CHAPTER 6

Statistical methods for kinship inference amongst
ancient individuals

Andaine Seguin-Orlando!

Abstract

The identification of close relatives is central to forensic sciences and to genetic
association studies, in which spurious signals can be obtained if genetic struc-
ture is not taken into account. Identifying related individuals is also essential in
archaeological studies to elucidate funerary practices, as well as to obtain a
deeper understanding of past family structures and social behaviors in the
absence of written records. In the past decade, following the advent of high-
throughput DNA sequencing, many statistical methods have been developed to
calculate kinship coefficients from genome-wide data. However, these methods
are inappropriate when DNA is sequenced at insufficient depth-of-coverage,
presenting high levels of post-mortem damage, as is commonly observed with
ancient molecules. These methods also generally require the presence of a refer-
ence panel, which cannot be accessed in the vast majority of paleogenomic
studies. Here, | review the different approaches available for inferring related-
ness, focusing on those compatible with the idiosyncrasies of ancient genomic
data. | then present some of the key studies taking advantage of these analytical
tools, ranging from simple sample curation to addressing long-standing archae-
ological debates on the emergence of the nuclear family and on the role of biolog-
ical kinship in past societies.

INTRODUCTION: WHY IS RELATEDNESS INFERENCE IMPORTANT?

Many genetic tests have become commercially available in the last dec-
ade, especially for those interested in their genealogical history and/or
deeper ancestry. For less than a hundred dollars and a saliva sample,
ancestry genetic testing companies provide their customers with related-
ness estimates, compared against the data of whomever agreed to share
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genotyping information. Despite their success on a global scale, genetic
ancestry kits have also raised legitimate concerns on ethics and data pro-
tection (Kennett et al. 2018).

Reliable methods for relatedness inference were developed for appli-
cations in a number of scientific fields. For example, in forensics, they
are part of routine paternity testing, as well as for victim identification in
cases where confident attribution of fragmentary remains to a single indi-
vidual is not possible (Brenner and Weir 2003; Fernandes et al. 2017). In
population genetics and genome-wide association studies, related indi-
viduals are identified in populations and cohorts and excluded from ana-
lyses since they do not represent statistically independent samples. In
medical genetics, the presence of closely related individuals in associ-
ation studies inflates rates of false positives; therefore, relatedness
among individuals must always be tested beforehand. In practice, screen-
ing human panels for cryptic relatedness has become a routine quality
control, as it is not rare that datasets contain unreported familial relation-
ships as close as first degree (e.g., siblings), or even data from identical
individuals (Stevens et al. 2011). Beyond medical genetics, inferring
relatedness is crucial to the conservation of endangered species, as mat-
ing between closely related individuals leads to inbreeding. Finally,
deciphering the genetic relatedness between individuals is key for under-
standing past human societies, as this information could provide major
insights into social structures, traditions, cultures and behavior. For
example, it has often been suggested that kindred played an important
role in structuring past societies, but only the combination of archae-
ological evidence and genetic proof of biological relatedness can confirm
this hypothesis.

In this chapter, I will summarize the different methods that are avail-
able today and make use of genome-wide sequence data to infer related-
ness, with a focus on those tailored to ancient DNA data (Part I). I will
then illustrate the wide range of applications that these methods have in
archaeological science (Part II). The two parts may be read indepen-
dently, depending on the readers’ own interests.

PART I: DIFFERENT METHODS FOR DIFFERENT DATA

In the following, I survey the different methods available to infer kinship
between past individuals, starting from the simple amplification by
Polymerase Chain Reaction (PCR) of uniparental markers, to the most
elaborate statistical processing of whole genome data. This part of the
chapter will review the basics of pedigrees and kinship coefficients. It
will also dive a bit deeper into the caveats of ancient DNA data, such as
the low amount of available DNA molecules and the lack of contempor-
aneous reference panels, as well as the potential presence of population
structure or the possibly high levels of inbreeding, which make it necess-
ary to choose between alternative statistical methods that can account for
these specificities.
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Relatedness inference using genetic markers: Mitochondrial
and Y-haplogroups, autosomal STR

Until recently, past potential kinship was mainly assessed through two
types of uniparental markers: mitochondrial DNA and the non-recombin-
ing region of the Y chromosome. Despite its major impact in first-gener-
ation ancient DNA studies (Gerstenberger et al. 1999; Rogaev et al.
2009), as well as in forensic science with the example of paternity test-
ing, this approach faces crucial pitfalls. Mitochondrial DNA is present in
numerous copies per cell (which facilitates lab work), is maternally
inherited and helps retrace maternal lineages. The Y-chromosome is
paternally inherited, thus providing evolutionary and genealogical
information on paternal lineages. Restricting the analyses to unilineal
markers has two major consequences. First, as most of the mitochondrial
and Y-chromosome haplotypes are widely distributed in populations,
they can only be used reliably to exclude close relatedness, such as
father-son and mother-offspring relationships from Y-chromosome and
mitochondrial DNA data, respectively. Second, the Y chromosome only
provides information on the unique lineage composed exclusively of the
father at each generation and cannot elucidate father-daughter relation-
ships. Reciprocally, mitochondrial DNA is only informative about
maternal lineages. Looking back 10 generations ago in the genealogy of
a given individual, those uniparental markers would give access to the
genetic background of only two ancestors, and not the more than one
thousand that in fact existed (in theory 219=1,024, assuming unrelated
ancestors). This contrasts to autosomal data, which can provide informa-
tion transmitted by a larger number of ancestors (although not all).

As the quantity and quality of DNA samples available to forensic and
ancient DNA laboratories may be very similar, any methodological
development implemented in one field can benefit the other. For
example, the gold standard for paternity testing in criminal or mass
murder victim identification has been, from the 1990s onwards, the use
of Short Tandem Repeats (STR), also known as microsatellites. In this
approach, selected loci spread across the Y chromosome (or the auto-
somes), are amplified through PCR, and genotyped for the number of
short motif repeats they carry. As these STR loci are multiallelic, charac-
terizing only a few of them can help draw reliable conclusions on close
familial relationships or consanguinity. For instance, the tests approved
for paternity testing or offender identification are based on the amplifica-
tion of 20 (US Combined DNA Index System) or 15 (Extended European
Standard System Set) STR loci only. They show sufficient statistical
power for elucidating parent-offspring relationships and the majority of
sibling pairs, as well as for identifying historical characters. Famous
examples are provided by the eight members of the House of Konigsfeld,
Germany, spanning seven generations (1546-1749 AD, Gerstenberger
1999), or the last Russian Emperor Nicholas II, whose children have been
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identified and confirmed dead 91 years after they were murdered during
the Russian Civil War (Rogaev et al. 2009).

