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Analysis of 100 high-coverage genomes
from a pedigreed captive baboon colony

Jacqueline A. Robinson, Saurabh Belsare,’ Shifra Birnbaum,? Deborah E. Newman,?
Jeannie Chan,? Jeremy P. Glenn,? Betsy Ferguson,®* Laura A. Cox,>®

and Jeffrey D. Wall'

Tinstitute for Human Genetics, University of California, San Francisco, California 94143, USA; 2Deparl‘menl‘ of Genetics, Texas
Biomedical Research Institute, San Antonio, Texas 78245, USA; 3Division of Genetics, Oregon National Primate Research Center,
Beaverton, Oregon 97006, USA; 4Department of Molecular and Medical Genetics, Oregon Health and Science University, Portland,
Oregon 97239, USA; 3Center for Precision Medicine, Department of Internal Medlicine, Section of Molecular Medicine, Wake Forest
School of Medicine, Winston-Salem, North Carolina 27101, USA; ¢Southwest National Primate Research Center, Texas Biomedical

Research Institute, San Antonio, Texas 78245, USA

Baboons (genus Papio) are broadly studied in the wild and in captivity. They are widely used as a nonhuman primate model
for biomedical studies, and the Southwest National Primate Research Center (SNPRC) at Texas Biomedical Research Institute
has maintained a large captive baboon colony for more than 50 yr. Unlike other model organisms, however, the genomic
resources for baboons are severely lacking. This has hindered the progress of studies using baboons as a model for basic
biology or human disease. Here, we describe a data set of 100 high-coverage whole-genome sequences obtained from
the mixed colony of olive (P. anubis) and yellow (P. cynocephalus) baboons housed at the SNPRC. These data provide a com-
prehensive catalog of common genetic variation in baboons, as well as a fine-scale genetic map. We show how the data can be
used to learn about ancestry and admixture and to correct errors in the colony records. Finally, we investigated the con-
sequences of inbreeding within the SNPRC colony and found clear evidence for increased rates of infant mortality and
increased homozygosity of putatively deleterious alleles in inbred individuals.

[Supplemental material is available for this article.]

Baboons are Old World monkeys commonly found in open wood-
lands and savannahs across sub-Saharan Africa and the southern
portion of the Arabian Peninsula. They are closely related to hu-
mans, with an estimated divergence time of ~30 million yr
(Perelman et al. 2011; Zinner et al. 2013; Pozzi et al. 2014), and
like humans, baboons are social, omnivorous, and highly adapt-
able. They originated in southern Africa and over the past two mil-
lion yr have expanded their range and evolved into six distinct
morphotypes or species: olive (P. anubis), yellow (P. cynocephalus),
hamadryas (P. hamadryas), Guinea (P. papio), chacma (P. ursinus),
and kinda (P. kindae) baboons (Jolly 1993; Newman et al. 2004;
Zinner et al. 2009; Boissinot et al. 2014). Because they share so
many similarities with humans, baboons have been studied inten-
sively both in the wild and in captivity since the early 1960s and
are considered a useful model in a wide array of research areas.
Over the past several decades, the baboon has become an im-
portant nonhuman primate model in biomedical research, second
only to macaques (genus Macaca) (for review, see VandeBerg et al.
2009). Baboons have been used to study normal physiology and
development as well as various diseases that commonly affect hu-
mans, including diabetes, atherosclerosis, osteoporosis, obesity,
hypertension, epilepsy, and addiction (e.g., Aufdemorte et al.
1993; Comuzzie et al. 2003; Guardado-Mendoza et al. 2009;
VandeBerg et al. 2009; Szab¢ et al. 2012; Mahaney et al. 2018).
Much of this research has been facilitated by the Southwest
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National Primate Research Center (SNPRC), which houses the
world’s largest captive baboon colony, containing >1000 individ-
uals at any given time. The colony was established in the 1960s
with olive and yellow baboon founders from southern Kenya.
Since then, a complete pedigree for the colony spanning seven
generations has been maintained, providing relatedness and an-
cestry information for all captive-bred individuals, along with re-
corded birth and death dates. Biological samples and phenotype
data have also been kept as a resource for biomedical studies.

Relative to other model organisms, however, there are few ge-
nomic resources available for baboons. These resources are essen-
tial for modern evolutionary and biomedical studies, and their
absence hinders baboons’ usefulness as a model organism. The re-
cently published baboon reference genome, Panu_3.0, is some-
what fragmented and was assembled into chromosomes based
on synteny with the rhesus macaque (Macaca mulatta) genome
(Rogers et al. 2019). Thus, very little is known about baboon geno-
mic variation of single nucleotide polymorphisms (SNPs) or haplo-
types, and the latest baboon genetic map is based on only 284
microsatellite markers (Cox et al. 2006).

