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Searching for archaic contribution in Africa

Context: Africa’s role in the narrative of human evolution is indisputably emphasised in the
emergence Homo sapiens. However, once humans disperse beyond Africa, the history of
those who stayed remains vastly understudied lacking the proper attention it deserves as the
birthplace of both modern and archaic humans. The sequencing of Neanderthal and
Denisovan genomes has elucidated evidence of admixture between archaic and modern
humans outside of Africa but has not aided efforts in answering whether archaic admixture

happened within Africa.

Objectives: We review here the state of research for archaic introgression in African

populations and discuss recent insights into this topic.

Methods: Gathering published sources and recently released preprints, this review reports on
the different methods developed for detecting archaic introgression. Particularly we discuss
how relevant these are when implemented on African populations andwhat findings these

studies have shown so far.

Results: Methods for detecting archaic introgression-have been predominantly developed and
implemented on non-African populations. Recent preprints present new methods considering
African populations. While a number of studies using these methods suggest archaic
introgression in Africa, without an African,archaic genome to validate these results, such

findings remain as putative archaic introgression.

Conclusion: In light of the caveats with implementing current archaic introgression detection
methods in Africa, we recommend-future studies to concentrate on unravelling the
complicated demographic'history of Africa through means of ancient DNA where possible
and through.more.focused efforts to sequence modern DNA from more representative

populations ‘acrossthe African continent
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Current state-of-the-art for archaic introgression

The past decade has seen the industrial-scale sequencing and studying of ancient and modern
genomes alike (Slatkin & Racimo 2016; Nielsen et al. 2017). Prior to this, studying the
relationship between archaic hominins and anatomically modern humans was predominantly
left to paleoanthropologists whom have proposed several evolutionary models since the first
half of the 20th century. The most popular hypotheses, which have been in competition up
until very recently, were the multiregional evolution and the recent out of Africa model
(RAO). Multiregional evolution proposed that humans evolved across the Old World«from
local ancestors through an interbreeding network since the last 1.8 million years (Wolpoff et
al. 1984), while RAO argued for an origin derived from Africa which then dispersed across
the globe (Stringer & Andrews 1988). The turning point in this debate is often considered to
be in the late 80s when Cann and colleagues conducted a study of mitochondrial DNA of
present-day individuals where the results suggested.a recent /African origin for modern
humans. This was followed by several other Y<chromosome and autosomal DNA studies
suggesting similar results and therefore supporting the RAO model for many years (Jobling
& Tyler-Smith 2003).

Since the sequencing of.Neanderthal (Green et al. 2010) and Denisova genomes
(Reich et al. 2010) we haveheeniable to characterise the evolutionary relationship between
archaic and modern humans using genetic data as well as explore the hypothesis of gene flow
among them (Wall et al. 2013; Vernot & Akey 2014; Vernot et al. 2016; Prifer et al. 2017;
Browning et'al. 2018; Hajdinjak et al. 2018)(note here that paleoanthropologists hold
different positions on the significance of the degree of variation present within the genus
Homo, and the classification for these different groups ranges from species to populations.
The terms modern and archaic are used here for simplicity and are intended to refer to

modern human populations usually defined as H. sapiens and broadly to all the other Homo



groups that co-existed, as for example Neanderthals and H. floresiensis, as well as poorly
characterised forms as the Denisovans, and others still unknown). It is now understood that
neither multiregionalism nor RAO can strictly explain the complex interactions between the
hominin taxa (Galway-Witham & Stringer 2018). A number of intermediate models have
been suggested where their main differences lie in how human genetic dispersal has taken
place while mixing with other hominin groups outside of Africa. Intermediate models have
included the "Leaky Replacement™ model, which is fundamentally RAO with limited
hybridization between modern and archaic populations. However, some of these madels
continue to assume an evolutionary history of humans diverging off a closely related.core
African population without accounting for the presence of multiple populations within Africa
and their absorption through admixture before proximate extinctions ‘of‘other Homo taxa
prior the exodus from Africa. Others have made attempts to integrate.genomic,
archaeological, fossil and paleoenvironmental data to form:models inclusive of African
population structure (Lahr & Foley 1998; Harding & McVean 2004; Stringer 2016; Scerri et
al. 2018; Henn et al. 2018).

As research continued and progressed.in this field, the idea of admixture between
archaic and modern humans has become-an indispensable element to consider in any human
evolution model. Evaluating,admixture between non-Africans and archaic hominins has been
comparatively more straightferward than in Africans given the availability of both
Neanderthal and'Denisova genomes (Green et al. 2010; Reich et al. 2010). The sequencing of
non-Africaniarchaic hominins has led to irrefutable interest in wanting to understand what
relationship they had with modern humans and moreover what possibly connects us to them.
This yearning has manifested in a number of questions about our origin as a species, but it

has also given rise to whether this phenomenon has occurred not just in Eurasia but also in



Africa (Garrigan et al. 2005; Wall et al. 2009; Hammer et al. 2011; Lachance et al. 2012; P H
Hsieh et al. 2016; Skoglund et al. 2017).

