 CP3 ND6 RNA Dloop CP1 CP2  CP3 ND6 RNA

AMH HgH HgN1a

Figure 1. Results from date-randomisation tests for anatomically modern human (AMH), haplogroup H and
haplogroup N1la data sets, with details for each subset. The red dots represent molecular rate estimates from the
phylogenetic analyses calibrated using the radiocarbon dates associated with the ancient sequences. The black
dots show the rates estimated with randomised dates. Lines represent the 95% highest posterior density of each
rate estimate. The fact that none of the margins overlap with the original mean estimated rates of the AMH and
haplogroup H demonstrates that the radiocarbon dates are informative enough to calibrate these rate estimates.
For the N1a dataset, however, only the D-loop passes the test, indicating that the distribution of radiocarbon
dates in time and among the genetic diversity of the clade is insufficient to calibrate rate estimates from the
corresponding data set.
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Estimates of rates and dates

Comparison of rate estimates between data sets

Estimated rates for the six mitochondrial subsets are presented in Figure 2. For the hg
H tree, two data sets of different size (237 and 337 sequences) from different random sets of
modern sequences were analysed to test the impact of the number of sequences and the
subsampling process on the Bayesian calculation. No substantial difference was observed
between the two replicates, as the mean rate estimate of each analysis is within the 95%
highest posterior density (95% HPD) of its respective replicate. However, within the range of
95% HPD, the rates estimated from the larger data set appear systematically higher than the
rates estimated from the smaller data set. For the whole AMH tree (Figure 2), four estimates
are compared (see Table 2). No significant difference in estimated rates was observed
between the different data sets. Moreover, the rate estimates have narrower 95% HPD than for
calculations based on the hg H, and no particular data set shows consistently higher rates than

the others.

{ 4200 AMH (1)
v 200 AMH (2)
(2)/

e 300 AMH
= AMH/Neand/Denis
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x 337 hg H (2)
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—t
—_—

0.1

Rate (s/s/My)
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——
——
—_—
—_

0.01

CP1 CP2 CP3 Dloop ND6 RNA
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Figure 2. Comparison of rate estimates for the six mitochondrial subsets, calculated from six different datasets.

Interestingly, the comparison between rate estimates from hg H sequences only (black
in Figure 2), or from sequences representing all AMH (coloured in Figure 2), reveals an
unexpected difference. Although the time dependence of molecular rates would suggest that
the rates calculated for the shorter timescale should be higher than for the deeper phylogeny,
the rates inferred for hg H appear systematically lower than the ones inferred for the whole

AMH tree. This difference is particularly noticeable for the ‘fast evolving’ subsets, such as
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the D-loop and less so CP3 (Figure 2). When interpreted together with the previous
observation that rates appear higher within hg H when estimated from more samples, it seems
that the genetic signal (observed mutations) from the hg H subsamples, especially in the D-
loop, does not accurately reflect the evolutionary speed of the entire AMH mitochondrial
phylogeny. Even though more replicates will be required to obtain a finer pattern, the
progression of rate estimates between a dataset of 237 samples and a dataset of 337 samples
suggests that adding more sequences to the dataset also adds critical genetic signal for the
inference, and that a ‘correct’ or representative rate value has not been reached. On the
contrary, the number of sequences used to calculate the rate of the whole AMH phylogeny
does not have any impact on the resulting value. That might be explained by the fact that
when deep nodes are included in the phylogeny (such as the root of haplogroups L3, M, N
and R), there is sufficient genetic change along the internal branches to obtain a reliable rate
estimate, regardless of the size of the AMH dataset. As a consequence, this also means that

the addition of further haplotypes at the tips does not provide crucial genetic signal.