In this study, we take a step toward developing baboon geno-
mic resources by generating high-coverage whole-genome se-
quence data from 100 SNPRC baboons. We used these genomes
to generate a fine-scale map of recombination rates (relative to

© 2019 Robinson et al. This article is distributed exclusively by Cold Spring
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Genomic analysis of a pedigreed baboon colony

the Panu_2.0 assembly), for use as a resource in future studies and
to highlight potentially misassembled regions of the reference ge-
nome (we used this older assembly due to the unavailability of
Panu_3.0 until 2019). We also estimated olive versus yellow
baboon ancestry in the sequenced individuals and used this to
identify errors in the pedigree file. Lastly, we examined rates of in-
fant mortality and patterns of putatively deleterious variation to
investigate the consequences of inbreeding in the colony. We ex-
pect the resources and results from this study will provide a useful
foundation for future studies of baboons in captivity and in the
wild.

Results

Resources to enable future baboon genomic research

We sequenced the complete genomes of 100 baboons from the
SNPRC colony to high coverage (21-42x), including 33 founders,
and mapped reads to the Panu_2.0 genome assembly (Supplemen-
tal Table S1). In light of the recent release of the Panu_3.0 genome
assembly, we also generated liftOver (Hinrichs et al. 2006) chain
files as a resource for converting the genomic coordinates in this
study (using Panu_2.0) to coordinates in the new assembly (see
Methods). In total, we identified 56.4 million SNPs, 5.87 million
indels, and 5.52 million other complex variants. The raw density
of variants was noticeably higher on unplaced scaffolds than on
the chromosomes (74.6 variants/kb on scaffolds vs. 19.1 vari-
ants/kb on autosomes), implying a higher error rate in regions
that have not been incorporated into chromosomal assemblies,
perhaps due to repetitive sequence content. We focused solely
on high-quality biallelic SNPs located on the autosomes for our
analyses. After applying quality filters (Methods), our data set con-

tained 20,352,729 variants distributed across 20 autosomes. Of
these, >10.5 million variants were common (minor allele frequen-
cy >0.05) within the sequenced baboon founders, and >620,600
SNPs were highly differentiated (Fst>0.8) between genetically
identified olive and yellow baboon founders (see below). Variation
within individuals was comparable to what was observed previous-
ly (Wall et al. 2016), with per-individual heterozygosity values
ranging from 1.16 to 3.03 heterozygous genotypes per kilobase.
Additionally, we used the variation present within 24 olive
founders to generate a fine-scale linkage-disequilibrium-based
genetic map of the baboon genome with LDhelmet (Chan
et al. 2012). Our estimates of recombination rates are in terms of
p (=4N.r), the population-scaled recombination rate (see Meth-
ods). Since LDhelmet is sensitive to a parameter called the “block
penalty,” which is a smoothing parameter, we repeated the analy-
sis with a range of values. Our results were largely consistent across
block penalty values of 5, 25, and 50 (Supplemental Fig. S1). Here,
we focus on results obtained with a block penalty of 5, which the
manual suggests is the appropriate value for humans (vs. 50 for
Drosophila). The genome-wide average p is ~3.55 per kilobase.
We compared our estimates of total p for each chromosome to
the genetic map lengths inferred from microsatellite data in a pre-
vious study (Rogers et al. 2000) and observed a modest but statisti-
cally significant correlation between the results from these two
methods (Supplemental Fig. S2). We then calculated p/bp in non-
overlapping 100-kb windows across the genome and found that es-
timated rates varied widely, from a low of 3.17 x 1077 to a high of
1.45 p/bp within each window. We noted that there were several
distinct peak regions with exceptionally high recombination rates
(Fig. 1A). In total, we identified 45 different 100-kb windows with
p/bp greater than 100-fold above the mean. Such high recombina-
tion rates are biologically implausible and are most likely due to
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Figure 1.

Recombination rates across the baboon, macaque, and human reference genomes. Rates were inferred from genetic variation in 24 unadmixed

olive founder baboons (A4), 24 Indian rhesus macaques (B), and 24 unrelated African (Yoruban) individuals (C). Rates were calculated in nonoverlapping
100-kb windows across the genome and normalized by dividing raw rates by the mean rate inferred within each data set (mean p/bp: baboons, 3.55 x

1073; macaques, 1.79 x 10

. humans: 5.87 x 1073). Here, a block penalty of 5 was used. Extremely high recombination rates, evident in the large number

of high peaks across the genome, highlight putative errors in the Panu_2.0 genome assembly. (*) Peak height=963.133.
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errors in haplotype phasing, reference genome assembly structure,
or in the rate estimation itself.

