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Abstract

A primary challenge in the analysis of free-ranging animal populations is the accu-
rate estimation of relatedness among individuals. Many aspects of population analy-
sis rely on knowledge of relatedness patterns, including socioecology, demography,
heritability and gene mapping analyses, wildlife conservation and the management
of breeding colonies. Methods for determining relatedness using genome-wide data
have improved our ability to determine kinship and reconstruct pedigrees in humans.
However, methods for reconstructing complex pedigree structures and estimating dis-
tant relatedness (beyond third-degree) have not been widely applied to other species.
We sequenced the genomes of 150 male rhesus macaques from the Tulane National
Primate Research Center colony to estimate pairwise relatedness, reconstruct closely
related pedigrees, estimate more distant relationships and augment colony records.
Methods for determining relatedness developed for human genetic data were applied
and evaluated in the analysis of nonhuman primates, including identity-by-descent-
based methods for pedigree reconstruction and shared segment-based inference of
more distant relatedness. We compared the genotype-based pedigrees and estimated
relationships to available colony pedigree records and found high concordance (95.5%
agreement) between expected and identified relationships for close relatives. In ad-
dition, we detected distant relationships not captured in colony records, including
some as distant as twelfth-degree. Furthermore, while deep sequence coverage is
preferable, we show that this approach can also provide valuable information when
only low-coverage (5x) sequence data is available. Our findings demonstrate the value
of these methods for determination of relatedness in various animal populations, with
diverse applications to conservation biology, evolutionary and ecological research

and biomedical studies.
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1 | INTRODUCTION

One fundamental element of mammalian social organization and
population biology is the pattern of kinship relationships among
individuals in a local population (de Waal & Tyack, 2003). The so-
cial groups of many diverse mammalian species include matrilines
or other clusters of genealogical relatives who develop, invest
in and benefit from long-term relationships (bottlenose dolphins
[Tursiops sp.: Krutzen et al., 2003]; lions [Panthera leo: Spong et al.,
2002]; elephants [Loxodonta cyclotis: Schuttler et al., 2014]; ba-
boons [Papio sp.: Altmann, 1980; Silk et al., 2003; Stadele et al.,
2016]). Investigating and understanding behavioural interactions
among individuals, patterns of mate selection (Vigilant et al.,
2001), dispersal and intergroup migration (Cheney & Seyfarth,
1983; Langergraber et al., 2014; Van Cise et al., 2017), group
fission and critical aspects of natural selection such as variation
in interbirth intervals or infant survivorship (Silk et al., 2003) re-
quires information about the relationships among the actors in the
continual drama of mammalian social behaviour and life history.
Unfortunately, documenting kinship among individuals in natu-
ral populations of animals, especially among long-lived mammals
such as primates, cetaceans, elephants and other large-bodied
species, has traditionally required many years (often decades) of
continuous observation of recognizable individuals (Alberts &
Altmann, 2012; Ishizuka et al., 2020; McComb et al., 2001). Even
then, paternity is often uncertain without some form of genetic
testing. In addition, investigations of smaller animals with shorter
generation times but that are migratory or are otherwise difficult
to repeatedly observe or identify can also present challenges for
the assessment of kinship among study individuals. Research in
various aspects of the ethology, social organization, ecology, de-
mography and population genetics of natural populations benefits
directly from methods to identify or confirm relationships among
individuals that do not require long-term observation of habitu-
ated populations (Foroughirad et al., 2019; Ishizuka et al., 2020;
Langergraber et al.,, 2014; Snyder-Mackler et al., 2016; Stadele
et al,, 2016; Van Cise et al., 2017). In addition, biomedical research
using captive populations of nonhuman primates or other species
can benefit from the capacity to determine parentage or other
relationships among individuals whenever reliable pedigree infor-
mation is not available (Kanthaswamy et al., 2006; Rogers et al.,
2006; Vinson et al., 2013).

In previous work spanning more than twenty years, researchers
have used highly polymorphic genetic markers (usually microsatel-
lites) to infer relationships in nonhuman species (Morin et al., 1994;
Stadele & Vigilant, 2016). These inferences have relied on genotyp-
ing microsatellites, mitochondrial DNA or other markers and have
focused on identifying parent-offspring pairs, full- and half-siblings
([Kanthaswamy et al., 2006; Morin et al., 1994; Stadele et al., 2016;
Vigilant et al., 2001; Walling et al., 2010] and see Flanagan and Jones
(2019) for a recently published excellent review). More recently,
researchers have begun to use single nucleotide polymorphisms
(SNPs) for parentage and kinship analyses in long-lived mammals

such as yellow baboons (Papio cynocephalus: Snyder-Mackler et al.,
2016), dolphins (Tursiops aduncus: Foroughirad et al., 2019), and pilot
whales (Globicephala macrorhynchus: Van Cise et al., 2017). In some
cases these studies have used thousands of SNPs from across the
genome (Andrews et al., 2018; Premachandra et al., 2019; Snyder-
Mackler et al., 2016; Strucken et al., 2016; Zhang et al., 2018). The
methods employed in these studies can accurately infer very close
pairwise relationships and some can cluster closely related indi-
viduals together into a family group with assigned parentage (as
in COLONY: Wang, 2013) and grandparentage (as in SEQUOIA:
Huisman, 2017).