Wider kinship, such as first cousins, cannot be reliably assessed on
the basis of STR test profiles alone. In those cases, it becomes necessary
to genotype a third individual who could be a closer relative to both indi-
viduals under investigation (Nothnagel et al. 2010). In addition, STRs
have proven hard to genotype from degraded DNA extracted from
ancient remains. Some of the targeted loci indeed span over more than
250 base pairs (bp, Gerstenberger et al. 1999), whereas the average frag-
ment length for ancient DNA lies around 50 bp. Therefore, the success of
STR amplification is generally very limited (Deguilloux et al. 2013) and,
at best, only partial profiles can be obtained (Russo et al. 2016; Haak et
al. 2008; Cui et al. 2015), which rules out this approach for most archae-
ological assemblages.

The development of molecular and bioinformatic tools tailored to
ancient remains, as well as the rapidly growing High-Throughput
Sequencing (HTS) technologies, made it possible to publish the first
complete genome of a past human individual (Rasmussen et al. 2010).
This major achievement opened the door to elucidating kinship between
past humans not solely based on the isolated markers just mentioned, but
on genome-scale data, even though genealogy and genetic relatedness
are not synonymous, as described below.

From pedigree to relatedness inference, and back

The interest of the general public for commercial DNA testing (e.g.,
through the company 23andMe®, etc.) has enhanced the confusion
between genealogy and genetic relatedness, and between genetic data
and culture. We should emphasize that genealogy and genetic relatedness
cannot be superimposed (Reich 2018). The genealogy of one individual,
as can be redrawn from familial and historical records, groups together
all their known ascendants. In contrast, as a result of the random nature
of DNA recombination, the genome of some of our numerous genealog-
ical ascendants certainly did not contribute to any of our DNA. As a con-
sequence, even the most extensive and accurate whole-genome analysis
would not be able to redraw some of the family links, simply because the
descendant did not inherit any fraction of the genome of some of his/her
distant ancestors.

If two individuals are genetically related, they will not only share a
recent common ancestor, as genealogic relatives do, but they would also
have co-inherited a portion from the genome of that ancestor. If we con-
sider two individuals that are the Nth generation descendants of one given
couple, they will share an allele identical-by-descent (IBD) if this allele
has been copied and transmitted to the two descendants over 2N consecu-
tive meiosis events. The probability of a copy to be transmitted over each
generation equals 0.5 (1 chance over 2 chromosomes). Therefore the pro-
bability that the allele is inherited by each of the two Nth generation
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descendants under study is 21-2N, Following this, after only N=4 gener-
ations, the probability of the copy being inherited through both lineages
appears less than 1% (~0.78%). When family trees (or pedigrees) are
known, it is relatively straightforward to deduce the probability of any of
the genotypes present in any pair of individuals. But the reciprocal is not
true: finding the probability of an inferred relatedness knowing the geno-
types, or sometimes even partial genotyping data or likelihood of geno-
types, can be challenging. While it is not possible to track IBD alleles
directly, one can instead leverage the observed genotypes to identify
alleles identical-by-state (IBS). Those are used to obtain probabilities of
the IBD status of the alleles, and then to make statistical inferences about
the degree of relatedness. In the following chapter section, we will
review the different coefficients expressing these degrees of relatedness,
how they are calculated, and which conclusions can be drawn from their
values.

How relatedness degrees and coefficients should be understood

Table 1 provides a summary of different familial relationships and their
corresponding relatedness. The relatedness between two individuals can
be represented by the shortest lineage path, or the number of parent-off-
spring steps, from one individual to the other. In the pedigree presented
as an example in Figure 1A, L is the child of F, therefore the lineage path
between them is one, over one single line of descent. In contrast, I and LL
are first cousins and can be linked by two lineage paths of length four,
over two lines of descent (I-D-A-F-L and I-D-B-F-L).

The kinship coefficient (0) quantifies the number of generation steps
that separate the individuals of the pair and formalizes the relatedness
between two individuals. In the pedigree presented in Figure 1A, I and LL
have both A and B as most recent common ancestors. Their kinship coef-
ficient can be expressed as:

01, =(1HfA)/2¢A%1 + (14B)/28B+1

where gX represents the number of parent-offspring steps between I
and L via X (X standing for either A or B in our case). /X is the inbreed-
ing coefficient of X, corresponding in fact to the kinship coefficient of
his/her parents. In our case, gA=gB=4. Assuming that A and B are unre-
lated (fA=fB=0), we obtain the following:

01,1,=2x(1/25)=1/16 (i.e., 6.25%).
An allele from individual I has one in 16 chances of being descended
from the same parental allele as an allele from L. In the eventuality of I

and L being inbred, for instance if A and B were first cousins
(8(a,B)=1/16), we would have obtained a higher value of 6:
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Fig. 1.

A: Example of a pedigree.

B: The identity states for individ-
uals 1 and 2. They are lined up
according to their nine con-
densed states and grouped
according their three possible
IBD sharing fraction. Points rep-
resent alleles and lines repre-
sent alleles that are identical.

C: Configurations expected for
siblings. Top: On average for a
sibling pair, 50% of the chromo-
some segments are expected to
be Identical By Descent (IBD).

One of the IBD segments is high-

lighted in grey. Bottom: When
only low-coverage data are
available, analyses benefit from
incorporating genotypes likeli-
hoods (GL). The 10 possible
genotypes and their correspon-
ding likelihoods GLO to GL9 are
presented in the table.
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0,1)= 2X((1+0,0625)/25)=17/256 (i.c., 6.64%).