In order to answer these queries, a number of tools have been developed to identify
and characterise signatures of archaic admixture, predominantly depending on either variant
distribution, linkage disequilibrium, or both. Patterson’s D statistic, for example, measures
excess sharing of derived alleles between two sister populations (ingroup) and an outgroup. If
none of the ingroup populations received genetic material from the outgroup, they should
share about the same number of derived alleles with the outgroup. While this method can
detect whether there is an asymmetrical variant sharing between archaic and modernshumans,
it is unable to pinpoint segments in the genome that are of introgressed archaic.origin
(Patterson et al. 2012). Moreover, demographic scenarios such as ancient population structure
can generate similar results (Eriksson & Manica 2012; Theunert & Slatkin 2017).

Mutation and recombination impact inherited DNAand.therefore inevitably shape the
segments of a putatively archaic origin. Consequently, these processes may be harnessed
when developing algorithms to detect tracts,of archaic introgression. Pedigree studies in
humans would suggest that about 80 new mutations occur each generation leading to a
mutation rate of approximately 0:5=1 x'40°° per base pair per year (Scally & Durbin 2012;
Besenbacher et al. 2015). Given,that Neanderthals have diverged from the common ancestor
with Homo sapiens about 520,000-630,000 years ago (Green et al. 2010; Priifer et al. 2017,
Hajdinjak et al. 2018); we can expect that the DNA of any two humans will be on average
closer to each.other when compared to a Neanderthal’s DNA sequence.

Given that recombination is not evenly distributed across the human genome, several
projects have built maps detailing recombination crossover rates for populations of European
ancestry (Kong et al. 2002; Matise et al. 2007; Kong et al. 2010; The HapMap Consortium et

al. 2010) and of West African ancestry (The HapMap Consortium et al. 2010; Hinch et al.



2011; Wegmann et al. 2011). From a study led by Hinch and colleagues, an African
enrichment (AE) map, a map of hotspots unique to African ancestry, was deduced by
comparing the Icelandic deCODE and African American (AA) recombination patterns (Kong
et al. 2010; Hinch et al. 2011). Availability of resources, such as high-resolution genetic
maps, which are relevant for the populations of interest are crucial for current methods that
detect archaic introgression in modern genomes.

Here we delineate some of the most up-to-date methods used in detecting archaic
introgression in both Africans and non-Africans. We consider the pitfalls of these methods
bearing in mind the absence of a sequenced African archaic genome, the complex
demographic histories yet to disentangle in African population, and the overall.searcity of
modern African genomes which are comprehensively representative of'the diverse ethnic-

groups found on the continent.

Methods to infer archaic introgression

Linkage disequilibrium-based methods

We can consider recombination and mutations as the basis of understanding an expected
length of an introgressed tract inwrelation to the time since the admixture event. Introgression
is distinct from incomplete lineage sorting (ILS) in that it should leave behind longer tracts,
as the former being more recent (Liang & Nielsen 2014). The difference in the size of the
tracts should,provide a way to tell whether a shared tract with an archaic hominin is in fact
introgression or the genomic relic from an earlier common ancestral population.

Prior to the sequencing of the full Neanderthal and Denisova genomes, Plagnol and
Wall (Plagnol & Wall 2006) sought to take advantage of the logic that putatively introgressed
tracts would have had a limited number of generations (e.g. ~2000) to be broken down by

recombination. Those tracts could be identified by linkage disequilibrium (LD) where



variants in an archaic segment should be strongly associated with other archaic variants in the
genome, in other words introgressed archaic variants should be found in high LD. The
authors came up with the S* statistic (Figure 1), a summary statistic of LD, which extracts
this particular information through a scoring scheme that searches for derived mutations that
are in high LD. This method has become widely used in several studies which seek signals of
archaic introgression in both non-African and African populations alike as it was originally
designed to identify introgression without knowledge of the donor population (Plagnol &
Wall 2006; Wall et al. 2009). However, the availability of archaic hominin sequences outside
of Africa have provided a means of further corroborating haplotypes detected by:S*in-non-
African populations (Wall et al. 2013; Vernot & Akey 2014; Vernot et al{2016; Browning et
al. 2018). Such studies have been able to find more Neanderthal contribution in East Asians
than in Europeans potentially because of a two admixture wawves —one in Eurasian ancestors
and another in Asians (Wall et al. 2013; Vernot & Akey2014).However, these signatures
can also be influenced by the different effective population sizes for Europeans and Asians as
well as a dilution of Neanderthal signatures,in Europeans due to gene flow from or into
Africa, which can confound the true contribution from Archaics into non-Africans
(Sankararaman et al. 2014; Petr etal. 2019).

A subsequent study-was.able to detect introgressed sequences which are uniquely
Neanderthal or Denisovan orShared amongst populations that have received contribution
from both archai¢ humans, such as in the case of the Melanesians and Asians (Vernot et al.
2016). A more'recent study introduced a S*-like method, Sprime, which uses a similar
scoring scheme as its predecessor with the exception that it now performs detection on whole
chromosomes instead of sliding windows and takes into account local mutation and
recombination rates (Browning et al. 2018). The authors of this method report that Sprime

helped them to discern that Asians today carried Denisovan introgression from two waves of



Denisovan admixture, one from a population closely related to the Altai Denisovan into East
Asian and another more distantly related to the Altai Denisovan in Papuans and South
Asians. A more recent study has elaborated on the complexity of archaic contact between

Denisovans and modern humans (Jacobs et al. 2019).