Many studies of mammalian populations, both natural and
domesticated, have used genetic markers to identify parent-off-
spring relationships (see references cited above) but few have
attempted to identify more distant relationships (Foroughirad
et al., 2019; Goudet et al., 2018; Snyder-Mackler et al., 2016; Van
Cise et al., 2017). One major hurdle has been the lack of adequate
methods for generating sufficiently informative genetic data to
detect relatedness of third-degree or greater. Microsatellite loci
can be powerful for detecting close relationships, but lack the
capacity to accurately determine more distant relationships, and
require specific knowledge of high heterozygosity loci in the par-
ticular population under study. Given recent advances in DNA se-
quencing (both whole genome sequencing and RAD-seq methods)
and genotyping technology, it is now feasible to generate whole
genome genotype data for significant numbers of study subjects
from any vertebrate or invertebrate population (Andrews et al.,
2018; Flanagan & Jones, 2019; Snyder-Mackler et al., 2016; Xue
et al., 2016). This has dramatically improved prospects for kinship
analysis in various species.

In parallel with advances in molecular genomics, there has been
considerable progress in the development of analytical methods to
reconstruct closely related pedigrees and infer distant pairwise re-
lationships using genetic data in humans (Conomos et al., 2016; Li
et al., 2014; Staples et al., 2014, 2015, 2016). In addition, as methods
to detect cryptic or unrecognized relatedness have been developed,
this has been increasingly recognized as a source of bias in genetic
studies when not adequately addressed (Conomos et al., 2015). Our
ability to investigate, leverage or control for relatedness is of course
limited by our ability to accurately assess it.

Related individuals often share identical segments of the
genome that have been inherited from a recent common ances-
tor. Due to recombination events in homologous chromosomes
during meiosis, we expect fewer and smaller identical segments
to be shared between pairs of individuals that are more distantly
related compared to more and larger segments shared between
more closely related pairs. Therefore, the length and distribution
of these genomic segments shared identical-by-descent (IBD) can
be used to estimate the degree of relatedness between a pair of
densely genotyped individuals (Browning & Browning, 2011; Huff
et al., 2011; Li et al., 2014). If IBD sharing is widespread across
the genome, the genome-wide average proportion of IBD shar-
ing is also a useful metric because the expected mean proportions
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of genetic sharing between relatives can be used to distinguish
between degrees of relatedness (Huff et al., 2011; Purcell et al.,
2007).

Effectiveness of these different methods depends on the de-
gree of relatedness between the individuals (Staples et al., 2014).
Genome-wide average IBD proportions are better suited to pre-
dict close relationships (e.g., third-degree or closer), while IBD
segment-based approaches are preferable for more distant rela-
tionships, generally fourth- to eighth-degree. Beyond eighth-de-
gree, the likelihood that a pair of individuals shares any genomic
segment at all from a recent common ancestor drops below 50%
and therefore pairwise relationships beyond the eighth-degree
are often not detectable using genetic data (Huff et al., 2011). For
closely related kin (third-degree relatives or closer) genome-wide
average sharing of common variant genotypes that are IBD pro-
vides robust estimates (Staples et al., 2014). Software tools such
as Pedigree Reconstruction and Identification of a Maximum
Unrelated Set (PRIMUS; Staples et al., 2014, 2015), can be used to
reconstruct all possible pedigrees consistent with the pattern of
pairwise IBD sharing for any given set of study samples linked by
third-degree or closer relationships. Estimation of recent shared
ancestry (ERSA; Huff et al., 2011; Li et al., 2014) is a tool for esti-
mating pairwise more distant (first- through eighth-degree) relat-
edness from dense genotype data.

Combining the closely related pedigree structures generated
in PRIMUS with the distant relatedness estimations from ERSA, it
is possible to aggregate evidence over all distantly related pairs of
individuals in two pedigrees to more accurately identify even very
distant (up to thirteenth-degree) relationships using Pedigree-Aware
Distant Relatedness Estimation (PADRE; Staples et al., 2016). For
example, in Figure 1, if individual D is demonstrated to be related at
sixth-degree to individual F, and individuals D and G are estimated
to be related at seventh-degree, we can maximize likelihood across
these multiple distant relationship measures to increase our confi-
dence in our inference of the distant relationship between founders
D and M.

PRIMUS and PADRE overcome many of the limitations of pre-
vious approaches by leveraging both pairwise genome-wide IBD
proportions and the length and distribution of shared segments.
Additionally, unlike other approaches, PRIMUS reconstructs all non-
consanguineous pedigrees of arbitrary size and structure that are
consistent with the genetic data, spanning any number of gener-
ations, allowing for data missingness from missing samples within
pedigrees, establishing directionality of relationships, and gener-
ating pedigree images and corresponding FAM files (Chang et al.,
2015). PRIMUS can even reconstruct some consanguineous ped-
igrees with offspring of parents who are third-degree relatives.
PADRE leverages multiple relationships across pedigrees to provide
more accurate estimates of distant relationships between pedigree
founders. Together, these tools represent major advances in pedi-
gree reconstruction that, to our knowledge, have not been applied
for pedigree reconstruction and distant relatedness estimation out-
side of the context of human data analysis.