To determine whether excessive peaks of recombination rate
are expected when the reference genome is well-assembled, we
repeated our analysis with a comparable data set of 24 unrelated In-
dian rhesus macaque genomes (obtained from the Macaque Geno-
type and Phenotype Resource at https://mgap.ohsu.edu) and a data
set of 24 African (Yoruban) genomes (Fig. 1B,C; Supplemental Fig.
S3; JD Wall, E Stawiski, A Ratan, et al., unpubl.). In macaques, we
found 10 100-kb windows with p/bp greater than 100 times the
mean (note that the macaque genome assembly is slightly longer
than the baboon assembly and contains 3.64% more windows
overall). In humans, we found 21 100-kb windows with p/bp great-
er than 100 times the mean (the human genome assembly contains
8.26% more windows overall). The number of windows with excep-
tionally high p in the baboon data set is significantly greater than in
the macaque and human data sets (macaques, P<2.2 x 107'¢; hu-
mans, P=5.49 x 10~7). We found that the windows with high p in
the baboon genome were not enriched for gaps in either the
Panu_2.0 or Panu_3.0 assemblies, or for repetitive sequence con-
tent, but did contain significantly reduced SNP densities relative
to other windows (P< 2.2 x 107'°). Some regions with exceptional-
ly high estimated recombination rates might reflect structural er-
rors in the baboon reference genome assembly (e.g., due to
chromosomal rearrangements or structural variants fixed between
baboons and rhesus) rather than a true biological signal. For exam-
ple, out of 20 large syntenic differences between a de novo Hi-C-
based baboon assembly and Panu_2.0, 11 show an extremely
strong recombination hotspot (corresponding to a complete break-
down of linkage disequilibrium) near at least one of the breakpoints
(SS Batra, M Levy-Sakin, ] Robinson, et al., unpubl.).

Analysis of founder origins and admixture status

Our data allow us to determine whether species designations in the
pedigree were concordant with genetic assignments and to deter-
mine whether any of the founders showed evidence of hybrid
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origin. The original founders of the SNPRC colony were captured
near what is now known to be a large admixture zone between ol-
ive and yellow baboons in Eastern Africa (Samuels and Altmann
1986; Tung et al. 2008, Charpentier et al. 2012; Wall et al. 2016).
Olive and yellow baboons are phenotypically distinct, and all 33
founders in our sample were originally labeled based on sampling
location and physical appearance. Principal component analysis
(PCA) with these 33 founders revealed two primary groups corre-
sponding to putative olive and yellow baboons, as well as two dis-
tinct outlier individuals (ID: 1X0812 and 1X4384), both originally
labeled as olive baboons (Fig. 2A). The PCA results are not con-
sistent with a recent olive-yellow hybrid origin for these individu-
als, since hybrids would be expected to fall in between the olive
and yellow baboon clusters. Additionally, one unambiguous olive
founder was mislabeled as a yellow baboon (ID: 1X3576). Identity-
by-state (IBS) clustering showed the same qualitative patterns
(Supplemental Fig. S4) and also suggests that one of the two mys-
tery founders (ID: 1X4384) is genetically more similar to yellow ba-
boons. Without additional information, it is unclear whether the
two outlier individuals were members of diverged olive/yellow
baboon populations or were from other baboon species entirely.
We also saw little variation in genetic distances between individu-
als within the olive and yellow clusters, suggesting our sample of
founders does not include individuals that were closely related
(Supplemental Fig. S4).

Weran ADMIXTURE (Alexander et al. 2009) with 31 founders
(two mystery individuals were excluded) under a range of K-values
(K=1-6) to provide another approach for looking at ancestry and
population structure (Supplemental Fig. S5; Supplemental Table
$2). The most likely number of genetic partitions within the 31
founders was K = 2, indicating a clear distinction between 24 genet-
ically olive and seven genetically yellow baboons, consistent with
the PCA and IBS cluster results. Runs with higher K values had
higher cross-validation error rates and generated inconsistent
partitions within the olive founders. Overall, we found no evi-
dence of recent hybrid ancestry in the founders, and olive and yel-
low baboons are clearly differentiated. As a resource for future
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Figure 2. Genetic ancestry patterns in baboons from the SNPRC. (A) PCA shows that olive and yellow baboon founders form distinct clusters, but one
olive baboon was mislabeled as a yellow baboon (1: 1X3576), and two other individuals are extreme outliers (2: 1X0812, 3: 1X4384). (B) Similarly,
ADMIXTURE results under a model of two ancestral populations (K= 2) show that patterns of olive and yellow baboon ancestry are not always concordant
with given species labels. Individuals labeled as 1, 2, and 3 in the PCA are indicated. Individuals are grouped according to their classification from the colony