Probabilistic machine learning methods

Another option to using LD-based methods in detecting introgressed sequences is to
incorporate parametric assumptions into a probabilistic framework. Two methods that are
utilised for this are hidden Markov models (HMM) (Baum & Eagon 1967) and conditional
random field (CRF) (Lafferty et al. 2001). They are implemented with the/concept that each
single nucleotide polymorphism (SNP) across the genome is a hidden random variable with
two states: either human or archaic (Figure 2). These methods integrate what we know about
the biological processes such as human recombination and,mutation and what we understand
about the demographic events since the human exodus:from Africa. In the case of looking for
introgression in non-Africans, these methads are implemented with the assumption that we
would not expect to find Neanderthal or Denisovan contributions in West Africans from
archaic admixture. With the resulting parametric information one can calculate the
probability that a given sequence is of archaic origin and if it is present in modern humans via
admixture.

Two different studies made use of HMM methods but the main difference between
the two was that, respectively, one provided a priori chosen parameters whereas the other
gathered parameters from a reference dataset (Prufer et al. 2014; Seguin-Orlando et al. 2014).
Prifer and colleagues (2014) estimated a 70-100% archaic enrichment in East Asians
compared to Europeans. Seguin-Orlando and colleagues (2014), by looking at modern human

aDNA, found the approximate time of admixture between modern humans and Neanderthals



occurred 16,600 years earlier than the ancient sample tested, in-line with what other studies
approximate (37,000-86,000 years ago) (Green et al. 2010; Reich et al. 2010; Sankararaman
etal. 2012; Fu et al. 2014).

Similar to HMM are CRF models which can incorporate other forms of information
related to the data for example, LD, haplotype structure and allele configurations from
multiple samples. The parameters are then calibrated by training them using simulations with
particular demographic assumptions ranging from divergence dates to effective population

size.

Sankararaman et al. (2014) used a CRF model in their study where the first emission
function provided a high probability of being archaically introgresseduif a variant was found
in Non-Africans and in the Neanderthal reference genome but-absent.in Africa; akin to what
the aforementioned studies had done with their HMM meéthods. Using this CRF model the
authors detected in the 1000 Genomes Project 15% of introgressed sequence with 99%
precision. As they detected more archaic sequence,38%, their precision decreased to 98%.
This study found 1.17-1.20% of the autesomes in Europeans have Neanderthal ancestry and
that between 1.37-1.40% of East Asian-autosomes have Neanderthal ancestry. Two years
after developing this CRF-based . method, Sankararaman and colleagues (2016) applied it to
the Simons Genome Diversity Project (Mallick et al. 2016) which include 257 high coverage
individuals from'142 worldwide populations. Here both the Neanderthal and Denisova
genomes were‘used in the analysis and they identified 1.06% of autosomal DNA in
Europeans of Neanderthal origin while in East Asians the proportion was slightly higher at
1.40%. Furthermore, they found a small although still significant amount of Denisova

contribution in East Asians, estimated to be 0.06%.



While inarguably powerful methods, so far HMM and CRF have predominantly relied
on two things: a priori chosen parameters which are based off of well-established
demographic assumptions and a reference dataset. Recently an HMM method was released
by Skov et al. (2018) which does not depend on an archaic reference but does require a
specific phylogenetic arrangement that allows a large fraction of variation to be removed
using an outgroup population to detect introgression. This model bases its logic on the
observation that an archaic tract introgressed into a population should display a high density
of variants not found in populations which have not experienced introgression. Like the
previous methods reviewed here, Skov and colleagues (2018) focus on a scenario,where
admixture has occurred between a deeply divergent archaic population (e{g. Denisova) and a
modern human population (ingroup - Papuans) but where admixture has only occurred with
the ingroup and not with the outgroup (e.g. Yoruba). By remowvingwariants that are shared
with the outgroup, they inspect the density of the remaining, variants in the ingroup which are,
essentially, private SNPs. In their analysis they.use Sub-Saharan Africans from the 1000
Genomes Project as an outgroup. The authers demonstrate, with 89 Papuan genomes, that
they are able to recover more Denisovan. introgressed segments (77 Mb out of 164.23 Mb of
archaic sequence in Papuans) thanprevious methods (Vernot et al. 2016; Browning et al.
2018) possibly because this.approach does not rely upon validation with the Altai Denisovan
genome reference, ultimately‘demonstrating the advantage of a reference-free detection
method. In addition to:detecting introgressed fragments, this method can also infer admixture
proportions as'well as divergence time of human and archaic populations. Although this
method does not require an archaic reference and does not require phased data, without using
a suitable outgroup, detecting introgression in African population with just genome samples

remains a challenge.



Detection of putative archaic introgression in Africans

So far, we have reviewed studies that have implemented the above methods outside Africa,
but which have also relied on an archaic reference to filter out false positive candidates as
well as recover false negatives. Without using an archaic reference, the authors of those
studies have collectively shown that methods like S* and Sprime can identify anywhere from
30-60% of all true positive introgressed sequences at low false discovery rates, and in the
case of Sprime, with an accuracy of 93% as was shown on simulated data for different
demographic histories (Vernot & Akey 2014; Vernot et al. 2016; Browning et al. 2018). Skov
et al. (2018) have shown a low rate of false detection on both simulated and real data using an

HMM method without the need of an archaic reference.