RESOURCES

Access to software tools that can estimate both close pedigree
relationships and distant pairwise relatedness, combined with whole
genome genotype data, creates new opportunities to determine
kinship relationships across a set of study subjects using genetic
information alone and opens remarkable new avenues of research
into social behaviour, social organization, various aspects of demog-
raphy (dispersal, group histories) and other elements of population
biology and socioecology. We sought to test these methods using a
population in which partial pedigree information was available, thus
providing an opportunity to explore the power of these pedigree re-
construction methods for nonhuman mammals and to assess their
accuracy.

Rhesus macaques (Macaca mulatta) are the most commonly
used nonhuman primates in biomedical research. A whole genome
reference sequence assembly for this species was first published in
2007 (Gibbs et al., 2007), and has been subsequently improved (e.g.,
GenBank accession GCA_000772875.3; also called Mmul_8.0.1).
Accurate determination of relatedness in nonhuman primates is
essential to facilitate gene mapping studies, the development and
analysis of primate models of human genetic diseases, and other as-
pects of biomedical investigation (Ackermann et al., 2014; Bimber
et al., 2017; Johnson et al., 2015; Rogers et al., 2013; Vinson et al.,
2013).

Despite the fact that the human and macaque genomes are ~93%
identical at the basepair level, various factors such as the higher lev-
els of genetic variation found in the macaques (greater than two-
fold higher in macaques of Indian origin relative to humans, Xue
et al., 2016), complex mating patterns, often including large paternal
half-sibships and the potential for inbreeding in captive populations,
make the generalizability of algorithms and software tools developed
for use in humans to the nonhuman primates uncertain (Bercovitch,
1997; Gibbs et al., 2007; Smith, 1982; Xue et al., 2016). Therefore,
we evaluated the performance of existing methods for estimating
relatedness from genetic data in a colony of 148 presumed Indian-
origin and two presumed Chinese-origin rhesus macaques from the
Tulane National Primate Research Center and compared our findings

to colony breeding group records.

2 | MATERIALS AND METHODS

2.1 | Subjects

The 150 animals analysed were selected from a set of active breed-
ing males and their male offspring at the Tulane National Primate
Research Center (TNPRC) colony. In total, the Tulane NPRC rhesus
macaque colony consists of more than 4000 animals that are man-
aged as several distinct multimale, multifemale breeding groups.
Males are occasionally exchanged between breeding groups to
maintain genetic health and natural social behaviour. The full his-
tory of the TNPRC rhesus macaque population includes many
more animals going back multiple generations to the 1960s, but
complete pedigree records are not available. Males were selected
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FIGURE 1 Example of pedigree reconstruction and distant relatedness estimation. This figure illustrates, for a single pADRE network,

the process of going from individual sequenced and QCed samples (a), to PADRE network (g). Expected pedigrees based on colony records
are given in (b). Step (c) depicts estimation of pairwise relatedness based on genome-wide identical-by-descent (IBD) proportions. In
PRIMUS, this step uses estimates from PLINK, however other tools could be used, including those that use genotype-likelihood data such as
NgsRelate (Korneliussen & Moltke, 2015). Step (d) shows the categorization of each pairwise relationship in PRIMUS, using a trained kernel
density estimation for each of relationship category. Then, priMus reconstructs all possible pedigree structures that match the relationships
present, shown in step (e). At this stage, we compared these pedigrees to colony records, including animal date of birth, to select the
pedigree that matched this data most closely. Step (f) shows, in a separate pipeline, the estimation of pairwise relatedness in estimation of
recent shared ancestry (ERSA), using IBD segments identified in the sequencing data. Here, we used GerMLINE to identify these segments
(used as input to ERSA), but other tools, including hap-ibd (Zhou et al., 2020), rarip (Naseri et al., 2019), or TrurrLE (Dimitromanolakis et al.,
2019), could also be used. Finally, the PRIMUS pedigree structures and the ERSA pairwise relatedness estimates are combined to improve
estimates of distant relatedness between the pedigrees in PADRE in step (g). In this step, all distant pairwise relationships between
genotyped individuals detected by ERSA (depicted by medium-grey dotted lines) are leveraged to maximize the likelihood of the relationship

estimate between founders in each pedigree, D and M. The light-grey dotted lines depict additional distant relationships between the
pedigrees implied by the PADRE inference, not detected in ERSA. Additional details for steps c-g are available in the original methods
manuscripts (PRIMUS, ERSA, and PADRE). The red boxes with connecting lines indicate that the same individual is depicted twice in the

same pedigree. Sequenced samples are highlighted in green

for this study because higher ranking males sire a disproportion-
ately large proportion of all births, and their male offspring were
included because enriching the sample population for expected
first-degree relationships helps to anchor distant relationship
detection by providing more pairwise relationship comparisons
(Figure 1 gives an illustration of how close pedigree relationships
improve distant relatedness estimation). Available colony records
included the known dam for each animal and either the known sire
or likely sires based on breeding group composition. These records
were used to construct a set of expected relationships for each
pair of animals.