The consistency of rate estimates between data sets, including or excluding Neandertal
and Denisovan sequences, shows that the violation of the assumption of panmixia does not
impact the results. However, for the inferences calibrated with the human-chimpanzee split
(Supplementary table 1), we observe a striking difference between the rates estimated using
only the coalescent model and the rates estimated with the * BEAST option. The mean rates
estimated using *BEAST (e.g., a mean of 0.164 substitution per site per million year, s/s/My,
[0.113 —0.220 95% HPD], for the D-loop) are twice as high as the corresponding rate
estimates based on the coalescent (e.g., a mean of 0.082 s/s/My, [0.064 — 0.101 95% HPD],
for the D-loop). Moreover, the mean rates estimated from the human-chimpanzee fossil
calibration, using the coalescent model, are lower than the corresponding estimates based on
tip calibration (see Supplementary table 1), while the rate estimates obtained using *BEAST
reach values similar to the rates calculated for the hg H data sets. When human and
chimpanzee sequences are included we observe an underestimation of molecular rates. The
use of the *BEAST option, with the implementation of a Yule model at the interspecific level,
combined with the coalescent model to account for the intraspecific diversity, appears to
efficiently correct for the observed bias. However, as expected from the time dependence of
molecular rates, even using the *BEAST option, the estimated rates based on the human-

chimpanzee fossil calibration are still lower than the rates inferred using tip calibrations.
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Comparison of dates between data sets

The estimated dates for the major AMH haplogroups and the main H sub-haplogroups
are reported Figure 3a and 3b. As expected from the estimated rates for each hg H dataset, the
respective date estimates are consistent between both data sets, with slightly younger
estimates for the larger dataset (hg H 337, Fig. 3a). For the entire AMH tree, dates are
consistent between all four data sets, except for the root of the AMH clade (Fig. 3b). The data
set including Neandertal and Denisovan samples leads to an older tMRCA estimate for AMH
than the data sets including only AMH. Interestingly, a similar observation is made from the
tMRCA of hg H data. When only samples from the nested phylogeny of hg H samples are
considered, hg H tMRCA estimates appear younger than those based on sequences from all
major AMH haplogroups. We observe that the rooting of a particular node with outgroup
sequences (Neandertal/Denisovan sequences on one hand, and non-H sequences on the other
hand) is clearly influencing its age estimate, i.e. making it older, while the dates in the nested
phylogeny remain unaffected. This could be the result of a better distribution of the inferred
mutation events towards the basal branches of the tree, by adding genetic diversity outside the

group of interest.
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Figure 3. Comparison of coalescent age estimates for seven common sub-haplogroups of hg H (a), and for the
main macro-haplogroups of AMH (b), calculated from different datasets.
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Comparison to published calculations

When the partitioning scheme allows the comparison of our rate estimates with those
of previous studies, the rates inferred using tip calibrations from ancient sequences are higher
than the ones estimated using a human-chimpanzee calibration. For example, the widely cited
rate for the human mitochondrial coding region from Mishmar and colleagues (2003) (1.26
x10™ s/s/y) is very similar to the rates calculated by Soares and colleagues (2009), which is
also based on the human-chimpanzee split (0.88 x10™® s/s/y for coding positions 1 and 2, and
1.93 x10°® s/s/y for the third codon position). Estimates for the coding region from both
studies are also lower than the rates estimated in the present study (Supplementary table 1).
This trend is continued when rate estimates from D-loop and RNA portions are compared:
16.43,22.96 and 1.55 x10™® s/s/y are inferred for different parts of the D-loop (Soares et al.
2009), whereas we estimate a rate of 29.72 (21.50-38.80) x10™ s/s/y for the entire D-loop.
Similarly, rates of 0.82 and 0.69 x10™® s/s/y are estimated for rRNA and tRNA, respectively,
by (Soares et al. 2009), whereas we estimate 1.30 (0.95-1.62) x10™® s/s/y for both of them
combined.