Earlier studies initially implemented S* on African populations using genotype data
for both coding and non-coding regions (Plagnol & Wall 2006, Wall et al. 2009; Hammer et
al. 2011). In particular, a study looking at 61 nencoding autosomal regions was able to infer
about 2% of genetic material introgressed into contemporary Mandenka, Biaka, and San
around 35 kya from an archaic population that split from the ancestors of modern humans
approximately around the sametime,as Neanderthal and Denisova, =700 kya (Hammer et al.
2011). The authors use anvinferential approach to test whether the data they have for two
hunter-gatherer populations (Biaka and San) and an agricultural population (Mandenka) fit a
scenario of no admixture or low levels of admixture under two possible models—a two-
population ora three-population model. Under a two-population model they test for archaic
introgression by comparing S* values from their data to values estimated using parameters
under a no admixture scenario. In a complementary fashion, the authors also introduce three
summary statistics for an approximate-likelihood method which consists in first identifying

the two most divergent sequences for a locus and establishing two groups where the rest of



the sequences will cluster to correspondingly. The protocol then calls for estimating the
distribution of the fraction of shared polymorphisms between the two groups (D), the ratio of
the number of differences between them (D), and finally the size of the smaller of the two
groups (D). Each one is meant to represent the time of introgression, the time of the archaic-
split, and finally the proportion of admixture, respectively. This distribution of summary
statistics is calculated by simulating several ancestral recombination graphs (ARGS)
(Griffiths & Marjoram 1997). In using both S* and these three summary statistics (D;, Dy,
D3), the authors rejected the null hypothesis that an ancestral population with no admixture
gave rise to anatomically modern humans. Instead both their inferential methods:identify
three exceptionally long haplotypes (Table 1) at low-frequency amongst African-hunter-
gatherers (central African rainforest hunter-gatherers and San), signalling these regions as
putatively introgressed from an archaic population. Specifically, the authors suggest that
central Africa may have been the place of origin for an gxtinctarchaic hominin that admixed
with modern humans in light of finding all three haplotypes amongst the Mbuti of
Democratic Republic of Congo.

With the advances in sequencing,technology whole-genome sequencing become
accessible enough to sequence multiplesindividuals of several populations. Lachance and
colleagues (2012) were the-firstito4smplement S* on whole-genomes from African Hunter-
Gatherer populations:‘rainforest hunter-gatherers from Cameroon, click-speaking Hadza, and
Sandawe from Tanzania. Consistent with previous studies (Wall et al. 2009; Hammer et al.
2011), they find evidence of archaic admixture in all three populations with candidate loci
corresponding to a time to recent common ancestor comparable to those observed in
Europeans from Neanderthal introgression. The authors through coalescent simulations
concluded that S* was robust enough to detect admixture and differences in amounts of

introgression.



An ensuing study by Hsieh and colleagues (2016) corroborated this evidence for
archaic admixture in Africa by addressing the confounding effects of the demographic history
of the population in question. S* P-value distributions were calculated for simulations based
on two models inferred from a previous study (Hsieh et al. 2016) that incorporated both
isolation and gene flow with neighbouring farming populations. These distributions were
compared with S* P-value distributions from the observed data. This approach is an
improvement to what Lachance and colleagues (2012) performed on their data by accounting
for sequences that may have extreme S* values but not being statistically significant.if one
considers the effects of demography and genomic processes such as mutation and
recombination rates. Only the significant top 1% in this P-value distribution were chosen as
candidate introgressed loci resulting in a total of 265 candidate loci, spanning ~20 Mb in
length. They estimated a false discovery rate (FDR) between 29%and 68% in these top
candidates. Surprisingly, from these putatively introgressed.regions, Hsieh and colleagues
(2016) using a variant of D3 from Hammer et al, (2011)inferred at least one admixture event
with low amounts of introgression around'9,000 years ago albeit a fine-scale understanding
of the nature of these recurrent events.in Africa still remains unresolved.

In a similar vein, a recent study‘that analysed 21 high coverage African genomes
within an Approximate Bayesian computation (ABC) with Deep Learning framework
(Mondal et al. 2019) also estimated that interbreeding occurred between modern humans in
Africa (i.e Khoe-San,Mbuti, and West Africans) and an archaic ghost population that
diverged fromsthe basal human lineage around the same temporal scale seen between
Neanderthal and Denisovans (Lorente-Galdos et al. 2019).

Finally, a genomic analysis comprising genomic material from ancient individuals
from Southern and Eastern Africa, and therefore lacking confounding genomic fragments

derived by recent demographic events, revealed that a model depicting Southern Africa



Khoe-San populations as basal of all the African populations is not fully supported, since the
former show different relatedness to East and Western Africa (Skoglund et al. 2017).
Furthermore, different West African populations show different relatedness to ancient Khoe-
San, which is inconsistent with being derived from a homogeneous ancestral population
which diverged from ancient southern Africans. This scenario would be compatible with
either “archaic” admixture in Western Africans, affecting different populations
heterogeneously, or with long term admixture which affected Western African groups with
different magnitudes.