2.2 | Sequencing and quality control

DNA sequence data for 150 TNPRC rhesus macaques were generated
via whole genome sequencing using 2 x 150 bp reads generated on
the lllumina HiSeq X platform (workflow shown in Figure 2). The aver-
age genome-wide read coverage across samples exceeded 35x. Reads
were mapped to the rhesus reference genome (NCBI Mmul_8.0.1)
using BWA-MEM and SNPs were called using Atk with standard qual-
ity filtering and workflow processes (DePristo et al., 2011; Li, 2013;
McKenna et al., 2010; Van der Auwera et al., 2013). We compared ob-
served and expected X-chromosome heterozygosity to check sample
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FIGURE 2 Analysis workflow for genetic determination of
relatedness within a colony of rhesus macaques from the Tulane
National Primate Research Center. This flow chart outlines our
analytic approach, including software that was used. The left
branch gives the steps used for close relationship detection based
on genome-wide IBD proportions between each pair of animals; the
right branch gives the steps used for distant relationship detection
via pairwise identical-by-descent (IBD) segmental sharing. The
final step, PADRE, combines these results and reclassifies distant
relationships based on maximizing likelihood across pedigree
structures identified in PRIMUS

sex, as well as comparing genome-wide heterozygosity F coefficients
for all samples (Figure S1). Finally, to verify sample ancestry, we merged
colony data with a reference data set of 133 unrelated rhesus ma-
caques, including nine known Chinese-origin samples, and performed
principal components analysis using pLINK version 1.9 (Figure 3; Chang
et al., 2015; Xue et al., 2016). Due to allele frequency differences be-
tween Indian and Chinese rhesus macaques that can bias close rela-
tionship detection, all Chinese-origin samples were removed from
further analysis. After excluding four Chinese-origin and two extreme
heterozygosity Indian-origin animals, we retained a total of 144 sam-
ples for our final analysis. Variant filtering included removal of low fre-
quency (MAF < 1%) or high missingness (>5%) variants. Of 39,193,704
autosomal variants genotyped, 19,237,207 remained after all filtering
steps and were included in our prIMUS analysis. For our ersa analysis, the
IBD segment detection method used is sensitive to marker density (Li
et al., 2014), and our sequence data is substantially more dense than
typical human genotype array data (we observe a mean pair difference
of ~26,900 per cM, compared to ~454 per cM for lllumina Expanded
Multi-Ethnic Genotyping Array [MEGA] human data). Thus, we per-
formed additional variant filtering to more closely match the marker

RESOURCES

density observed in humans. To do so, we used caTK, excluding any
variants with quality by depth <10.0, strand bias using Fisher's exact
test >2.0, root mean square of mapping quality <59.0 or >61.0, strand
bias using the symmetric odds ratio test >1.5, or MAF <45%, retaining
a total of 989,979 variants.

2.3 | Data analysis

The cleaned and filtered data were used to generate genome-wide
average IBD proportions for each pair of individuals using pLiNK ver-
sion 1.9 within the pre-PRIMUS pipeline (Chang et al., 2015). Other
tools can also be applied for IBD estimation, including methods that
allow for use of genotype likelihood data. Close relationship detec-
tion and pedigree reconstruction was performed by supplying IBD
proportion estimates to priMus version 1.9.0 (Staples et al., 2014). We
first reconstructed all pedigrees of first-degree relatives (7 > 0.375),
then combined the most closely related first-degree pedigrees into
groups of two or three pedigrees and reconstructed these combined
samples to third-degree (z > 0.09375). Using the data filtered for
ERSA, haplotype phasing was completed in Beagle version 4.1 using
default settings (Browning & Browning, 2007). GERMLINE version 1.5.1
was used to detect IBD shared segments for all animals; we allowed
a maximum of one mismatching heterozygous marker and two mis-
matching homozygous markers in each identified IBD segment, and
required a minimum segment length of 2.5 cM (Gusev et al., 2009).
Conversion to cM location assumed the average genome-wide re-
combination rate observed in a prior study of rhesus macaques,
0.433 cM/Mb (Xue et al., 2016). ersa version 2.0.33 was used to de-
tect distant relationships, with the number of chromosomes set to
20 and recombination events per meiosis set to 13.6. Recombination
events per meiosis were calculated by taking the observed recombi-
nation rate in Xue et al. (2016) (0.433 cM/Mb) and multiplying by the
total length of the sequencing data in Mb. To characterize the sen-
sitivity of our ersa estimates to an accurate estimate of the recom-
bination rate, we performed additional ersa analyses, varying the
number of recombination events per meiosis from 6.0 to 30.0. Using
PADRE version 1.02, we identified second- through ninth-degree re-
lationships between pairs of individuals without genotyped parents
(“founders”) in different priMus pedigrees (Staples et al., 2016). This
approach jointly considers the likelihood of all distant relationships
implied between each pedigree by a certain degree of relatedness
between a founder from each of the pedigrees to more accurately
determine the founder relationship. To characterize the accuracy of
our genetically determined results, we compared the expected rela-
tionship status to the genetically determined relationship for each
pair.