In the context of ancient individuals, the pedigree is most likely to be
unknown, and the calculations above can not be applied. A kinship coef-
ficient is first calculated based on genomic data, and the most probable
degree of relatedness between individuals is then deduced from this coef-
ficient. The kinship coefficient 6 can be defined as the probability that a
randomly chosen allele in an individual is IBD to a randomly selected
homologous allele in the second individual. For a pair of diploid individ-
uals, there are 15 possible IBD states (Fig. 1B). It is generally not poss-
ible (but also not necessary in many cases) to distinguish between
maternal or paternal alleles. Therefore, the possible different IBD sharing
patterns for any given locus are condensed into nine and their probabil-
ities are called Jacquard coefficients (Jacquard 1974). The frequencies of
each of these nine distinct patterns estimate the common ancestry
between the two individuals and their inbreeding level. When neither
individual is expected to show significant level of inbreeding, IBD states
can be further reduced to three (IBD=0, IBD=1 or IBD=2), with proba-
bilities of IBD=0, IBD=1 and IBD=2 referred to as k, k; and k,, respect-
ively. In the case of no inbreeding (which is assumed in the majority of
studies), 6 can be expressed as follows:

0 =Kk, /4+K,/2.
In practice, IBD-segment based methods calculate k; and k, as the

cumulative genetic length of the IBD=1 and IBD=2 segments, respect-
ively, divided by the total genetic length of the genome. Relying solely
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Table 1.

Different relatedness estimators.

Not all possible configurations for each degree of relatedness are mentioned.

Ex: example of a pair from Figure 1 with this degree of relatedness.

G: Number of generations or parent-offspring steps that separate the individuals of the pair.
L: Number of lines of descent the individuals of the pair belong to.

k;: probability of IBD=i.

6: kinship coefficient.

r: coefficient of relatedness.

Configuration Ex G L ko kq ky
Identical or monozygous twin D/E 0 NA 0 0 1

Parent/Offspring A/F 1 1 0 1 0

Sibling E/F 2 2 1/4 172 1/4
Grand-parent /grand-child A/l 2 1

Half-sibling L/M 2 1 112 12 0

Avuncular I/F 3 2

Great-grandparent A/P 3 1

First cousin I/L 4 2 3/4 1/4 0

Grand avuncular F/0 4 2

Great-great-grandparent 4 1

Half-cousin P/Q 5 2 7/8 1/8 0

Great-grand-avuncular 5 2

Great-great-great grandparent 5 1 15/16 1/16 0

Second-cousin o/P 6 2

Half-second-cousin 7 2 31/32 1/32 0

Third cousin 8 2 63/64 1/64 0

Unrelated - - - 1 0 0

on the probability that a random allele from one individual is IBD to the
random allele of another makes it impossible to distinguish between a
number of possible cases within the same degree. For example, the
0 coefficient between sibling pairs and parents and their offspring is
equal to 50%. However, the pattern of allele sharing is different. In this
case, characterizing the set of IBD sharing coefficients (k, k; and k,) is
necessary to solve the true degree of relatedness (Table 1). It is note-
worthy that even though k, k; and k, coefficients specify the expected
fraction of genome sharing between two relatives, the actual sharing
measured might strongly differ from these expected values as a result of
the random nature of recombination. For instance, the expected IBD
sharing between siblings is 50%, while the 95% confidence interval lies
between 37 and 63% (Speed and Balding 2015), with variance around the
expected 50% value being greater for sibling pairs than for parent-off-
spring. Other deviations may be introduced by the choice of sequencing
technology or relatedness estimators.
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Using the power of genomics to infer kinship between ancient individuals

It is now possible to measure genome sharing directly from genome-wide
single-nucleotide polymorphism data (SNP), obtained either from HTS
DNA sequencing of shotgun or captured libraries (or directly from SNP
microarray genotyping when sufficient amounts of fresh DNA are avail-
able). To estimate the frequencies of IBD sharing patterns, different
approaches have been developed (Table 2). They are either based on the
method of moments (Population-based LINKage analyses, PLINK,
Purcell et al. 2007), which has the computational efficiency to exploit the
potential of large data sets, or on maximum likelihood estimations
(Kinship-base INference for Genome-wide association studies, KING,
Manichaikul et al. 2010).

In these methods, genetic relatedness is quantified through the calcu-
lation of allele-sharing coefficients (Manichaikul et al. 2010), which rely
on identifying putative IBD regions from expanding seeds of matching
genotypes between individuals (GERMLINE, Genetic Error-tolerant
Regional Matching with Llnear-time Extension, Gusev et al. 2009).
Alternatively, genetic relatedness is calculated on the basis of pre-defined
IBD segments (ERSA, Estimation of Recent Shared Ancestry, Huff et al.
2011). These methods can be highly accurate in detecting distant related-
ness up to the 13th degree (ERSA, Huff et al. 2011), but their quality
requirements make them difficult, if not impossible, to apply to ancient
DNA data.

Indeed, for the very vast majority of archacological samples, no pedi-
grees are known, and no reference panels providing reliable past allele
frequencies in the population are available. In addition, only low-cover-
age data are generally accessible, and include significant amounts of
errors due to post-mortem damage and, in some cases, contamination
introduced by one or more present-day individuals. Furthermore, many
algorithms assume that the individuals are from the same homogeneous
population, without substructure or admixture, and show no significant
level of inbreeding. The nature of ancient DNA data, thus, requires the
implementation of dedicated statistical methods. These methodologies
are developed further below, and account for the specificities of ancient
genome-wide data, namely their low coverage, the absence of a contem-
poraneous reference panel, and the potential occurrence of admixture,
population structure, or inbreeding.

Dealing with sparse DNA sequencing data

DNA extracts obtained from ancient remains consist of a mixture of
endogenous molecules from the individual of interest, and contaminant
molecules deriving from the environment, the laboratory reagents and the
scientists handling the remains (e.g., archaeologists and/or the geneti-
cists). The discovery that ancient DNA preservation was maximized in
petrous bones or tooth cementum, and the development of molecular
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Table 2.

The different relatedness inference methods reviewed:

L: can be applied to Low coverage data;
S: accounts for population Structure;

A: allows inference on Admixed individuals;

I: allows inference on Inbred individuals;

P: can be applied even in the absence of a reference Panel.