Although the results of recently released preprints are subject to change, we also
report here some of the interesting and strongly relevant findings recently submitted to
preprint archives. Durvasula and Sankararaman (2018) developed a machine learning
method, ArchlE, which makes use of training datasets to calculate'a set of features that are
potentially informative of introgression. A prediction about,archaic local ancestry could then
be made for any given window by using a binary logistic regression model with the set of
computed parameters. Results are then summarisedifor what is indicative of archaic
admixture for each haplotype. The authersifound that ArchlE weighs firstly the number of
private SNPs followed by the skew,of the distance vector in the underlying logistic regression
model. After training their logisticregression predictor using the parameters from a dataset
with confirmed Neanderthal-introgression in non-African populations, the authors applied
this method on Yoruban individuals from the 1000 Genomes Project. They implemented this
under the assumption that the predictor is expected to be sensitive to introgression events
from populations that shared ancestral population structure with Yorubans. Their results
suggest that the archaic ancestry in Yoruba is best explained by admixture with an archaic
ghost population more than the possibility of Neanderthal ancestry from back-migration or

from admixture with an extant modern human population. In total, about 258 Mb of



introgressed sequences in the Yoruba were recovered using this method in several protein
coding regions at high frequency in the population (Table 1). An update to this study earlier
this year claimed a further recovery of 482 and 502 Mb of archaic ancestry in Yoruba and
Mende populations, respectively and that sub-Saharan populations derive 2-19% of their
genetic ancestry from an archaic population that diverged before the split between
Neanderthals and modern humans (Durvasula & Sankararaman 2019).

In another recent preprint, Ragsdale and Gravel (2018) explore classic statistics, as
well as less familiar tests, to measure introgression. These were used to infer a demographic
model with archaic introgression within a likelihood framework in the absence of aniarchaic
reference genome. By implementing this approach of joint statistics on intergenie data from
the 1000 Genomes Project, the authors found that the Luhya in Webuye; Kenya and the
Yoruba of Ibadan, Nigeria exhibited approximately 6-8 % archaic'admixture, respectively.
Moreover, this study shows that the commonly used moadelof human demographic history,
derived from single-site allele frequency spectrum (AFS) and corroborated by LD decay
curves, tends to fit the real data well but significantly underestimates the levels of LD among
rare alleles. They show that by modelling archaic introgression worldwide, including African
admixture with an archaic populatien that split off around 460-540 kya, this discrepancy in
the levels of LD among rare.alleles'is resolved.

Speidel et al. (2019)+n a most recent preprint have released a method, Relate, capable
of inferring genome-wide genealogies for thousands of samples which they also implemented
on African populations from the 1000 Genomes Project. Their results support separate
ancient events unique to African populations, in particular an introgression event in the
Yoruba with a hominin not closely related to Neanderthals (also diverging before the split

between Neanderthals and modern humans). This method might be useful to implement on



other African populations, such as the San and the Mbuti, as more whole genomes for these

populations become available.

Caveats with the state-of-the-art

Methods that do not require an archaic reference can be used to exploit modern whole-
genome data but still have their caveats such as high false positive rates. There have been but
a few studies focusing on Africa in attempts to detect archaic sequences and potentially
introgressed regions (Garrigan et al. 2005; Wall et al. 2009; Hammer et al. 2011; Lachance et
al. 2012; Mendez et al. 2013; Hsieh et al. 2016; Durvasula & Sankararaman 2018; Ragsdale
& Gravel 2018). Previous studies focusing on archaic admixture outside of Africa have
consistently used Africa as a proxy population that did not experience “archaic introgression”
which has essentially meant “did not experience contact with Eurasian’Archaics” such as
Neanderthal and Denisova (Green et al. 2010; Reich et al«2010; Sankararaman et al. 2014;
Sankararaman et al. 2016; Prifer et al. 2017; Durvasula & Sankararaman 2018). Those that
have taken up the question of archaic intragression,in Africa have had to do so in absence of
an African archaic reference. Some of those studies have used LD-based methods such as S*
to search for signals and have equated the‘identified regions, which display a fairly old time
to recent common ancestor (TMRCA) and long haplotype, as evidence of archaic
introgression (Lachanee et al..2012). Although TMRCA does not always equate population
divergence when‘considering selection and complex demographic models (Henn et al. 2018).
Others have, similarly, run S* on African hunter-gatherer populations and then chosen top
candidates of archaic introgression by comparing against simulations with a set of
demographic assumptions (Hsieh et al. 2016) to account for confounding effects on TMRCA

due to selection. Nevertheless, both of these studies emphasise the importance to better

characterise the nature of admixture in Africa and, more generally, the demographic history



of early African populations.

Early African demography: A complicated history

Our knowledge of what may have occurred since the divergence of modern humans and other
archaic forms within Africa is limited both in the fossil record and in availability of modern
genomes. Few genetic studies have addressed early human history in Africa despite the
amount of fossil and archaeological findings elucidating on the emergence of anatomically
modern humans (AMH) (Campana et al. 2013; Schlebusch & Jakobsson 2018).