2.4 | Downsampled analyses

To broaden the utility of this report to applications with lower cov-
erage sequencing data, we downsampled the sequencing data to
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FIGURE 3 Principal component plot
illustrating sample ancestry for a colony
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average coverage of 5x and 3x using samtools and performed the
same analyses as in the full coverage data. Quality control and
analysis of the downsampled data followed the procedures outlined
for the primary analysis, with the exception of the variant filtering
steps. For the 5x analysis, variants with read depth >10 or genotype
quality >14 were included in the priMus analysis, retaining a total of
33,436,831 variants. For the 3x analysis, variants with read depth
>7 or genotype quality >14 were included in the priMus analysis, re-
taining a total of 29,059,190 variants. primMus typically downsamples
densely genotyped data at random to reduce computational load;
however, for these analyses, because of the reduced the number
of variants that passed filtering steps, we removed this filter. ersa
analyses were performed for the 5x downsampled data, using IBD
segments generated from GerMLINE allowing for 19 mismatching het-
erozygous variants and five mismatching homozygous variants.

3 | RESULTS

3.1 | Genetically determined relationships

To illustrate the methods used, we will first walk through an ex-
ample of pedigree reconstruction for close relationships and dis-
tant relationship inference anchored by the genetically determined
pedigrees for a single PADRE network. For a group of nine animals
(Figure 1a), colony records gave the expected relationship structures

0.0

shown in Figure 1b, constituting four sire-offspring pedigrees. Using
PrRIMUS, we determined that the same animals comprise two closely
related networks (Figure 1c-e), identifying close cryptic relatedness
among the four expected pedigrees. Expected pedigrees 1 and 2 are
connected to form priMus pedigree 5 (Figure 1e), with a grandpar-
ental relationship between individuals A and E and half-avuncular
relationships between pairs B-E and C-E. Expected pedigrees 3 and
4 are connected to form priMus pedigree 6, with the discovery of a
cryptic half-sibship between individuals F and H. These networks
and distant relationship predictions from ERSA (Figure 1f) were
supplied to PADRE for inference of distant relationships between
founders of each pedigree, and PADRE identified a fifth-degree re-
lationship between founder D from pedigree 5 and missing founder
M from pedigree 6 (p = 4.06 x 10™*, Figure 1g). This relationship can
be more confidently asserted as fifth-degree due to evaluation in
the context of the closely related pedigrees for each founder, with a
fifth-degree relationship between founder D and missing founder M
implying additional relationships not identified by ERSA of seventh-
degree between individuals E and F and eighth-degree between in-
dividuals E and G.

We applied PRIMUS, ERSA, and PADRE across the entire gen-
otyped sample, and in total, using PADRE, we identified 2749 re-
lationships first to twelfth-degree among the included animals
(Table 1, Figure S2). We identified 85 parent-offspring (first-degree),
36 second-degree, 14 third-degree, and four fourth-degree relation-
ships using PRIMUS. These close relationships comprised 54 sire
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TABLE 1 Number of genetically determined relationships by
degree of relatedness for a colony of rhesus macaques from the
Tulane National Primate Research Center

Genetically determined PRIMUS ERSA Combined
degree of relatedness results? results PADRE results
Parent-offspring 85 85 85

Full sibling 0 0 0

2 36 197 91

3 14 178 215

4 4 368 369

5 = 536 570

6 — 387 674

7 = 143 386

8 — 9 140

9 = = 58

10 — — 102

11 = = 49

12 — — 10

2priMUs only detects relationships that can be connected by non-missing
relationships up to third-degree; ersa only detects relationships up

to eighth-degree. Dashes in all columns indicate that this degree of
relationship was not assessed.

1.00-

0.75-

Proportion
o
3

0.25-

RESOURCES

groups, i.e., pedigrees for each founder sire including only first-de-
gree relationships. The largest sire group included six animals, and
the smallest included only two animals in a single parent-offspring
relationship. Combining the most closely related sire groups to cre-
ate larger anchoring pedigrees for PADRE resulted in 47 pedigrees
(https://github.com/belowlab/tnprc-pedigrees), containing a mean
of 2.96 animals. We identified 1809 relationships from first- to
eighth-degree using ERSA, based on pairwise IBD segmental shar-
ing. We note that for the PADRE results, ninth-degree relationships
are beyond the limit of genetic detection using ERSA, so we can only
observe ninth and greater degree relationships when they are linked
through PRIMUS close relationships. Therefore, we expect to ob-
serve fewer ninth- and greater degree relationships relative to other
distant relationships.

We also explored the sensitivity of ERSA estimates to potential
error in the recombination rate. We varied the estimated number
of recombination events from what has been previously observed
(13.6), to 30.0. We observed that small variation in the estimated
number of recombination events per meiosis does not dramatically
impact the inferred degree of relatedness (Figure 4). The results in-
dicate that if the number of recombinations per meiosis is overes-

timated by as much as 65%, the proportion of pairwise estimates

Difference in inferred degree
— 0

——

0.00 -

5 10 15 20

Recombinations per meiosis

25 30

FIGURE 4 Comparison of inferred degree of relatedness by the number of recombination events per meiosis supplied to estimation of
recent shared ancestry (ERSA). For each pair of animals predicted to be related by ERSA in the primary analysis, the proportion of pairs
with each difference in the inferred degree of relatedness is plotted for different numbers of recombinations per meiosis supplied to ERSA,
compared to the inferred degree of relatedness based on the previously observed recombination rate in rhesus macaques (13.6, denoted by

the black vertical line here)


https://github.com/belowlab/tnprc-pedigrees

PETTY ET AL.