records (see Supplemental Table S1).
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cestry). In total, nine out of 91 individu-
als (10%) were incorrectly labeled on the
basis of species or admixture status. In
contrast, the recorded sex of all 100 indi-
viduals was correct, which we confirmed
by evaluating the ratio of mean coverage
on the X Chromosome relative to the
autosomes (Supplemental Fig. $6). Our
results reveal that even in a well-docu-
mented captive population with a full
pedigree, a nonnegligible proportion of individuals may be errone-
ously categorized. These errors can propagate through the pedigree
by affecting the labels of individuals in subsequent generations.

Figure 3.

Comparison of pedigree-based and genomic estimates of
inbreeding

A subset of baboons within the SNPRC colony are inbred, making
it an ideal system for studying the genomic impact of inbreeding
and the link between inbreeding and fitness (i.e., inbreeding
depression). The pedigree spans seven generations and contains
16,973 individuals born in 1966-2015. We calculated pedigree-
based inbreeding coefficients (Fpeq) for all 16,973 individuals
from the pedigree and found that 1700 had Fpeq>0 (Fig. 3A).
Mating within the colony is, for the most part, controlled, and
deliberate inbreeding has been used to investigate medically rele-
vant phenotypes. The most common form of inbreeding in the
colony is unions between half-siblings or between uncles/aunts
and nieces/nephews, resulting in offspring with Fj,eq=1/8=0.125
(n=783). The next most common form of inbreeding is mating be-
tween parents and offspring (Fpeq=1/4=0.25, n=285). The maxi-

Inbreeding and ROH in the captive baboon colony. (A) Histogram showing the distribution
of inbreeding coefficients in the pedigree (Fpeq). Individuals with F,eq=0 are not shown. (B) Inbred an-
cestry (Fpeq > 0) increases the total number, total length, and mean length of ROH in the genome, regard-
less of admixture status. Founder individuals also show indications of inbreeding in their ancestry. Sample
sizes: yellow founders, 8; olive founders, 25; olive, Foeq=0: 18; olive, Foeq>0: 24; admixed, Foeq=0: 14;
admixed, Fyeq>0: 11. The putatively inbred individual that does not appear to be inbred based on lack of
ROH is indicated with red arrows. (NS) Not significant below a threshold of 0.05, (***) P<0.001. All P-
values were multiplied by 4 to correct for multiple tests. (C) The proportion of the genome contained
within ROH (Fron) can vary substantially from f,eq. The dashed line represents the line y=x.

mum Fpeq was 0.40625 (n=3). Thus, the degree of inbreeding
within the colony is far greater than what has been observed in hu-
man populations (McQuillan et al. 2008; Bittles and Black 2010;
Stevens et al. 2012).

Pedigree-based inbreeding coefficients provide the expected
values for the proportion of the genome that is autozygous, or in-
herited identically-by-descent. As expected, we found that inbred
ancestry (Fpeq>0) is associated with larger numbers of long (>1
Mb) runs of homozygosity (ROH), greater total lengths of ROH
in the genome, and longer ROH lengths on average (Fig. 3B). All
comparisons between inbred and noninbred groups among cap-
tive-born individuals were statistically significant (P<6.19x
107%). Both olive and yellow baboon founders in our data set ap-
pear to have signatures of inbreeding. Olive baboon founders
have greater mean lengths, total numbers, and total lengths of
ROH than noninbred olive baboons born within the colony (P <
1.22x107%). Long ROH within the founders may reflect non-
random mating within wild populations, which have sex-biased
dispersal (females are philopatric) and complex social hierarchies
that determine access to mates, particularly among males
(Alberts et al. 2003).
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Next, we compared Fpeq and Froy, the proportion of the ge-
nome within ROH, and found that these values were positively
correlated, but Froy exhibited variance around the predicted val-
ues from the pedigree (Fig. 3C). The realized proportion of the ge-
nome that is autozygous can vary from the expected value due to
inherent randomness in recombination and chromosomal segre-
gation during meiosis. Further, Froy was greater than Fpeq in
79% of cases, a statistically significant difference (one-tailed
Wilcoxon signed-rank test, P=6.83 x 10~7). This result is consis-
tent with recent studies comparing genomic estimates of inbreed-
ing to pedigree-based estimates and reflects the fact that genomic
data can reveal inbreeding that is not captured in the pedigree
(Kardos et al. 2015). Finally, we identified one putatively inbred
individual (ID: 8465; Fpeq=0.125) that does not contain autozy-
gous genomic segments consistent with inbred ancestry (Frop=
0.00206), suggesting a possible error in the pedigree. Subsequent
investigation of animal housing records confirmed that the par-
entage of this individual in the pedigree is incorrect. Overall, our
results confirm that genomic measures provide greater resolution
and accuracy for quantifying the proportion of the genome that
is identical by descent, even relative to estimates from a large ped-
igree of more than 16,000 individuals over several generations.