In particular, East Africa is the most extensively excavated area in the cantinent,
while Central and Western Africa are the least explored (Schlebusch & Jakobssen 2018).
Some of the oldest fossils of the genus Homo can be found in southern Africa, with a fossil
record that begins from about 2 million years ago with pronounced transitional forms ranging
from 200-600 kya (Dusseldorp et al. 2013). Forms displaying transitional AMH features have
appeared in the record of southern Africa around 100-300kya and fully AMH emerge here
approximately 120 kya. Strikingly, while the fossilrecord for North Africa has been limited,
it is where the oldest fossils meeting the criteria-of AMH can be found—particularly the
ancient remains from Jebel Irhoud; dated.to 300 kya (Hublin et al. 2017). Interestingly in a
younger time period of 100-60 kya, North African remains still denote archaic morphological
traits despite anatomical medernity (Rightmire 2009).

Fossils dating 160-180 kya in East Africa, Omo Kibish and Herto, have been
observed to befully AMH and have often been used to support East Africa as the birthplace
of modern humans (White et al. 2003; McDougall et al. 2005). Although, an East African
calvaria from Lukenya Hill in Kenya while regarded Homo sapiens demonstrates
morphological features better represented in archaic hominins yet dated a recently as ~ 23

kya (Tryon et al. 2015).



Of the notably few and recent assemblages from western and central Africa, some
remains display features that are more in line with archaic humans but which are fairly young
such as the Ishango site in the eastern part of the Democratic Republic of Congo dated to 20-
25 kya and Iwo Eleru skeletal remains from Nigeria dating back to ~13 kya (Harvati et al.
2011). Yet the human fossils from Shum Laka in Cameroon, which date 3-7 kya, are fully
AMH (Lavachery 2001). Some have suggested, based on both morphology and the mosaic-
like fashion that technological replacement took place from central to western Africa, that
this could support a model where archaic admixture took place between surviving archaic
populations and modern humans (Scerri 2017; Schlebusch & Jakobsson 2018). ‘As consistent
as some of these fossils may be with supporting archaic introgression in Africa,
understanding how admixture impacts morphology to better understand‘the mosaic-like
distribution for early Homo sapiens across different regions has been.strongly overshadowed
by the efforts to prove that modern humans originated from,Africa (Henn et al. 2018).

Despite the several assemblages of fossils found,across Africa, DNA preservation
from these samples is often compromised—a great'deal owed to climatic obstruction
(Campana et al. 2013). Alternatively, recovering demographic history from modern genomes
can be challenging with lack of large genomic datasets representing the whole of Africa but
especially in the light of the.continent’s complex deep past. The movements, and subsequent
gene flow, from the agricultural expansion and spread of pastoralism have cloaked the
ancient variation pertaining to early modern humans (Tishkoff et al. 2009; Montinaro et al.
2017). Consequently, this has complicated demographic inferences that can be recovered
regarding ancient African population structure. Although recent ancient samples have
provided insight into the relatedness between populations prior to monumental demographic
events (Skoglund et al. 2017), these sort of samples with endogenous aDNA remain rare and

will most likely accumulate at a slower rate.



Simulating various demographic scenarios has corroborated our understanding of the
demographic history of populations (Gravel 2012). In the case of African demographic
history, modern genomes, albeit challenging, can still provide a window into the past. As
such, there have been genetic studies that simulate important events in early migrations such
as the Bantu expansion and pastoralist movements (Li et al. 2014; Gonzélez-Santos et al.
2015; Marks et al. 2015). This can assist our understanding of African pre-history in order to
make more appropriate demographic assumptions about the populations on the continent.
Henn et al. (2018) layout distinct models of early modern human origins and corresponding
support for them in the fields of morphology, archaeology and genetics. These,models-can
provide guidance in model-testing and exploration of early demographic events.
Nevertheless, without more archaeological data and more genomes, boeth ancient and modern,

those explorations might overall be of limited scope and self-fulfilling.

Back to the basics: The landscape of recombinationiand.genetic variation in African

populations

In the absence of aDNA from an archaic hominin or ghost population in Africa, we must rely
on modern genomes to uncover whether archaic introgression took place. Demographic
history alone is not sufficient.when.using modern genomes as windows into the past. We
must also consider biological processes in order to develop tools that aid us in answering
questions about our-genetic history. Consequently, it is crucial to be aware of the differences
in the genomiclandscape of different populations. For example, recombination maps have
been built for'populations with European-ancestry (deCODE, HapMapCEU) (Kong et al.
2010; The HapMap Consortium et al. 2010), West African-ancestry (HapMapYRI) (The
HapMap Consortium et al. 2010) and mixed-ancestry (AAmap, AfAdm map) (Hinch et al.
2011; Wegmann et al. 2011). These studies have led to the conclusion that comparatively,

West Africans have more recombination hotspots across the genome than Europeans and



therefore crossovers are more evenly distributed leading to shorter LD distances in West
Africans (The HapMap Consortium et al. 2010; Hinch et al. 2011). Moreover, these studies
have been able to show that recombination events appear to be concentrated at hotspots
which correlate with a particular ancestry (The HapMap Consortium et al. 2010; Wegmann et
al. 2011). Considering that African populations show the highest levels of genetic diversity in
both between and within-population, it is essential to note that the recombination landscape
across Africa may differ and therefore LD-based methods developed to search for
introgression in non-African populations must be adjusted for these differences. For example,
if we wanted to use S* to explore archaic introgression in West Africans, we must aceount for
the shorter extent of LD and therefore expect shorter introgressed haplotypes than what is
seen in Eurasians even if admixture putatively took place at a similardate. Mutation rate too
has been shown to differ between populations and still remains,without a final consensus
(Narasimhan et al. 2017; Ragsdale et al. 2018).