While the rates estimated from ancient DNA calibrations in the present study are
higher than commonly used ones from human-chimpanzee calibrations, they still are lower
than mutation rates reported by pedigree studies (Howell et al. 2003; Santos et al. 2005;
Madrigal et al. 2012). It is generally understood that rate estimates from pedigree studies
include many mutations that will most likely not become fixed in future generations.
Therefore, these ‘fast’ estimates represent the extreme end of a spectrum and can be
considered overestimations when used as substitution rates.

In contrast, the rates obtained in our study are more similar to the rates previously
inferred from internal calibrations (Endicott, Ho 2008). Here, rates were calculated for four
subsets of the mitochondrial genome based on archaeological and biogeographical events like
the entry of AMH in Australia and New Guinea. The rates estimates for the D-loop and CP3
are directly comparable with the present study and show strikingly similar values: 30.2 (22.3-
37.3) and 5.09 (3.44-6.80) x10™ s/sly, respectively, compared to 29.72 (21.50-38.80) and 4.65
(3.56-5.66) x10™ s/ s/y for the present study (Supplementary table 1).

The comparisons of rate estimates across phylogenetic and pedigree studies are in
accordance with the time dependence of molecular rates. The rates estimated from pedigree
calculations are (far) higher than the equivalent rates estimated based deep fossil calibration
using the human/chimpanzee split. Estimates from direct calibrations using ancient DNA or
indirect calibration(s) based on archaeological evidences result in intermediate values for

substitution rates. Rather than using estimates from either end of the spectrum, these direct
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estimates are therefore likely to be most precise for the time periods that include the major
events in the genetic history of AMH.

The dated phylogeny inferred from the AMH dataset 200 and dates estimated for the
main haplogroups are presented in Figure 4 (phylogenies inferred from the other data sets are
presented in Supplementary figures 1-5). The resulting topology of the main mitochondrial
haplogroups is consistent with the one that is currently accepted (Behar et al. 2012;
http://www.phylotree.org). African lineages, here represented by haplogroups L0, L1 and L2,
are at the root of the tree. The haplogroup L3 represents the onset of the migration out of
Africa, followed by the rapid diversification of the non-African human population into three

main lineages: M, N and R.
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Figure 4. Example of an inferred AMH phylogeny and comparison of resulting coalescent age estimates. (a).
Maximum clade credibility tree estimated using Bayesian analysis the data set AMH 200 (1). The red stars
represent the ancient samples used to calibrate the tree. (b). Comparison of coalescent dates obtained from the
tree presented above with two other calculations (*BEAST and AMH/Neandertal/Denisovan 206), and estimates
from a previous study (Soares et al. 2009).
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We replicated the Bayesian inference of the AMH tree using the human-chimpanzee
split as calibration, in order to compare the effects of direct internal calibration (with aDNA)
and external calibration (using fossil evidence) on the estimated timescale of human
evolution. All dates estimated from tip calibrations are younger than the ones estimated from
the human/chimpanzee calibration point. For example, the AMH tMRCA for the
mitochondrial genome (labelled as ‘mtEve’ on the figures) is calculated to be at 99.8 ky BP
(81.1 to 119.4) using all available tip calibration points (including Neandertal and Denisovan
sequences), but is estimated at 175.9 ky BP (123 to 228.9) when fossil calibration is used.
Using fossil calibration also places the date of the migration of AMH out of Africa
(represented by the tMRCA of the L3 hg) around 75 ky BP (53.9 to 100.5), whereas this event
is estimated to have happened only around 50 ky BP (42.2 to 66.2) when ancient DNA is used
as calibration. Similarly, the diversification of hg L3 into the three main non-African
haplogroups at the onset of the colonisation of other continents by AMH is calculated to have
happened between 43 and 48 ky BP (33.6 to 60.3), in contrast to 60 to 65 ky BP (42.8 to 84.5)
when estimated with fossil calibration.