Impacts of inbreeding on infant mortality and deleterious
variation

To determine whether inbred ancestry is associated with reduced
fitness, we calculated the mortality rate of individuals at 1 d, 1
wk, and 1 mo after birth in 13,313 individuals, 1393 of which
were inbred (Fig. 4A). Of noninbred individuals, 16.1% died on
their day of birth versus 23.0% of inbred individuals. This differ-
ence was highly statistically significant (P=5.24x107'"). After
the day of birth, mortality rates within the first week and first
month of life were similar between inbred and noninbred groups.

These results imply that the reduced survival of inbred individuals
is sharply reduced at birth, but this effect does not persist or is too
slight to be detected with our analysis. We were unable to test
whether inbred individuals have shorter lifespans or reduced re-
production, since breeding within the colony is controlled, and
“exit” dates in the pedigree may not reflect natural mortality
(Methods). Nonetheless, we found a dramatic difference in mortal-
ity on day of birth between inbred and noninbred groups, corre-
sponding to an odds ratio of 1.57. Overall, we find that the
offspring of related parents show evidence for reduced fitness, sug-
gesting the SNPRC baboon colony would be a useful system for
studying the genetic basis of inbreeding depression.

Higher rates of infant mortality in inbred baboons may be due
to increased rates of recessive deleterious alleles within ROH.
Strongly deleterious recessive alleles can persist in large outbred
populations, since these alleles are not exposed to selection
when they are rare and most often present in the heterozygous
state. Such mutations are often exposed through inbreeding, re-
sulting in inbreeding depression (Charlesworth and Willis 2009).
We compared the total numbers of rare loss-of-function (LOF)
alleles and the total numbers of homozygous LOF genotypes be-
tween inbred and noninbred individuals (Fig. 4B,C). LOF muta-
tions are predicted to diminish or eliminate gene function and
are therefore expected to be deleterious, especially when homozy-
gous and located within genes required for normal function. The
total number of LOF alleles was equivalent between inbred and
noninbred groups, consistent with the fact that inbreeding alters
genotype frequencies but does not impact allele frequencies in
the absence of other factors (e.g., selection, drift). However, inbred
individuals had significantly higher numbers of rare homozygous
LOF mutations (P=1.41x 107*), specifically due to an increased
number of homozygous rare LOF mutations within ROH (P=
1.69x10™%) (Fig. 4D). Outside of ROH, rare homozygous LOF
mutations were equally prevalent in inbred and noninbred ge-

nomes (Fig. 4E), demonstrating that the
increased number of rare homozygous
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& _ 3 NS - and suggesting a possible role in the re-
© T duced fitness of inbred individuals.
4 = g5 : ©
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< NS NS, o o
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© ° in ROH ° not in ROH ny. To this end, the variants identified in
s | T T NS this study could be used for future SNP or
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tday  1week 1month capture. array designs, while the gen.etlc
g o . © map will be useful for future evolution-
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‘ = . . studies. In addition, since the method
8 Inbred 8 Noninbred o . #l o used for estimating recombination rates
o o required phased haplotypes, we also
Fpea=0 Fped>0 Fpea=0 Free>0  have a computationally phased data set
Figure 4. Rates of infant mortality and the burden of LOF mutations as a function of inbreeding in cap- of 24 olive baboon founders that can be

tive-born baboons. (4) Inbred baboons (Fueq > 0) have substantially higher rates of infant mortality on the
day of birth. (B-E) Box plots showing that the homozygosity of putatively deleterious rare LOF mutations
is affected by inbreeding. The total number of alleles is not changed by inbreeding (B), but the number
of homozygous LOF mutations increases due to increased ROH content in the genome (C,D). Outside of
ROH, the number of rare LOF homozygotes is unchanged between inbred and noninbred individuals

(E). (NS) Not significant below a threshold of 0.05, (***) P<0.001.

used as a reference panel for future geno-
type imputation in baboons. Although
only the Panu_2.0 genome assembly
was available at the time of our analyses,
our results are expected to be largely
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robust to changes in the Panu_3.0 assembly, and we further pro-
vide chain files for converting coordinates from our study to the
new genome (Methods).