In a similar vein, it is vital to point out that the grand majority of tools that explore
human history in high-throughput sequencing use SNPs to answer questions about evolution
and variation. While SNPs are undoubtedly.useful genetic markers, structural variants (SVs)
such as insertions, deletions, duplications, and inversions make up most of the variation
between individuals (Sudmant'et al. 2015). Those with African-ancestry have been shown to
exhibit significant difference-in SV profile from other populations which is consistent with
what has been observed with SNPs (Simons et al. 2014; Sudmant et al. 2015; Sherman et al.
2019). However, the complexity of SVs present on both the individual and population level
can often go unappreciated first due to reference-bias (Sudmant et al. 2015; Sherman et al.
2019) but also because SVs and repetitive elements are not commonly considered when
developing tools that measure genetic variation for non-clinical purposes (Santander et al.

2017). This reference bias can make it challenging to observe what other regions of the



genome are shared between certain populations and archaics either because of ancestral
structure or introgression (Gardner et al. 2017; Glnther & Nettelblad 2018).

When searching for archaic introgression in African populations, both Lachance et al.
(2012) and Hsieh et al. (2016) found pronounced depletion of archaic sequence in genic
regions suggesting that introgressed loci in hunter-gatherer populations are neutrally evolving
remnants. However, a subsequent study (Xu et al. 2017) has found that archaic introgression
in Africa contributes to the variation in the human salivary gene MUC?7 consequently
affecting the composition of the oral microbiome in modern Africans today. This studyalso
suggested that copy number variation in MUC?7 has rapidly evolved under adaptive forces
potentially shaped by pathogenic pressures among primates (Xu et al. 2016).

Recent studies looking at African hunter-gatherer and farmer populations have
explored how deleterious genetic variation amongst human pepulations is affected by
changes in population size and gene flow (Lopez et al. 2018). Specifically, hunter-gatherers
are efficient in purifying selection despite having a recent population collapse (Simons et al.
2014; Lopez et al. 2018). Long-term selection against archaic introgression in Africa has not
been looked at although recent studies-have shown that non-African populations demonstrate
selection against introgression in regulatery regions more than in protein-coding regions (Petr
et al. 2019). A study exploring the.genetic relationship between sequenced archaic hominins
and Africans showedsubstantial IBD sharing between Africans (East and West) and
Denisovans best explained by interbreeding between the ancestor of humans and other
archaic hominins (Povysil & Hochreiter 2016). Whether these short IBD fragments are
skewed in their distribution across genic and non-genic regions remains to be confirmed as
well if they are putatively introgressed haplotypes under any form of non-neutral selection.
However, Durvasula and Sankararaman (2018) have detected a number of regions with

archaic ancestry in Yoruba which are in genic regions and that may be under positive



selection (Table 1). Nevertheless, it is important to point out that without ancient African
samples to confirm archaic introgression in present-day African populations, signs of

adaptive introgression will remain putative.

Overcoming the oversimplification of Africa: Future directions

Detection of archaic introgression with current state-of-the-art methods relies on at least one
of three things: (1) an archaic reference, (2) known demographic history, and (3) large
sample size. While acquiring an African archaic reference will take time considering the
limitations of the current technology and the integrity of available samples, thisds a
possibility that shows signs of becoming more feasible (Skoglund et al. 2017). In the
meantime, efforts should be strengthened to enrich the geographic coverage for genetic data
across Africa. More modern African genomes will elucidate the history of different
populations across the continent and how they relate to each other in terms of ancient gene
flow and structure in light of more recent migration. Simulations without more insight into
demographic history, which are used to calibrate whether archaic introgression is present in
absence of an archaic reference, can only'be asaccurate as the demographic assumptions they
are modelled upon (Henn et al. 2018)."Moreover, caution should be taken when
implementing methods where certain biological assumptions are better in line with non-
African populations and where extrapolating what has been done in non-African populations
to African populations can potentially lead to both false positives and false negatives alike.