Importantly, the present timescale based on the human-chimpanzee calibration is
remarkably similar to estimates from a recently proposed human mitochondrial molecular
clock (Soares et al. 2009). This clock takes the time dependence of molecular rates into
consideration by correcting for purifying selection. However, this calculation still relies on
the date estimate of the human-chimpanzee split, without taking its uncertainty into account.
While this method corrects the rate for purifying selection, it ignores other potential causes of
time-dependent rates (Ho et al. 2011a). In addition, the rate of each mitochondrial subset is
calculated independently from a fixed topology, and the maximum likelihood method used
does not take into account the rate heterogeneity among lineages. Furthermore, a similar
timescale is obtained using a Bayesian approach without a correction for purifying selection
(Figure 4). In contrast, one advantage of the Bayesian method is that it accounts for
uncertainty in the topology, the demographic history and the six different molecular clocks
(one for each subset) in the same Monte Carlo Markof Chain (MCMC) analysis. It can also
take into account the uncertainty of the date of the human-chimpanzee split by applying a
lognormal distribution to the calibration, and it allows the application of both a coalescent
model for intraspecific level, and a Yule model, necessary to include chimpanzee taxa at the
interspecific level. However, despite all methodological efforts to correct for the time
dependence of molecular rates, there is still a strong discrepancy between date estimates
based on external fossil calibration (Soares et al. 2009, and present *BEAST analysis) and

those based on internal calibrations (aDNA).
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The timescale inferred using ancient DNA in the present study is younger than
previous inferences based on fossil calibration (Mishmar et al. 2003; Soares et al. 2009), but
is in accordance with recent estimates based on internal calibrations (Endicott, Ho 2008). The
resulting scenario for the recent AMH evolutionary history is a recent migration out of Africa
(post-Toba), followed by a rapid diversification of non-African haplogroups and dispersal in

South-East Asia and Europe (Endicott et al. 2009; Oppenheimer 2012).

Demographic reconstruction

The coalescent model used to estimate the evolutionary timescale of AMHs also
allows the reconstruction of past effective population size. The Bayesian skyride plot
presented in Figure 5 shows two periods of rapid population growth and a period of
population decline (plots from all data sets are presented in Supplementary figures 1-5).The
first expansion, between around 45 and 25 ky BP, directly follows the proposed exodus from
Africa and marks the split of L3 into three major non-African lineages M, N and R. During
this period, all continents except the Americas were colonised by lineages derived from the M
macro-haplogroup through a southern route toward Asia, and lineages derived from the N
macro-haplogroup through a northern route, including haplogroup R, which encompasses
most Eurasian lineages. Between around 25 and 18 ky BP, the effective population size of
AMH decreased, which is consistent with the Last Glacial Maximum (LGM) halting human
expansions in higher latitudes. A second exponential growth of the human population is
observed between the end of the LGM and today. The beginning of this expansion period
corresponds to the lineage diversification after the LGM, represented here by seven subclades
of hg H appearing strikingly simultaneous between 17 and 9ky ago. In its later phases this
post-LGM diversification and exponential population growth coincides with the Neolithic
transition (starting from ~12 ky BP in the Fertile Crescent in the Near East, and ~9 ky in
China for example, Diamond, Bellwood 2003).
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Figure 5. Bayesian skyride plot of effective population size through time (in blue), and 12 coalescent age
estimates of the AMH phylogeny (in red). All estimates reported on this figure were calculated with the data set
AMH 200 (1), except for the hg H coalescent dates, calculated with the data set hg H 237.

It should be noted that the sampling of human mtDNA haplogroups in our study is
biased toward European lineages. Consequently, although the present study highlights the
potential of current methods to infer human demographic history using ancient sequences as
internal calibrations, further analyses with an even coverage of the human mtDNA phylogeny
are desirable to refine the results and to focus on regional population and peopling events.
The limiting factor will most likely be the availability of dated ancient sequences to obtain a
more detailed coverage of AMH sub-haplogroup lineages, and to represent the populations of

interest.