Preliminary analyses of our data highlighted several novel
findings. First, anomalies in our genetic map identified regions
of the Panu_2.0 assembly that might be problematic. Second, ge-
netic analyses identified several errors in the existing animal re-
cords related to species identity, admixture status, and inbred
ancestry. These inconsistencies may have resulted from mistakes
in recordkeeping that were never corrected, unexpected matings
between baboons in different enclosures, or challenges in distin-
guishing recently diverged species from one another. Third, we ex-
ploited the unique pedigree structure of the colony to quantify the
effects of inbreeding on infant mortality and genetic load of rare,
homozygous, putatively harmful mutations. Further work on the
inbred baboons in the SNPRC colony will provide an ideal oppor-
tunity to study the effects of recessive, deleterious mutations in a
nonhuman primate model.

Finally, we want to emphasize that the SNPRC baboon colony,
as a mixture of olive and yellow baboons, is also an ideal system for
studying the effects of admixture between diverged populations.
The yellow and olive baboon founders in our study are highly dif-
ferentiated (Fst=0.366), more so than between continental human
populations (The 1000 Genomes Project Consortium 2010) or be-
tween isolated human groups (Wall et al. 2008). This differentia-
tion may be useful for the mapping of phenotypic traits (e.g.,
using admixture mapping) or for evolutionary studies of selection
and adaptation. Although little attention has been paid to possible
differences between olive and yellow baboons with regard to med-
ically relevant traits (however, see Jolly and Phillips-Conroy 2006),
olive and yellow baboons are phenotypically distinguishable and
differ in important behavioral and physical traits such as age at dis-
persal and time to reproductive maturity (Alberts and Altmann
2001; Charpentier et al. 2008). Olive and yellow baboons form a
natural hybrid zone in the wild, and the Amboseli Baboon
Research Project has continuously observed several baboon troops
in this hybrid zone for over 45 yr. Research in Amboseli has revealed
that hybrids between olive and yellow baboons may have higher
fitness relative to unadmixed members of either parental species
(Charpentier et al. 2008). We expect that future work enabled by
the development of genomic resources will compare the genetic
and phenotypic effects of both inbreeding and admixture in the
wild and in captivity.

Methods

Sequencing and genotype calling

We extracted DNA from archived buffy coats or liver samples from
100 individuals from the SNPRC colony for high-coverage (>20x)
whole-genome sequencing. These individuals included 33 foun-
ders of the colony and 67 captive-born descendants (Supplemental
Table S1). Initially, ~200 wild-caught founders were used to estab-
lish the SNPRC colony, but incomplete records prevented us from
obtaining a comprehensive list of founders. To maximize the var-
iation captured in our data set, founders with many offspring that
made the greatest contribution to the colony and individuals with
many offspring alive in the colony at the time of sequencing were
prioritized for inclusion in our study.

DNA was extracted using the QIAamp DNA Mini kit (Qiagen)
according to the manufacturer’s instructions, and DNA quality was
assessed using the Qubit BR Assay kit (Thermo Fisher Scientific)

with a Qubit Fluorometer according to the manufacturer’s instruc-
tions. DNA was quantified using the KAPA Human Genomic DNA
Quantification and QC kit (KAPA Biosystems) according to the
manufacturer’s instructions. Sequencing libraries were prepared
using the TruSeq DNA PCR-Free High Throughput Library Prep
kit (Illumina) according to the manufacturer’s instructions, with
quality assessed using a Bioanalyzer 2100 (Agilent) and quantified
using KAPA Library Quantification Kits for Illumina Platform
(KAPA Biosystems).

Paired-end reads were generated with Illumina HiSeq 2500
technology and then trimmed to remove adapters and low-quality
sequence with ea-utils (https://github.com/ExpressionAnalysis/
ea-utils). Trimmed reads were processed with Sentieon Genomics
tools (v201611) (Freed et al. 2017) to generate variant calls; briefly,
reads were aligned to the olive baboon reference genome
(Panu_2.0) with BWA-MEM (v0.7.12) (Li 2013), duplicate reads
were removed, and genotypes were called with HaplotypeCaller
(McKenna et al. 2010). The mean depth of coverage across individ-
uals was 33.5x (see Supplemental Table S1 for mean coverage per
individual). We restricted our analysis to the 21 chromosome-level
scaffolds of the reference genome (20 autosomes and one X
Chromosome), excluding the mitochondrial genome and all un-
placed contigs. The X Chromosome was used only to calculate
the ratio of read depth on the X Chromosome versus the auto-
somes in order to infer each individual’s sex. All other analyses
were conducted using only the autosomal data. Raw VCF files are
available for download from https://doi.org/10.5281/zenodo
.2583266.