1340 MOLECULAR ECOLOGY
WILEY

of relatedness that are correct or within one degree of relatedness
remains 89.6%. However, if the number of recombination events is
off by approximately two times the true recombination rate, 97.8%
of inferred degrees of relatedness will be inaccurate, though 95.8%
of these predictions were within two degrees of the gold standard
estimate. If the number of recombinations per meiosis is under-
estimated by as much as one half of the true recombination rate,
85.9% of inferred degress of relatedness will be inaccurate, though
94.8% of these predictions will be within one degree of relatedness
(Figure 4 shows results for all pairs of animals inferred to be related
in the original ERSA estimates, Figure S3 shows results for all pairs
of animals, including those inferred to be unrelated.)

3.2 | Comparison to colony records

We compared our genetically determined sex, ancestry and relation-
ships to colony records. All animals were genetically male, consist-
ent with colony records. We identified two additional Chinese-origin
animals and verified primarily Indian-origin ancestry in the remaining
animals (Figure 3). Twenty-one animals were expected to be unre-
lated to the rest of the colony based on records, and all of these
animals were inferred to be unrelated based on genotypes. Table 2
presents, for each pair of animals, the degree of relatedness that was
expected from colony records and the degree of relatedness that
was genetically determined from PADRE. Concordant relationships
lie on the diagonal, with off-diagonal cells representing relationships
that were not validated (either due to record misspecification or
sample swap), or relationships that were not present in the colony
records. It is also conceivable that discordant relationships could

TABLE 2 Comparison of genetically determined relationships
with presumed relationships based on colony records among rhesus
macaques from the Tulane National Primate Research Center
colony

Presumed degree of relatedness

Genetically determined from colony records

degree of relatedness
from PADRE 1 2

Unknown
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Unrelated

be due to the genetically determined relationship being misspeci-
fied, though this is extremely unlikely for close relationships such as
those examined here (Staples et al., 2014). Genetically determined
parent-offspring relationships were overwhelmingly concordant
(95.5%) with expected relationships, although one expected parent-
offspring relationship was determined to be unrelated and one was
determined to be a third-degree relationship. No full-sibling rela-
tionships were expected or observed. We expected 28 half-sibling
relationships based on colony records and identified 25 concordant
genetically determined half-sibships. Two expected half-sibships
were found to be related at a greater degree, and one expected half-
sibship was genetically unrelated. We also identified a total of 66

additional second-degree relationships.

3.3 | Downsampled analyses

We next tested the power and accuracy of this approach using low-
coverage sequence data. Using genotype calls based on the same
Illiumina sequencing reads downsampled to an average 5x genome
wide coverage, we found that although IBD proportion estimates
were impacted by the downsampling (Figure 5), the priMus analysis of
first-degree relationships were identical to those using the full deep
coverage sequencing. When the sequence reads were downsampled
to genome wide 3x coverage, priMus produced different (incorrect)
pedigrees in 16 of the original 52 pedigrees, compared to the pri-
mary results.

Given the discrepancies in even close relationships for the 3x
downsampled coverage data, ERSA analyses were only undertaken
in the 5x downsampled data. We compared the degree of the rela-
tionship from priMus and inferred degree of relatedness from ERSA
based on the 5x downsampled data to analogous estimates from
the original full-coverage data (Tables 3 and 4). Sixteen relationships
from priMus pedigrees that could be reconstructed with the full-cov-
erage data could not be reconstructed with the 5x downsampled
data. We observed some deflation of ERSA-inferred relatedness in
the downsampled analysis, i.e., pairs of animals observed to be re-
lated at a higher degree in the original analyses were predicted to
be somewhat more distantly related in the downsampled analysis,
especially among pairs identified as more that fourth-degree rela-
tives in the full-coverage data. However, we do note that most errors
consisted of overestimating pairwise relatedness by just one degree.

4 | DISCUSSION

As access to whole genome, RAD-Seq or SNP array methods has
improved, an increasing number of investigators have begun to use
SNPs rather than microsatellites for the analysis of parentage and
pairwise relatedness. The cost per sample of generating large-scale
whole genome or RAD-seq SNP data is still higher than that of a mod-
est number of microsatellite genotypes, but the difference in cost is
declining and the additional value of SNPs, e.g., information about
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FIGURE 5 lllustration of (a)
nonconcordance of colony records and
genetically determined relationships.