CONCLUSION

With the present study, we report the first dated phylogeny of modern humans
internally calibrated using the date associated with ancient whole mitochondrial genomes. We
demonstrate that although the 43 available ancient WMG only cover a small part of the AMH
haplotype diversity, they contain enough temporal signal to calibrate the AMH phylogeny.
Finally, we show that Bayesian phylogenetic methods offer a powerful framework to integrate
the temporal signal from heterochronous sequences and to co-estimate the tree topology, the
substitution rate of the different mitochondrial subsets and the ages of coalescent events in the

same analysis.
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Overall, we observe remarkably consistent estimates of rates and dates from different
sampling approaches varying in size and composition. This confirms that the Bayesian
approach used in this study is capable of inferring accurate estimates from a subsampling of
~200 random sequences from all haplogroups. However, the observed pattern of slightly
higher rates and younger dates calculated for hg H when more samples are used does suggest
a sampling effect at the haplogroup level that might be further explored in future

investigations.
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Supplementary figure 1. Maximum clade credibility tree estimated using Bayesian analysis of 200 AMH (2)
WMG and the corresponding Bayesian skyride plot of effective population size through time.
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Supplementary figure 2. Maximum clade credibility tree estimated using Bayesian analysis of 300 AMH
WMG and the corresponding Bayesian skyride plot of effective population size through time.
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Chapter 7

Conclusion and future directions
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Summary

This study has investigated the consequences of using ancient DNA to calibrate the
molecular clock. Due to the temporal dependence of molecular rates, emphasis has been
placed on the important role of such short term calibration points in calculating an accurate
timescale of recent evolutionary history (e.g., population genetic studies, Quaternary events).

Most strikingly, Chapter 2 (with hyena) and Chapter 6 (with human) both contain
direct comparisons of intra-specific evolutionary timescales calculated using either relatively
old fossil (external node) calibrations or relatively recent tip (aDNA) calibrations. In both
cases, the results confirmed previous observations that high rates are apparent when dated
aDNA sequences are used as calibration points (Ho, Kolokotronis, Allaby 2007; Ho et al.
2011). Furthermore the differences in rate and date estimates from calibrations of different
types and ages demonstrate the extent to which the temporal dependence of molecular rate
estimates can lead to incompatible evolutionary scenarios. These observations question the
reliability of any shallow molecular timescale inferred from old calibration point(s). Ancient
DNA has proven to be a crucial source of genetic and temporal information to accurately infer
recent evolutionary history, as it fills a temporal gap in calibration points, between fossil
evidence (for old events) and genealogy studies (for much more recent events).

The dates associated with ancient sequences can also be used directly, to obtain
chronological reconstructions of past population distribution, as shown in Chapter 4, with the
study of Steppe bison and BisonX in Europe. This particular study shows that such
chronological reconstructions can also assist with phylogenetic inference by refining the
development of plausible scenarios of population replacement through time. Furthermore, the
unprecedented precision of the timescales obtained using aDNA allows the correlation of past
genetic changes with environmental events (e.g., climate change), as presented in both the
European bovid megafauna study (Chapter 4) and the human mitochondrial study (Chapter 6,
Part 2).

In the first part of Chapter 5, a review of the temporal dependence of molecular rate
estimates is presented (Part 1). The main outcome of this work was a comprehensive
presentation of the factors involved, and their potential impacts on the reconstruction of
evolutionary timescales. The study presented the complexity of the subject and the
multifaceted causes, and highlighted that the precise role of among-site rate heterogeneity and
saturation was yet to be explored. This issue was therefore studied using mathematical models
and simulated data in the second part of Chapter 5. Among other conclusions, this analysis
showed the importance of data partitioning and/or complex evolutionary models, such as
mixture models, to obtain accurate temporal results from the molecular clock. This result was

exploited in Chapter 6 (Part 2), where the program PartitionFinder was used to empirically
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define the optimal partitioning scheme for the human whole mitochondrial genome
alignments of the study.