In absence'of both an archaic reference and clear demographic inferences for Africa,
new (Speidel et al. 2019) or less explored (Ragsdale & Gravel 2018) methods might be better
suited in answering questions surrounding the nature of archaic introgression in Africa once
more modern African genomes become available. Several questions still remain such as: did

admixture take place between archaic hominins and modern humans or with the ancestors of



modern humans? Or did ancient admixture take place between existing populations in Africa
today and ancient ghost populations? How often and for how long did admixture potentially
take place? Lastly, more needs to be investigated regarding putative adaptive introgression in
Africans (Xu et al. 2017; Durvasula & Sankararaman 2018) and, in general, evidence of
selection for or against archaic ancestry in modern African genomes (Durvasula &
Sankararaman 2018). New ancient and modern genetic data will allow us to explore and infer
better demographic models so that we may move on to reliably answer these outstanding

questions which are crucial to understanding our modern human origins.
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Figure and Table Legends
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Figure 1. Schematic for S* scoring. Here we see phased chromosomes and a test population
that is represented in red and the outgroup in grey. S* attempts to search for the most optimal
sums of scores for an overallisubset of SNPs at a given locus. It rewards fully linked pairs of
sites, in other words where two successive SNP positions do not differ, and the increase in
that reward is proportional to the distance between the positions. Consequently, S* values
increase withuincreasing LD within a window. The SNP positions that provide the optimal
score are taken note of and can then be used to provide the delimited region that gives that
optimal score. The lower bottom of the figure depicts an example of how S* goes about
calculating the most optimal sums of scores. Seven positions within a window of 50,000 bp
and only SNPs not present in the outgroup are considered. Sites within the haplotype are
labelled as a white star (i.e. ancestral) or a grey star (i.e. derived), those highlighted in red
(target) are calculated to give the most optimal solution and that no other set of SNPs gives a

higher score. The first 10,000 bp displays higher linkage than the following 10,000 bp where



there is a change in genotype leading to a penalty of -10,000. We can see that in the
calculation that follows the positions from about 30,000 bp onwards are rewarded for being
linked and outweigh any penalty from before. The scoring function works in rewarding
linked sites with a score of 5,000 plus the distance between sites, penalties are given -10,000
for up to 5 mismatches in the above example. Regions with more than 5 mismatches or no

linked sites are -oo, or essentially no score. The total S* score for this example is 30,000.
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Figure 2. Overview of Hidden Markov model and conditional random field framework. Here

is a depiction of how probabilistic models, such as HMM and CRF, can estimate the ancestry
(x;) of a SNP in a genome sequence (i). The possible hidden states for x; are either
introgressed (archaic) or not introgressed (not archaic). In the example, y; is a matrix
composed of individuals from a target population, an archaic population, and two outgroup
populations that act as references for modern human variation. These are considered at three



SNP positions (below model). Sites which are consistent with introgression (x;) are
determined by the derived allele of the target population also present in the archaic
population but not in the reference. In the case of x,, the derived allele is only in one of the
reference populations suggesting that the derived allele is modern human variation and
therefore inconsistent with introgression. In xs, both target and reference populations share
the derived allele but absent in the archaic population which is uninformative. Hidden states
(ancestry) are connected to the observed data (y;) through emission probabilities (red) for
HMM or emission functions (vertical red and diagonal yellow) for CRF. These emission
functions in a CRF model can be used to evaluate whether a site is consistent or inconsistent
with introgression, like in HMM. Additionally, they can also score whether a haplotype
overall is closer to the archaic sequence than to the reference haplotypes. Horizontal
connections between X; and X;.+; denote transition probabilities (HMM) or transition functions
(CRF) which model linkage between ancestral states along the genome. These parameters

depend on the recombination, admixture proportion, and time of admixture.



Table 1. Archaic introgressed candidate loci in African populations.

Putatively
Type Population Study
introgressed regions
RP11-286M16 (Durvasula & Sankararaman
lincRNA Yoruba
(chr 1) 2018)
RN7SKP160 (Durvasula & Sankararaman
Pseudogene Yoruba
(chr 1) 2018)
4qMB179 Non-coding Biaka (Hammeret al. 2011)
(Durvasula & Sankararaman
KCNIP4 (chr 4) Protein coding Yoruba
2018)
(Plagnol & Wall 2006; Wall
XRCC4 (chr 5) Protein coding Yoruba
et al. 2009)
(Durvasula & Sankararaman
MTFR2 (chr 6) Protein coding Yoruba
2018)
(Durvasula & Sankararaman
TRPS1 (chr 8) Protein coding Yoruba
2018)
13qMB107 Non-coding San (Hammer et al. 2011)
(Plagnol & Wall 2006; Wall
TJP1 (chr 15) Protein coding Yoruba
et al. 2009)
DUT (chr 15) Protein coding Yoruba (Plagnol & Wall 2006; Wall




et al. 2009)

(Durvasula & Sankararaman

HSD17B2 (chr 16) Protein coding Yoruba
2018)
KRT18P61 (Durvasula & Sankararaman
Pseudogene Yoruba
(chr17) 2018)
(Durvasula & Sankararaman
NF1 (chr 17) Protein coding Yoruba
2018)
(Durvasula & Sankararaman
RP1115E18 (chr 17) Pseudogene Yoruba
2018)
18qMB60 Non-coding Biaka (Hammer et al. 2011)
(Durvasula & Sankararaman
MIR125B2 (chr 21) miRNA Yoruba
2018)
Xp21.1 Non-coding Mbuti (Garrigan et al. 2005)
African-American
AQ0 (chr) Sex .chromosome (Mendez et al. 2013)

& Mbo

Top 350 candidates’

(Across chr1-22)

Unknown

(genic depleted)

Sandawe, Western

Pygmy, Hadza

(Lachance et al. 2012)

Distinct 265
candidates*

(Across chr 1-22)

Genic & non-

genic

Biaka and Baka

(Hsieh et al. 2016)
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