For two half-sibships that were
nonconcordant between colony records
and final paDRE results, we show, on the
left, expected pedigrees based on colony
records. On the right, we show the
genetically determined pedigrees from

Expected pedigrees

RESOURCES
PRIMUS pedigrees

TEF TRt

prIMUS. Sequenced samples are highlighted (b)
in green

=

TABLE 3 Comparison of downsampled 5x PRIMUS results to
full-coverage 35x PRIMUS results

Degree of relatedness in full-coverage

PRIMUS results
Degree of relatedness in

PRIMUS 5x results 1 2 3 4
1 85 0 0 0
2 0 32 0 0
3 0 5 0
4 0 0 1
NA 0 13 3 0

Abbreviation: NA, not assessed

predicted functional variation in protein-coding sequences as well as
the potential for inferences about more distant relationships has been
recognized (Foroughirad et al., 2019; Stadele & Vigilant, 2016). In addi-
tion, some populations such as genetically depauperate endangered or

captive populations may not present adequate microsatellite variation.

TABLE 4 Comparison of downsampled
5x estimation of recent shared ancestry
(ERSA) results to full-coverage 35x ERSA
results

Degree of relatedness
in ERSA 5x results

W N Ot BAWN e

Unrelated

Furthermore, methods related to low quality DNA, such as DNA from
faecal samples, are improving. This will provide an opportunity to use
noninvasive sample collection methods and therefore significantly ex-
pand the range of populations that can be analysed (Chiou & Bergey,
2018; Snyder-Mackler et al., 2016; White et al., 2019).

Using genetic data from 150 rhesus macaques, we applied IBD-
based methods of pedigree reconstruction and distant relationship
inference and compared the identified relationships against colony
records. We observed nearly complete concordance between the
genetically determined relationships and those expected based on
colony records (95.5% of expected relationships were verified by
IBD), with only five conflicting relationships. For first-degree rela-
tionships, this echos previous studies that have shown that parent-
age testing is reliable using just a few thousands SNPs (Flanagan &
Jones, 2019; Foroughirad et al., 2019; Snyder-Mackler et al., 2016).
We also inferred degrees of distant relationship between founders
of each of the closely related pedigrees, demonstrating our abil-

ity to predict relationships as distant as twelfth-degree in rhesus

Degree of relatedness in full-coverage

ERSA results

1 2 3 4 5 6 7 8  Unrelated

85 0 0 0 0 0 0
0 52 0 0 0 O 0
0 110 0 0 0 0 0
0 34 156 61 0 0 0 O 0
0 0 14 269 110 1 0 0 0
0 0 0 32 319 147 10 O 20
0 0 0 77 185 98 4 150
0 0 0 4 12 24 5 198
0 0 0 25 42 11 0 7860
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macaques and to identify 2640 relationships not present in colony
records. The initial expected relationships comprised only 4.0% of
the total identified relationships.

The observed nonconcordance of some expected and observed
relationships can be explained by pedigree misspecification or sam-
ple swaps (two or more samples that were misidentified as another
sample due to an error in sample labelling or handling). We observed
two expected half-sibships that were actually distantly related. As
illustrated in Figure 5a, for one of these sibships, we observe that the
presumed shared dam of D and E was misspecified for one, and ob-
serve a cryptic sire-offspring relationship between F and B. For the
other sibship (Figure 5b), based on genetically determined relation-
ships, we observe that H was misspecified as the sire of J and also
observe cryptic sire-offspring relationships between pairs H-K and
H-M. Because genetically determined relationships are remarkably
accurate given sufficient data (>90% accuracy even with pedigree
missingness up to 40% (Staples et al., 2014), whereas missingness
in our closely related pedigrees is far below this) for first- and sec-
ond-degree relationships, we believe that they represent the true
pedigree structure in this case, providing an example of how our
methods can augment known relationship records.

Changes required to apply our methods to rhesus macaques were
minimal. For inferences of close relationships, we did not observe any
systematic bias in the inferred degree of relationship due to differing
patterns of genetic variation in rhesus macaques relative to humans.
Therefore, no adjustment to priMus procedures used for human data
was required. For distant relationship inference using pADRE, we only
had to adjust model input parameters for recombination rate and

(@

0.75-

0.50 -

IBD1 proportion in 5x

0.25-

0.00-

0.00 0.25 0.50 0.75 1.00
IBD1 proportion in 35x

expected segmental sharing in unrelated population samples in ErsaA
to match segmental sharing patterns in rhesus macaques. We did
observe that ersa identified more second-degree relationships than
PADRE did. This may be due to the fact that paDRE does not allow for
multiple common ancestors when connecting closely related pedi-
grees. Alternatively, since the IBD proportion estimates used by pri-
Mus to infer degree of relatedness are more accurate than the shared
segments used by ersa for closely related pairs, Ersa may be inaccu-
rately characterizing pairs as closely related, and incorporating a lack
of evidence of close relatedness from priMus in PADRE may indicate
that the pair is actually related at a greater degree.