Based on that partitioning scheme, a re-calibration of the human mitochondrial tree is
presented in Chapter 6, using the dates associated with 46 ancient whole mitochondrial
genomes. This study shows the capacity of ancient mitogenomes to calibrate the entire human
phylogeny when analysed with the latest Bayesian phylogenetic methods. But it also shows
some potential limitations, with unexpectedly low rates inferred for hg H compared to the
entire human tree, or the impact of outgroup sequences on the tMRCA estimates. The human
timescale study also demonstrated the consequences of violating the assumptions of the
coalescent model, such as when sequences from different species are used in the same
analysis. This was illustrated through the use of the Human/Chimpanzee divergence as a
calibration point, where the resulting rates and dates where in conflict if a (single-lineage)
coalescent model was used for the entire phylogeny, versus the *BEAST multispecies
coalescent approach. The *BEAST option acts as a ‘multi-coalescent’ model, implementing
both the coalescent for intra-specific genetic diversity, and the Yule or birth-death model at
the inter-specific level. The erroneous assumption of panmixia between humans and
chimpanzee, required when a single coalescent was used, led to strong rate underestimates
and consequently date overestimates for the main events in the evolution of anatomically
modern humans. The use of the *BEAST option corrected for that bias, and led to a human
evolutionary timescale similar to a key publication from 2009 that used corrections for
purifying selection (Soares et al. 2009). However, molecular rate estimates based on tip
calibration (using aDNA sequences) are persistently higher than estimates based on the
human/chimpanzee split, regardless of the corrections applied (purifying selection, coalescent
model, partitioning, relaxed clock, efc). This observation provides further evidence for the
temporal dependence of molecular rate estimates, and disqualifies the distant fossil record as a
reliable calibration method for inferring the timescale of recent human evolution using current
methods.

On the other hand, the fact that molecular rate estimates are not transposable through
time also means that phylogenetic inferences calibrated at the tip will not be suitable for
estimating deep (inter-specific) divergence times. For example, this situation is observed in
the second part of Chapter 5 (simulation study), where the time dependent bias analysed is of
higher magnitude for nodes distant from the calibration point, whether for deep calibration or
for shallow calibration. For that reason, situations for which the dates of interest are of
intermediate age might ideally require the use of both fossil and tip calibration points,
accommodated by a relaxed clock. But no methodological framework has been designed

specifically for that situation, as discussed in the last part of the conclusion.
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In Chapter 3, the typing of nuclear SNPs from ancient samples using existing
commercial microarrays was investigated using bison samples, and the resulting
paleogenomic data analysed in a phylogenetic framework. Along with the demonstration of
the feasibility of such analysis, this study raised several technical and methodological issues.
For example, heterozygote characters produced by SNP calling methods were shown to
contain crucial phylogenetic signals, although in ancient samples a significant artifactual bias
exists. As a result, an appropriate substitution model should be used to incorporate the
heterozygote calls into phylogenetic analyses, whether using ancient or modern taxa. Most
importantly, the accessibility of genome-wide nuclear information proved to be crucial in
accurately reconstructing the evolutionary history of bison species, with the discovery of a
previously unknown deep genetic divergence between the two surviving populations of
American bison. The SNP data thus confirmed important discrepancies between
mitochondrial and nuclear phylogenetic signals, as summarised in Figure C1. It is important
to note that most ancient DNA studies remain focussed on mitochondrial targets (for
understandable logistic reasons), and therefore this study has an important role in reiterating
that phylogenetic reconstructions based on a single locus are not fully representative of the

organisms’ evolutionary history.
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Figure C1. Comparison of mitochondrial (a) and nuclear (b) bovid phylogenies. The red boxes mark the main
topological discrepancies mentioned in the text. (a). Maximum likelihood phylogeny of 152 bovid mitochondrial
D-loop (627 bp) performed with PhyML, TN93 + G6 substitution model, and best of NNI + SPR searches. The
branch support values are aLRT statistics. (b). Maximum likelihood phylogeny of 92 bovid nuclear SNP
libraries (BovineSNP50) performed with RaxML, multistate GTR-like + G6 substitution model, 20 ML searches
and 100 rapid Bootstrap (see Chapter 3 for methodological details).