Reference

Purcell et al. 2007
Gusev et al. 2009

Manichaikul et al. 2010

Wang 2011a

Huff et al. 2011
Lietal. 2014
Lipatov et al. 2015

Korneliussen and Moltke
2015

Dou et al. 2017
Martin et al. 2017
Theunert et al. 2017

Waples et al. 2019
Kuhn et al. 2018

Hanghoej et al. 2019
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Software

PLINK
GERMLINE

KING-robust

COANCESTRY
ERSA

GRAB
IcMLkin

ngsRelate

SEEKIN
GRUPS
relcoas

IBSrelate
READ

ngsRelateV2

<|l=<|=<|=<|=<

< < =< =<

Applied/tested on ancient DNA

in/from

Sikora et al. 2017
Schroeder et al. 2019

Amorim et al. 2018

Daly et al. 2018
Damgaard et al. 2018
Krause-Kyora et al. 2018
Chylenski et al. 2019
Mittnik et al. 2019
Wang et al. 2019
Furtwangler et al. 2020

0’Sullivan et al. 2018
Kuhn et al. 2018

Haak et al. 2015
Schroeder et al. 2019

Mathieson et al. 2015
Harney et al. 2018
0’Sullivan et al. 2018
Chylenski et al. 2019
Kashuba et al. 2019
Mittnik et al. 2019

Saag et al. 2019
Sanchez-Quinto et al. 2019
Santana et al. 2019
Scheib et al. 2019
Villalba Mouco et al. 2019
Wang et al. 2019
Furtwangler et al. 2020

Damgaard et al. 2018
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Fig. 2.

High and Low Coverage
sequencing data. When a
genomic position is covered by
a high number of reads, a high-
quality genotype can be called
(left). Whereas when only low-
coverage data are available,
one can benefit from perform-
ing analyses that allow uncer-
tainty regarding genotypes and
incorporate genotype likeli-
hoods (GL), taking into account
errors introduced at different
steps (right).
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approaches tailor-made to the biochemical nature of ancient molecules
have been instrumental in improving the quality of ancient DNA datasets
(Orlando et al. 2015). Nevertheless, high coverage genomic data can
rarely be obtained at a reasonable cost, and the vast majority of ancient
human genomes are limited to low coverage data.

Unfortunately, computational methods adapted to vast modern
cohorts, such as PLINK (Purcell et al. 2007), GERMLINE (Gusev et al.
2009) and KING (Manichaikul et al. 2010), require inputs in the form of
high-quality genotype data (Fig. 2) and can therefore not be directly
applied to the low-depth HTS data obtained from the majority of ancient
human remains. Indeed, when the genome is sequenced to low-depth
(<5X coverage), there is a high probability that only one of the two
alleles has been sampled at a specific site, making accurate genotype cal-
ling difficult, if not impossible. Such sparse data may lead to an underes-
timation of the true level of heterozygosity (Renaud et al. 2018). There-
fore, when applied to called genotypes from low coverage data, software
tools like PLINK (Purcell et al. 2007) tend to overestimate the fraction of
IBD=0 (k() and as a consequence underestimate relatedness.

To mitigate the uncertainty when calling genotypes from low-depth
HTS data, dedicated programs which incorporate uncertainty of the
genotypes in maximum likelihood estimates of pairwise relatedness have
been developed (NgsRelate, Korneliussen 2015; IcMLkin, Lipatov et al.
2015). These methods are not based on genotypes, but on genotype like-
lihoods instead, i.e., on the probability of the observed data in the
sequencing read given the true genotype. They thereby take into account
the uncertainty of the genotype, described by a quality score or a geno-
type likelihood that incorporates errors introduced, for instance, by post-
mortem damage during sequencing or while mapping to the reference

ARl GGCATCCGGTTATGAACGCCTTATTACGATGCAAAA

Maternal [GG-ATCCGGTT T AACGCCTTA TACGA GC_AAA|

Sequencing
Read processing

Reference GGCATCCGGTTCTCAACGCCTTACTACGACGCCAAA GGCATCCGGTTCTCAACGCCTTACTACGACGCCAAA
GCCTTACTACGACGCCAA Low CTTACTACG
TTACTACGACGCC TTATTACG
GCCTTACTACGA Coverage
TA_TACGACGCCAAA
CCTTA_TACG
CTTA_ TACGAC . .
CCTTACTACGACGCCAA Population allele frequencies
: SSS¥$§ A Contamination
High ACGCCTTATTACGA Post-mortem damage
Coverage TTATTACG S ; i
TTATTACGACGCCAAA equencing errors
Mapping erors
TATTACGACGC
ACGCCTTA'TACG
'ATTACGACGCC
AACGCCTTATAC
GCCTTA'T
ATTACGACGCCAA
CGCCTTATTACGA

High-quality genotype

110

Genotype| an [ ac [ac [aT [cc [ce [cr [ce [er | o

Likelihoods

c/T
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genome (Fig. 2). Of note, these algorithms require similar levels of
uncertainty across samples. Applying them to different batches of
samples showing different qualities, for instance samples sequenced
using different platforms, can bias relatedness estimates. Moreover, they
can only be applied to medium-to-low coverage data (2-4X) and not to
extremely-low coverage data, unlike other methods based on genetic dis-
tances (Martin et al. 2017).

SNP-based methods also require a set of shared SNPs to be covered
in all the genomes compared, which can be limiting in low-coverage
sequencing contexts. To overcome this, SEEKIN (SEquence-based Esti-
mation of KINship; Dou et al. 2017) leverages the correlation between
neighboring markers. Even if the number of common SNPs sequenced in
two individuals assessed for relatedness is low, Linkage Disequilibrium
(LD) neighboring SNPs can be exploited to call genotypes over SNPs
that were not directly sequenced. This results in a significant increase in
the total number of SNP positions shared.

One example of successful characterization of family links from
extremely low depth sequencing is the identification, 100 years after his
death, of the remains of an Irish rebel buried in a shallow grave, which
was made possible by the comparison with genetic data from living
relatives (Fernandes et al. 2017). The depth of coverage obtained after
shotgun sequencing was as low as 0.04X for the deceased, and 0.08-0.1X
for presumed second-degree relatives. Since very few SNPs were
covered by more than one sequencing read, a forced homozygous
approach served as the basis for estimating kinship coefficients (Queller
and Goodnight 1989) using the European allele frequencies estimated by
“The 1000 Genomes Project” (The 1000 Genomes Project Consortium
2015). Such an approach is efficient in terms of sequencing budget, com-
puting time and accuracy, but can be applicable only in the few cases in
which several known close relatives can be included, and when the
ancient individual is recent enough that a modern reference panel can be
used to assess allelic frequencies. How to proceed when this is not the
case, in other words when no proper reference panel can be used to obtain
reliable allele frequencies in the population, is the subject of the follow-
ing chapter section.