We incorporated various filters to minimize the inclusion of
erroneous genotypes. We masked repetitive regions using the
“soft-masked” Panu_2.0 reference FASTA available from the
UCSC Genome Browser, which annotates repeats based on Repeat-
Masker and Tandem Repeats Finder (with period of 12 or less) (http://
www.repeatmasker.org; Benson et al. 1999). Further details are
available at https://github.com/priyamoorjani/baboon. We ap-
plied recommended hard filters (QD<2.0 , FS>60.0, MQ<40.0,
MQRankSum < —12.5, ReadPosRankSum<-8.0, SOR>3.0) and
excluded variants with excess total depth (DP>4767, the 99th per-
centile of total depth) or low quality (QUAL < 30). Individual geno-
types were also filtered to exclude calls with low quality (GQ < 20),
low coverage (individual read depth < 8), or excessive coverage (in-
dividual read depth > 99th percentile, by individual). Heterozygous
genotypes with extreme allele imbalance (ratio of reads with the
reference vs. alternate allele <0.2 or >0.8) were also excluded. Final-
ly, variants that were not biallelic single nucleotide polymorphisms
or that had high missingness (>20%) or excess heterozygosity
(>50%) were excluded.

Creation of chain files to convert coordinates between
Panu_2.0 and Panu_3.0

We generated chain files for converting coordinates from Panu_2.0
to Panu_3.0 following the protocol described at the UCSC Genome
Browser (http://genomewiki.ucsc.edu/index.php/Minimal_Steps_
For_LiftOver). We split the Panu_3.0 genome into 200-kb chunks,
each of which was then aligned to the Panu_2.0 genome using
pblat (Wang and Kong 2019), which is the parallelized version of
BLAT (Kent 2002), as described in the protocol. We used the Ge-
nome Browser utilities from http:/hgdownload.cse.ucsc.edu/
admin/exe/ as described in the minimal steps protocol. We then
used liftOver (Hinrichs et al. 2006) to convert coordinates from
Panu_2.0 to Panu_3.0 using the chain files. Chain files for all 20 au-
tosomes are available for download from https://doi.org/10.5281/
zenodo.2583292.
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Fine-scale recombination rate estimation

We used LDhelmet (v1.9) (Chan et al. 2012) to infer recom-
bination rates across the genome within 24 unadmixed olive
baboon founder genomes, 24 unrelated Indian rhesus macaque ge-
nomes, and 24 unrelated African (Yoruban) human genomes
(GA001430, GA001442, GA001443, GA001444, GA001445,

GA001446, GA001447, GA001448, GA001449, GA001450,
GA001451, GAO001452, GA001453, GA001454, GA00145S,
GA001456, GAO001457, GA001458, GA001459, GA001460,