In the light of the research presented in this thesis, it appears essential that molecular
clock inferences follow certain protocols to avoid known biases and obtain reliable date
estimates. Among other points, such protocols would include:

- The use of appropriate calibration(s). Due to the time dependence of molecular rates,
calibration points should be chosen within a similar timeframe to the targeted
divergence estimates (e.g., the fossil record is unlikely to provide reliable temporal
information for population genetic studies).

- An objective selection of substitution models based on existing statistical tools, such
as the comparison of Bayesian Information Criteria, as available in ModelGenerator
(Keane et al. 2006) or jModelTest (Posada 2008).

- The selection of a partitioning scheme based on statistical comparisons, as available in
PartitionFinder (Lanfear et al. 2012). The partitioning of sequence alignments is
important to take into account the heterogeneity of evolutionary processes behind each
character (like substitution model and rate). The use of mixture models can also help

modelling such heterogeneity. This point is of particular importance considering the
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increasing number of studies using phylogenomic data, including ancient DNA
studies.

- Checking the robustness of the inferred topology, using statistical branch support
calculations (like the bootstrap or posterior probabilities), but also by verifying the
consistency of results between different phylogenetic reconstruction methods (like
Bayesian and Maximum likelihood).

- The use of appropriate demographic models and priors when performing population
level studies. In BEAST, this can be done using skyline/skyride models to account for
potential demographic changes through time. For inter-specific studies, Yule or Birth-
death priors can be used, while the * BEAST option allows the combination of inter
and intra-specific genetic diversity in the same analysis (Drummond et al. 2012).

- The use of appropriate clock priors. In addition to the strict molecular clock, different
degrees of relaxation of the clock are possible (correlated/uncorrelated relaxed clocks,
random local clock).

- The use of several genetic loci. In addition to the simple increase of datapoints, the use
of different genetic markers will help overcome topological and temporal biases due
to incomplete lineage sorting, as well as other issues like population bottlenecks. The
*BEAST option allows the use of multiple loci in the same MCMC analysis (Heled,
Drummond 2010).

- Using a date randomization test to determine that dates associated with ancient DNA
sequences provide enough temporal information to calibrate the phylogeny.

- Including calibration uncertainties by setting a distribution prior for calibration points,
instead of a precise date. This can be performed either for fossil or tip calibrations

when the precise date of the ancient sample is not known.

Future directions

As for most phylogenetic studies, the use of larger numbers of samples and/or longer
sequences would help refine the results presented in the different chapters of this thesis. As an
example, the results presented in Chapter 6 show that the human/chimpanzee divergence date
does not provide a reliable calibration to estimate the recent human evolutionary history. On
the other hand, ancient human whole mitochondrial genomes provide an unique opportunity
to internally calibrate the human phylogenetic tree. However, the ancient mitogenomes
available only represent a small proportion of the total number of human haplogroups, and
better coverage of the human diversity with dated sequences would undoubtedly considerably