How to proceed when no reference panels are available?

Many methods rely on the availability of accurate genotype frequencies
from the focal population. Present-day populations can be used as a ref-
erence panel only for recent historical individuals (Fernandes et al.
2017). Applying this strategy to more ancient individuals can result in
highly-overestimated genetic relatedness, e.g., supporting unrealistic
values for individuals living several thousands of years apart (Sikora et
al. 2017).

This limitation is not specific to genome-wide SNPs but also applies
to STR-based estimations in forensics, where the population to which a
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suspect belongs is most often unknown (Caliebe and Krawczak 2018), or
in genetics applied to historical or archaeological samples (Cui et al.
2015; Russo et al. 2016). For instance, funerary practices in the territory
of Argentina before Hispanic contact was estimated based on previously
published STR data from other pre-Hispanic populations from Peru
(Baca et al. 2012), but also, as these data were not sufficient to serve as a
reference panel on their own, from contemporary populations (Russo et
al. 2016).

Methods that do not necessitate a reference panel still require at least
a pair of unrelated individuals from the same population for normaliza-
tion (READ, Relationship Estimation from Ancient DNA, Kuhn et al.
2018), or genomic data from several other ancient individuals of the
same population (Martin et al. 2017; Theunert et al. 2017). The smaller
the number of individuals available, the less accurate the kinship coeffi-
cient, regardless of the number of genomic sites considered. For
example, simulation studies show that with as few as 18 individuals, the
method developed by Theunert and colleagues cannot identify second-
degree relatives (Theunert et al. 2017). In addition, approaches like
READ (Kuhn et al. 2018) are sensitive to batch effects (shotgun versus
capture, or data obtained with different sequencing platforms), which can
overestimate the genetic distance indicative of unrelated individuals and,
thus, the degree of relatedness in the tested samples.

Without access to data from an unrelated pair of the same population,
only very few methods can be applied to very small datasets, for compar-
ing a single pair of individuals or to establish relatedness within a single
pedigree. KING, for example, is a robust algorithm that can infer related-
ness up to the third degree based on information from only two individ-
uals analyzed, but only when high-density genotyping data are available
(Manichaikul et al. 2010).

How to proceed in the presence of admixture and population structure?

As mentioned earlier, most algorithms used to estimate relatedness
assume that the individuals analyzed belong to a genetically homogene-
ous population (Purcell et al. 2007; Milligan 2003; Albrechtsen et al.
2009). In the case of admixture, the individuals show different ancestry
backgrounds, which violates this assumption. In the case of population
structure, the relatedness between individuals belonging to the same sub-
population will be systematically inflated. As a consequence, many
approaches face circularity: while the identification of unrelated individ-
uals is a prerequisite to the detection of population structure (Zhu et al.
2008), proper relatedness inference relies on the identification of homo-
geneous populations (Purcell et al. 2007).

Several methods have been developed to overcome this limitation
and provide kinship estimation for admixed individuals (Wang 2011b;
Relatedness Estimation in Admixed Populations, REAP, Thornton et al.
2012; and RelateAdmix, Moltke and Albrechtsen 2014, also providing
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admixture proportions). To account for the different ancestry back-
grounds in admixed individuals, these approaches use allele frequencies
specific to each individual derived from software like ADMIXTURE
(Alexander et al. 2009). The KING-robust estimator (Manichaikul et al.
2010) is designed to deal with population structure, but shows lower per-
formance when analyzing admixed individuals (Thornton et al. 2012).
However, the estimators mentioned above require accurate genotype
data, which may not be available in the majority of paleogenomic studies
thus far. The SEEKIN estimator (Dou et al. 2017) can infer kinship for
both homogeneous and heterogeneous samples with population structure
and admixture. It was initially designed to improve kinship estimation in
target-enrichment experiments by incorporating off-target reads (0.15X
average depth), but can be advantageously applied to shallow sequencing
data.

Inbreeding

All the relatedness estimators reviewed so far in this chapter indicate that
the individuals investigated are not inbred. However, in archaeological
contexts, suspicions that this is not the case are worth considering. For
example, past hunter-gatherers were previously found to present a high
level of skeletal abnormalities, which was interpreted as the consequence
of inbreeding among small human groups (Trinkaus et al. 2014). High
inbreeding levels were not, however, confirmed by ancient DNA data
(Sikora et al. 2017). Can small amounts of inbreeding affect kinship esti-
mates? How shall we treat data from dynasties with a known history of
consanguinity?

At the genomic level, inbreeding results in an excess of homozygos-
ity compared to what would be expected under Hardy-Weinberg Equilib-
rium, which describes the relationship between allele frequencies and
genotype frequencies in a randomly mating population (see Andrews
2010 for a review of the basics). In this case, estimating only k, k; and k,
is insufficient, and the nine condensed Jacquard coefficients have to be
determined (see section ‘How should relatedness degrees and coeffi-
cients be understood’). Some methods like COANCESTRY (Wang
2011a) have been developed to estimate relatedness in the presence of
inbreeding, but they cannot be applied to low coverage data as they are
based on high quality genotypes. At present, ngsRelate v2 (Hanghgj et al.
2019) is the only software based on genotype likelihoods that can infer
relatedness in the presence of inbreeding while providing inbreeding
coefficients for both individuals considered.

Paleogenomicists now have at hand a whole suite of software
enabling them to exploit the power of genomic data in order to assess
how much two past individuals were in fact related from a biological
point of view. In the following , I present some of the key studies leverag-
ing these tools to facilitate sample curation and for helping solve long-
standing archaeological disputes.
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PART II: APPLICATIONS

This section will review the major recent publications making use of the
statistical methods for kinship inferences between ancient individuals
that we detailed in Part I. It will cover a wide range of applications, from
data curation by collapsing sample duplicates or removing related indi-
viduals from the dataset prior to population genetics studies, to question-
ing the definition of a ‘family’ in the archaeological past and elucidating
some aspects of social structure in past societies.