We note that a limiting factor for some applications of these
techniques may be the quantity of genetic data available per sam-
ple, which was not a major concern in our high-coverage data. To
explore the applicability of our methods to lower coverage data, we
undertook additional analyses with data downsampled to 5x and 3x
coverage. We then performed systematic depth and genotype qual-
ity filtering in our 5x downsampled analysis and plotted IBD propor-
tion estimates against the “gold standard” IBD proportion estimates
from the primary analysis (Figure 6). Our final filtering scheme for
our 5x downsampled data did result in some bias in the IBD propor-
tion estimates, however this did not ultimately impact the first-de-
gree pedigrees reconstructed. It is clear from these analyses that
lower-coverage data is more sensitive to quality control procedures.
Therefore, careful filtering to retain only high quality variants is im-
portant when applying these methods in low coverage data to ob-
tain accurate IBD proportion estimates. Approximately 6,000 high
quality variants are needed in common for each pair of individuals

0.00 0.05 0.10 0.15
IBD2 proportion in 35x

FIGURE 6 Comparison of identical-by-descent (IBD) proportion estimates in original and downsampled sequencing data. For our 5x
downsampled analysis, we compare here the (a) IBD1 and (b) IBD2 proportion estimates from pLink for all pairs of animals to the original IBD

proportion estimates from pLiNk in the primary, 35% coverage, analysis
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in humans to get accurate IBD proportion estimates in pLiNk (Staples
et al., 2015); this number may vary depending on species total ge-
nome size and the IBD estimation approach chosen.

Using ersa to identify relatedness from IBD segment sharing is
also applicable in lower coverage data, and depending on the IBD
segment identification tool used, can be more tolerant to genotyping
error due to low coverage. GerMLINE, wWhich we applied here, allows
the user to specify the number of mismatching variants to tolerate.
Compared to our “gold standard” full-coverage results, accuracy is
reduced; among pairs predicted to be related in either the full-cov-
erage or downsampled analyses, 74.0% of pairs were inferred to be
related within one degree of the full-coverage estimate. For many
applications of distant relatedness, this may be sufficient, as the dif-
ference between, for example, fifth- and sixth-degree relatedness,
may be less important than the simple observation of some degree
of distant relatedness.

There are of course some limitations to our present study. We
sampled only two generations of animals, meaning that we were
missing common ancestors in the inferred pedigrees. Greater in-
clusion of missing common ancestors will decrease the level of un-
certainty in our distant relationship inference (Staples et al., 2016;
Taylor, 2015). Additionally, expected relationship status is only
available for close relationships, meaning we are unable to defini-
tively verify the accuracy of the distant relationships we identified
based on colony records. However, simulations in human data have
demonstrated the utility of the PADRE method to identify true distant
relatedness through 13th-degree (Staples et al., 2016). Furthermore,
any ability to ascertain distant relationships represents an improve-
ment over the current state of the field, and accuracy will improve
as better characterization of population genetic parameters specific
to rhesus macaques (or any subject species) occurs. Finally, since the
inference of distant relationships relies on having genetic reference
data, including both a reference genome similar enough to the spe-
cies under study that reliable SNP genotypes can be produced, and
accurate estimates of recombination rate in the species, our results
inferring very distant relationships may not be representative of
what we would observe for species lacking both. However, refer-
ence genome assemblies for more species are being generated at a
rapid pace, and recombination rates generally do not differ signifi-
cantly among closely related species (Stevison et al., 2016). If the
number of animals studied is large enough (previous estimates in
chimpanzees have used as few as 10 individuals; Auton et al., 2012),
it is possible to estimate recombination rate within the study sample
as well. In this case, we recommend performing the calculation of
recombination rate in the maximally unrelated subset from primMus to
remove any close relatedness in the data. Galla et al. (2019) have
examined the impact of using congeneric, confamilial, and conordi-
nal reference genomes for SNP discovery on pairwise estimates of
close relatedness, and find that estimates of relatedness are highly
correlated with estimates using a conspecific reference genome. Our
comparisons of ersa-inferred relatedness with varied recombination
rates demonstrated that inferred relatedness will be accurate within
two degrees of relatedness even when the number of recombinations

RESOURCES

per meiosis is incorrect by a factor of two (Figure 4). Additionally,
close relationship determination would be applicable and accurate
even when estimates of recombination rates are not available. Using
PRIMUS alone, distant relationships cannot be estimated for all pairs
of individuals, but any distant relationships interlinked by pairs of
closer relationships would still be identified.

Our results represent a step forward toward powerful and
widely applicable strategies to estimate pairwise relatedness among
sets of animals when pedigree relationships are not known. While
we have demonstrated the utility of this approach in a population of
captive macaques, the methods will be applicable to any diploid spe-
cies (vertebrate or invertebrate) for which suitable genotype data
can be generated. The approach presented here also allows for veri-
fication of relationship status when expected relationships are avail-
able and permits correction when any inconsistencies are found.
This also enables inference of close pedigree structure among an-
imals where relationship status is unknown but relatedness is pre-
sumed, e.g., in the case of the majority of our identified second- and
third-degree relationships. Finally, we demonstrate that we are able
to infer distant relationships between pedigree founders, who are
often presumed unrelated due to lack of information; this assump-
tion is rarely founded and can have profound impacts on colony
management or inferences drawn from observational pedigrees in
wild populations (Hogg et al., 2019). These results illustrate that use
of our methods results in a more complete and accurate assessment
of relatedness in nonhuman study subjects, enabling expanded stud-
ies of natural populations, improved management of captive colo-
nies, more effective study of genetic risk for disease and increased
power to determine pedigree relationships in any populations where
that information is not available. Future advances in sequencing or
genotyping technologies, reduction in SNP genotyping costs and
improvements in protocols for the use of non-invasively collected

samples will certainly increase the potential of this approach.
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