refine the timescale and demographic inferences.
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For both the hyena and bison mitochondrial studies the ancient DNA analyses are
based on short control region fragments, and therefore the sequencing of whole mitochondrial
genomes could help to confirm and refine the results obtained. But most importantly, the
bison nuclear SNP study (Chapter 3) confirmed that inferences based exclusively on
mitochondrial markers might not accurately represent the species’ evolutionary history.
Therefore, nuclear SNP chips or genomic studies certainly hold stronger potential to unravel
the species histories and obtain accurate estimates of evolutionary timescales. However, the
bison study has also shown that the genotyping of ancient samples using commercially
available nuclear SNP chips was relatively inefficient, and further developments are required
to generate reliable ancient libraries. New methods are currently under development to
improve the quality of SNP genotyping of ancient individuals by enzymatic pretreatment of
the ancient DNA extracts. One possibility resides in the removal of uracil residues, which are
the principal artefacts produced by molecular degradation through time. Also, endogenous
aDNA can be enriched in the extract, either by targeting prokaryotic DNA with restriction
enzymes, and thus reducing the risk of bacterial contamination, or by target-enrichment of the
SNP regions using RNA probes.

Several genomic extracts of Steppe bison individuals (including the ones used in the
study presented in Chapter 3) are being processed and genotyped using these methods in
order to replicate the results obtained in Chapter 3, and confirm the evolutionary scenario
proposed for the origin of American bison. Although further sampling and additional
replicates are likely to help refine our understanding of bison evolution, our capacity to infer
accurate time estimates is still dependent on the age of the calibration point(s) used, as shown
throughout this thesis. For bovid evolution, one fossil calibration is available at the inter-
specific level between Yak and American bison, around 2.5 My (see Chapter 3). At the intra-
specific level, ancient sequences dated up to 60 ky are available for the mitochondrial D-loop,
and could potentially be obtained for the nuclear genome, if the library improvements
described above lead to sufficient genotype quality. However, several key evolutionary events
are situated at intermediate ages between fossil and tip calibrations, and we lack a dedicated
methodological framework to synergise and account for temporal information from both time
periods, as pointed out in the thesis summary above.

With the bovid mitochondrial data used in Chapter 4, one attempt has been made to
use the *BEAST framework to combine the implementation of the coalescent for intraspecific
diversity (using aDNA as the calibration) and the implementation of a Yule prior for

interspecific level (using the Yak/Bison fossil calibration; Figure C2).
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Figure C2. Maximum clade credibility tree from the Bayesian analysis of 611 bp D-loop sequences from 244
bovid modern and ancient samples. The analysis was conducted using the BEAST package (Drummond,
Rambaut 2007). The substitution model TN93+G6 was selected through comparison of Bayesian Information
Criterion in ModelGenerator v0.85 (Keane et al. 2006). The *BEAST option was used, defining each clade
coloured on the tree as a separate population (at the exception of Steppe and American bison, combined into a
single coalescent) and an uncorrelated relaxed clock was used for rate variations among lineages. The tree was
calibrated by setting the divergence between Yak and Bison at around 2.5 million years (My), using a lognormal
distribution with a mean of 2.5 My and 95% of the prior probability between 2 and 3 My (Wang et al. 2010).

Although the mitochondrial phylogeny of bovid is correctly recovered (see chapter 3),
the inferred timescale is strongly overestimated. For example, the tMRCA of cattle is
calculated at 0.76 (0.3 — 1.3) My, which is in complete contradiction with the timing of cattle
domestication from archaeological evidence. Even species with a large number of ancient
sequences, and hence more temporal information, present tMRCA estimates which are
incompatible with inferences generated at the intra-specific level: for example 4.22 (2.1 — 6.7)
My old tMRCA is calculated for BisonX, when coalescent calculations in Chapter 2 lead to
an estimate of 151.7 (110.8 — 200.2) ky. It appears that the temporal information contained in
the dates associated with ancient samples is not being adequately taken into account during

the inference process, and instead the calculation largely relies on the fossil calibration point.
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Another possibility to examine evolutionary events on both short and long timescales
in the same phylogeny would be to perform individual coalescent calculations for each
species, and then use the estimated tMRCA (including errors) as priors on the corresponding
nodes of the *BEAST species tree. While this workaround is worth exploring, it seems that
novel methodological developments will be required to accurately account for different types

of calibration through time in the same phylogenetic analysis.
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