Relatedness inferences as a tool for sample and data curation

One of the very first and most straightforward applications of relatedness
inference on ancient remains was to reveal unidentified duplicated
samples (Table 3). The fragmentation and dispersion of bones found in
collective burials and domestic waste, or of remains stored in bulk for
many years in museum collections, make it difficult to certify that each
and every fragment analyzed is from a different individual. Restricting
the analyses to petrous bones from the same side of the skull (Daly et al.
2018) or to teeth in connection to the mandible can limit spurious re-
sampling, but is not always an option. After shallow shotgun sequencing
or targeted enrichment, systematic processing of relatedness estimation
between pairs of samples has revealed kinship coefficients indicative of
monozygous twins, most likely representing independent remains from
the same individual (Daly et al. 2018; Villalba-Mouco et al. 2019; Wang
et al. 2019; Theunert et al. 2017 reanalyzing data from Haak et al. 2015).
In the majority of cases, data from both samples can simply be collapsed
into one single individual, but in a few others, they should be discarded
(Daly et al. 2018 data coming from petrous bones of the same side).
Moreover, testing for potential relatedness may be useful if artifacts were
produced by the same individual. Indeed, birch bark mastics, commonly
used from the Middle Paleolithic onwards as chewing gum but also as an
adhesive in lithic tool technology, can fossilize teeth or finger imprints
and very surprisingly were also identified as ancient DNA reservoirs,
opening the possibility of a direct connection between genetics and a
material culture (Kashuba et al. 2019). For example, low-coverage
genomes (0.1 to 0.5X) could be reconstructed from three of these pre-his-
toric mastics, excavated in the Mesolithic site of Huseby Klev, Sweden
(Kashuba et al. 2019). By performing kinship analyses between these
samples, the authors could confirm each of them was processed by a dif-
ferent individual, but the low coverages obtained, combined with the
very limited number of samples and the absence of a reference panel, pre-
vented any conclusions to be drawn on their relatedness.

Kinship coefficients can also be used to test for the presence of poten-
tial cross-contamination between samples processed during the same
experimental sessions, which would bear relatedness across different
sites and/or time periods (Villalba-Mouco et al. 2019). Identifying first or
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second-degree parents in an ancient panel is also crucial, as including
those may bias population frequencies-based statistics. When present,
relatives with the lower coverage are filtered out of assessments on popu-
lation genetics (Damgaard et al. 2018; Daly et al. 2018; Harney et al.
2018; Chylenski et al. 2019; Wang et al. 2019). Similarly, testing for the
absence of related individuals is necessary before validating their inclu-
sion into a panel for identifying a susceptibility locus to certain diseases
(e.g., leprosy, Krause-Kyora et al. 2018).

Table 3.

Overview of the ancient DNA studies including relatedness inference analysis.

Reference

Kennett et al. 2017
Fernandes et al. 2017
Sikora et al. 2017
Amorim et al. 2018

Daly et al. 2018

Damgaard et al. 2018
Harney et al. 2018
Krause-Kyora et al. 2018

0’Sullivan et al. 2018

Chylenski et al. 2019
Kashuba et al. 2019
Mittnik et al. 2019

Sanchez-Quinto et al. 2019
Santana et al. 2019
Saag et al. 2019

Schroeder et al. 2019

Scheib et al. 2019
Villalba-Mouco et al. 2019

Wang et al. 2019

Furtwangler et al. 2020

Method used

Kennett et al. 2017
Hardy & Vekemans 2002
Manichaikul et al. 2010
Lipatov et al. 2015

Lipatov et al. 2015

Lipatov et al. 2015
Kuhn et al. 2018
Lipatov et al. 2015

Kuhn et al. 2018
Kennett et al. 2017

Kuhn et al. 2018
Lipatov et al. 2015

Kuhn et al. 2018

Kuhn et al. 2018
Lipatov et al. 2015

Kuhn et al. 2018
Kuhn et al. 2018
Kuhn et al. 2018

Waples et al. 2019
Manichaikul et al. 2010

Kuhn et al. 2018
Chang et al. 2015

Kuhn et al. 2018

Kuhn et al. 2018
Lipatov et al. 2015

Kuhn et al. 2018
Lipatov et al. 2015

Type of sequencing
1240k capture
shotgun

shotgun

shotgun + 1240K capture
shotgun

shotgun
1240k capture

shotgun

1240k capture

shotgun
shotgun
1240k capture

Whole genome capture
lllumina MEGA capture

shotgun

shotgun

shotgun
1240k capture

1240k capture

1240k capture
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Application

Kinship

Remains identification
Kinship

Kinship

Exclusion of related individuals and
collapse of duplicated samples

Exclusion of related individuals
Exclusion of related individuals
Exclusion of related individuals
Kinship

Kinship and exclusion of related
individuals

Check for identical individuals

Exclusion of related individuals
Kinship

Kinship
Kinship
Kinship

Kinship

Kinship

Collapse of duplicated samples

Exclusion of related individuals and
collapse of duplicated samples

Kinship
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The emergence of the nuclear family as the basis of social relationships

In present-day societies, biological relatedness is the foundation for
many of our social interactions, including heritage, marriage rules, par-
ental authority, support obligation, etc. When did this start? Was genetic
kinship such a key driver of social organization in the past?
Determining the genetic kinship of past individuals buried together or
in a close proximity provides important insights into the social organiza-
tion in (pre-)historic cultures. To infer potential familial links, and ulti-
mately reconstruct pedigrees or lineages, measures of relatedness
obtained from genomic data provides one good starting point. It should,
however, always be combined with stratigraphic information, radiocar-
bon dates, the age and the sex of the individual, etc. This multi-proxy
approach was applied on the individuals buried at Sunghir (Russia),
which is dated to ~35,000 years BP, and hosts two of the most extraordi-
nary Upper Paleolithic burials known to date (Sikora et al. 2017). In a
first pit, an adult male, Sunghir 1, was buried together with thousands of
beads made of mammoth ivory, most likely sewn on his clothes. In the
other burial, two juvenile individuals, Sunghir 2 and Sunghir 3, were
interred head-to-head. They were also both covered in approximately
10,000 beads, but these were slightly smaller as if they were scaled to the
height of the children. Among the breath-taking grave goods excavated,
we can cite a belt made of almost 300 pierced fox canines, as well as a
dozen ivory spears, including one that was 2.5 m long. Surprisingly, a
human femoral diaphysis from a fourth individual was found next to
Sunghir 2; it was broken, polished and filled with ochre. The Sunghir site
represents one of the exceptional cases of multiple individuals buried
simultaneously, or originating from very close temporal and spatial prox-
imity. These individuals may thus represent a single social group and pro-
vide unprecedented information on the behavior and kinship structure in
an Upper Paleolithic society. Based on the artifacts and anatomical obser-
vations, the three individuals were often interpreted as members of the
same nuclear family: Sunghir 1 as the father of a son (Sunghir 2) and a
daughter (Sunghir 3) (Trinkhaus et al. 2014). Genome analyses told a dif-
ferent story, first revealing all four individuals as males (Sikora et al.
2017). All four individuals also carried the same mitochondrial genome
sub-haplogroup U2 (in accordance with a West Eurasian and Siberian
Paleolithic background) and the same Y-chromosome haplogroup Cla2.
Despite this, and the anatomical similarities observed, none of the Sung-
hir individuals were found to be closely related, at least not up to the third
degree, as indicated by a method that does not rely on unknown allele fre-
quencies for Upper Paleolithic populations (Manichaikul et al. 2010).
Inbreeding was also examined for Sunghir 3, as the skeletal pathol-
ogies that his remains displayed were previously interpreted as evidence
for elevated inbreeding. The cumulative length of long Run Of Homozy-
gosity (ROH), used as a proxy for inbreeding, was found to be higher
than in most ancient genomes, but shorter than in archaic and modern
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populations with a known history of isolation and consanguinity (Sikora
et al. 2017). This rules out recent inbreeding in Sunghir individuals
despite small population size, which indicates that groups of restricted
size and limited kinship were embedded in a larger mating network, simi-
lar to what is observed in present-day hunter-gatherers. Even though the
debate about active and conscious avoidance of consanguinity is still
open, the Sunghir genomes support the existence of regular exchanges of
mates between groups, which is also consistent with archaeological evi-
dence of high mobility in the Upper Paleolithic, and may have impacted
the development of knowledge transfer between bands.

The earliest molecular identification of a nuclear family (mother-
father-child) dates back to ~ 30,000 years later. Schroeder and colleagues
(Schroeder et al. 2019) have performed a systematic analysis of the
genomes of 15 late Neolithic individuals buried in a mass grave at
Koszyce, in today’s Southern Poland (2,880-2,776 BCE). As in Sikora et
al. 2017, the authors used a method based on pairwise sharing of alleles
IBS (see section ‘From pedigree to relatedness inference, and back”),
similar to the one formalized by Waples and colleagues (Waples et al.
2019) and combined with kinship estimators (KING, Manichaikul et al.
2010). This combination allowed the authors not only to discriminate
among the different first three degrees of relatedness, but also, within
first degree related pairs, to identify parent-offspring or full-siblings
(Table 1). Relatedness inferences showed that individuals were posi-
tioned in the grave according to kindred relations, highlighting that social
and biological relationships could, at least to some extent, be superim-
posed, and confirming that family relations were key to the community
organization. In particular, according to the arrangement of the deceased
within the pit, maternal kinship and brotherhood were considered as an
important form of social investment, important enough to be perpetuated
in death. This mass murder situation is also an exceptional case where
several individuals were buried simultaneously and immediately after
their death, making the hypothesis of corpse repatriation very unlikely:
obviously, people were buried in the exact place where they lived just
before their death. Of note, even though results are consistent with the
community being organized along patrilineal lines of descent, women in
different family positions (mothers, daughters, sisters) are present in the
burial. Interestingly, both daughters identified were sub-adults (13-14
and 15-16 years old), whereas four of the seven identified sons were
already adults (and a fifth at 16-17 years old). Therefore, these observa-
tions are consistent with the hypothesis of patrilocality, where women
leave their parents and find a partner in another location while men stay,
or at least come back as adults, to the community where they were born.

In a more recent study, including 13 sites dated from the Late Neo-
lithic to the Bronze Age and located in Switzerland, South Germany and
French Alsace, 27 of 96 individuals whose genome-wide data have been
analyzed were identified using IcMLkin (Lipatov et al. 2015) and READ
(Kuhn et al. 2018) to be related at the first or second degree, within nine
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familial groups (Furtwéngler et al. 2020). This result underlies the impor-
tance of kinship in these societies. Strikingly, the vast majority of these
related individuals were males (22/27) and all but one of the females
were mothers of one or two identified sons, adding some arguments to
the hypothesis of patrilocality and social importance of the male lineage.

Both case studies above (Schroeder et al. 2019; Furtwéngler et al.
2020) identified full brother/sisterhoods are largely predominant in
numbers over half-sisterhoods, and the only half-brothers identified have
the same father (but a different mother). This observation, which can
only be accessed through genetic relatedness inference, is key for under-
standing the nature of a family nucleus during the Late Neolithic and
Bronze Age in Germany and Switzerland, with most likely a stable par-
ental couple between a local male and a non-local female, and possibly
polygamy or re-union for men. In the next section, further examples pro-
vide information on unilineal descent groups, as well as the correlation
between these mating rules and social stratification.

Complex societies and unilineal descent groups

There is a long-standing debate, in anthropology and in the social
sciences in general, about the importance of kinship and unilineal (matri-
lineal or patrilineal) descent groups in modeling the structure, hierarchy
and evolution of complex societies. What are the rules underlying the
choice of high-ranking members of a given community? Do biological
factors, such as kinship or age, dominate social rank? Or is leadership,
which is based on life-time achievements such as success at war or hunt-
ing, more important? Inferring relatedness among members of a burial
that could be defined as an elite burial through its architecture, context,
grave goods or personal adornments can help address the hypothesis of
potentially institutionalized heredity of leadership in pre-historic
societies. Finding a link between the presence of related individuals and
rich grave goods can indicate that material wealth or elite status was
transferred from parent to offspring.

Pueblo Benito, New Mexico, was both the spiritual and political
center of the Chacoan society, one of North America’s earliest complex
societies (Chaco Canyon, 800 CE-1,130 CE). By analyzing genome-
wide capture data from individuals interred in one of its most elaborate
elite burials, Kennett and colleagues revealed a community organized as
a matrilineal dynasty (Kennett et al. 2017). They calculated relatedness
coefficients with an approach similar to the one formalized by Kuhn and
colleagues (Kuhn et al. 2018). Here, genomes were pseudohaploidized
following random sampling of an allele. The average mismatch rate
across all autosomal SNPs was then computed and normalized by the
highest mismatch rate observed among all the individuals, assuming that
the corresponding specific pair of individuals belonged to the same popu-
lation and were unrelated. This is the first study of its kind that confirmed
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the importance of genetic kindred in highly complex and structured
societies.

In contrast, studies investigating past European societies revealed
social organization based around male lines of descents. For example,
this was true for the Lombards, who ruled over part of Italy for over 200
years and took part in the migrations that shaped European societies dur-
ing the 4th-6th century CE. As written records about these migrations are
highly partial and settlements barely known, questions about their ident-
ity and social organization could only be addressed through funerary
archaeology and ancient DNA. Two Lombard cemeteries, located in
Hungary and Northern Italy, were sampled and screened for DNA preser-
vation (Amorim et al. 2018). A total of 55 individuals provided sufficient
genome-wide capture data to be scanned for relatedness using IcMLkin
(Lipatov et al. 2015). As reference allele frequencies, the authors used
those of the ancient individuals themselves combined with those from the
present-day 1000 Genome populations. In addition, they adapted the
lcMLkin software to incorporate admixture and to account for diverse
genetic ancestry. This study highlighted the fact that groups interred in
both cemeteries appeared to be organized around one extended male
kindred of high status, according to their level of meat consumption and
the associated artifacts and grave goods. This conclusion underlined that
biological relatedness may have played a major role in the structure and
hierarchy of these societies.

A recent study on individuals excavated from a 7th century CE Ale-
manni site in southern Germany reminds us that social structure involves
more subtle factors than single, linear familial transmission of culture
and power. Here, the burials delivered extremely rich grave goods,
including jewelry, equestrian gear, and weapons, demonstrating the
wealth and power of the household, and suggesting contacts with Byzan-
tines, Lombards and Franks. Genome-wide SNP enrichment could be
performed on a selection of eight male individuals (O’Sullivan et al.
2018) and kinship was estimated based on the proportion of non-match-
ing autosomal genotypes (Kennett et al. 2017; Kuhn et al. 2018). Five
individuals, coming from five different graves, including two multiple
burials, and accompanied by culturally different artifacts, appeared as
first and second-degree relatives. This surprising result underlines that
burial patterns and assignment of grave goods do not necessarily reflect
genetic relatedness. It also highlights that cultural appropriation from
diverse origins can be found even among relatives as close as father and
son. On the other hand, the presence of non-relatives within the same
grave suggests that social fellowship could be held equally as with bio-
logical relatedness in this Alemanni funerary site. This confirms analyses
of historical records indicating that, in the Merovingian period, being
part of a household was not limited to biological relatives.

As described earlier, such patrilineal social organization in western
Europe seems to extend back at least to the late Neolithic (Schroeder et
al. 2019; Furtwéngler et al. 2020). Mittnik and colleagues have recently
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performed an archaeo-genomic study integrating genome-wide capture
data, material culture, as well as strontium and oxygen stable isotope ana-
lyses of 104 individuals from the Lech Valley, Germany, spanning from
the Late Neolithic to the Middle Bronze Age (Mittnik et al. 2019). They
discuss the hypothesis that households were, at that time and region,
socially stratified institutions. Indeed, in the vicinity of farmsteads, three
different types of burials were identified: those associated with rich grave
goods and holding the remains of members of the same family; those
well-furnished but where non-local adult women were buried; and a third
burial type with low-status, unrelated women. Interestingly, among the
10 different parent-offspring relations identified, the offspring was sys-
tematically a male (adult in 9 out of 10 cases), indicating that daughters
may have had to leave their parental home. This observation is consistent
with isotopic and archaeological evidence suggesting that high-status
women identified on site were from non-local origin, most likely coming
from several hundreds of kilometers away. Of note, these studies
(Schroeder et al. 2019; Mittnik et al. 2019; Furtwingler et al. 2020) focus
only on Central Europe (Poland, Germany, Switzerland). Considerable
extra sampling and sequencing efforts are still needed before their con-
clusions can be used to generalize on a wider European scale.

CONCLUSION

A wide range of methods and software tools have been designed for
inferring relatedness from genomic or genome-wide SNP data. A total of
12 methods have been benchmarked, showing high accuracy for first-
and second-degree relationships in modern DNA data (Ramstetter et al.
2017). IBD-based methods, however, appeared more accurate and more
efficient in deciphering distant relatedness than methods relying on inde-
pendent markers. The idiosyncrasies of ancient DNA data, such as the
absence of reference panels, the diverse molecular tools or platforms
used, the uncertainty on strict sample contemporaneity, or the various
coverage achieved across individuals, preclude similar benchmarking on
real data. The power and accuracy of relatedness inference methods can,
however, be evaluated through simulations (Martin et al. 2017; Hanghgj
et al. 2019) or on small sample size datasets (Theunert et al. 2017).
Methods developed for shallow genome sequencing can not only benefit
forensics and ancient DNA studies, but also be applied to wild animal
survey through non-invasive sample collections (e.g., fecal baboon
DNA, Snyder-Mackler et al. 2016), off-target regions in target sequenc-
ing studies (Dou et al. 2017), or very large sample size studies where only
very low coverage sequencing is affordable. The best strategy remains
debatable, especially as combining the inferences from different methods
does not seem to drastically enhance the accuracy of the relatedness
inferences drawn (Ramstetter et al. 2017). Future approaches may not be
restricted to pairwise comparisons, but instead will also exploit the
relatedness signals obtained from multiple individuals.
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Applied to ancient humans, these molecular analyses aim at serving
as tools to complement historical and archaeological approaches in order
to get a deeper understanding of past societies. For many years, major
paleogenomic studies have been based on sampling individuals across
multiple sites, assumed to be representative of a defined culture (Haak et
al. 2015; Allentoft et al. 2015; Olalde et al. 2018). Some of the most
recent studies favor a micro-regional approach and attempt to character-
ize the genomes of all possible individuals in a multiple/collective burial
or in a cemetery, aiming at revealing its entire genomic complexity. In
combination with the study of material culture, funerary practices, iso-
topic data, physical anthropology, paleopathology and others, molecular
approaches to kinship inference will help us better understand the rules
and factors underpinning the organization of past societies.
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