GA001461, GA001462, GA001463, GA000405). The macaque
data set was downloaded from the Macaque Genotype and
Phenotype Resource (https://mgap.ohsu.edu). The human data
set was derived from a VCF file generated in a separate study (JD
Wall, E Stawiski, A Ratan, et al., unpubl.). The human sequence
read data are available under NCBI BioProject PRINA476341.
Since LDhelmet requires phased input, we phased the ge-
nomes using Beagle (v5.0) (Browning and Browning 2007). We ex-
cluded singletons (of either the reference or alternative allele) since
they are uninformative for haplotype phasing and pruned variants
so that no two were within 10 bp of each other, leaving 8.48 mil-
lion SNPs in the baboon data set, 7.75 million SNPs in the macaque
data set, and 8.50 million SNPs in the human data set. We changed
the default effective population size parameter to 40,000 for ba-
boons, consistent with the N, of olive baboons estimated by
Boissinot et al. (2014), 50,000 for macaques (Xue et al. 2016),
and 20,000 for humans. Default values were used for all other pa-
rameters. Next, we executed the LDhelmet pipeline following the
steps outlined in the program manual, using default parameter val-
ues except where noted. In particular, we set the population-scaled
mutation rate, 6, to 0.0016 in baboons, which is an approximation
of the value of 6 we calculated from the number of variants in the
input data prior to pruning, to 0.002 in macaques (Xue etal. 2016),
and to 0.001 in humans. We used a window size of 50 and ran the
Markov chain Monte Carlo (MCMC) inference for 1x 10° itera-
tions, following a burn-in period of 1 x 10° iterations. The estima-
tion was conducted under a range of block penalty values (5, 25,
50). Recombination rate estimates are given in units of p/bp, where
p (=4N.r) is the population-scaled recombination rate parameter
and r is the recombination rate per nucleotide per generation.
Finally, we converted the recombination rates emitted by
LDhelmet, which are given as mean p/bp for each SNP interval,
into rates in nonoverlapping 100-kb windows across the genome.
The final window of each chromosome was excluded, since these
windows contained fewer sites. A binomial test was used to deter-
mine whether there are significantly more windows with extreme
recombination rate in the baboon data set. Here, the number of
successes was defined as the number of nonoverlapping 100-kb
windows in the baboon data set with an estimated recombination
rate greater than 100 times the mean (45), the sample size was de-
fined as the number of windows in the baboon genome (25,801),
and the expected rate of successes was defined as the proportion of
high recombination rate windows observed in the macaque (10/
26,739) or human data sets (21/27,933). We used one-tailed
Mann-Whitney U tests to determine whether windows with
high p in the baboon data set were significantly enriched for as-
sembly gaps or repetitive sequences or were significantly depleted
for SNP density relative to all other windows in the genome. The
phased baboon VCF files and recombination rate maps are avail-
able for download at https://doi.org/10.5281/zenodo.2583292.

Inference of genetic clusters, Fst, and admixture

We used SNPRelate (v1.4.2) (Zheng et al. 2012) to perform PCA and
IBS hierarchical clustering and to calculate a genome-wide value of
Fsr between olive and yellow baboon founder individuals.

Variants within the 33 founder individuals were extracted and
pruned for linkage disequilibrium in SNPRelate (threshold=0.2),
leaving 127,935 variant sites for PCA and IBS clustering. The IBS
clustering analysis consists of constructing a pairwise distance ma-
trix, which is then used to construct a dendrogram to represent ge-
netic similarity between individuals. To estimate genome-wide Fsy
between olive and yellow baboons, we excluded two founders that
were extreme outliers in the PCA (ID: 1X0812 and 1X4384), leav-
ing 17,789,625 unpruned SNPs from the remaining 31 founders.
We used VCFtools (v0.1.13) (Danecek et al. 2011) to calculate Fsy
on a per-site basis from positions with no missing data. Fsr was cal-
culated using the method of Weir and Cockerham (1984) in both
SNPRelate and VCFtools. A list of >24,000 ancestry informative
SNP markers can be downloaded at https://doi.org/10.5281/
zenodo.2583292.

We used ADMIXTURE (v1.3.0) (Alexander et al. 2009) to in-
vestigate the possibility of admixed ancestry in the founders and
to infer admixture proportions in the captive-born individuals.
First, we used the 31 founders that were clearly olive or yellow ba-
boons based on the clustering analyses described above to infer the
most likely number of ancestral populations. Here, we ran
ADMIXTURE unsupervised under a range of K-values (K=1-6)
and then examined the cross-validation errors from each run to
determine the most likely K-value. Next, we used the projection
method in ADMIXTURE to assign ancestry to the remaining 69 in-
dividuals, which is the recommended method for a data set con-
taining related individuals. The projection analysis consisted of
using the population allele frequencies learned from the founders
under the most likely K-value to assign ancestry in the remaining
individuals.

Analysis of inbreeding and infant mortality in the pedigree

We analyzed a complete pedigree of the baboon colony containing
information for individuals born between April 3, 1966 and
November 4, 2015. Typically, the sex, birth date, and identity of
at least one parent were known for each individual. We used
GENLIB (v1.0.6) (Gauvin et al. 2015) to calculate inbreeding coef-
ficients of all individuals. GENLIB requires that all individuals
must be labeled as either male or female, so in cases where the
sex of an individual was missing, but the individual was identified
as amother or as a father elsewhere in the pedigree, we filled in the
missing sex. In cases where sex was unknown, we arbitrarily
changed the sex to female. These individuals have no offspring
within the pedigree; therefore, their sex is irrelevant for down-
stream analyses. In general, we defined inbred individuals as any
individuals with Fpeq>0, unless otherwise noted.

To compare rates of infant mortality in inbred and noninbred
individuals, we calculated the lifespan of all individuals from their
recorded birth and “exit” dates. Exit dates can either represent the
date an individual died or the date it left the colony for other rea-
sons, which may not reflect natural mortality. Exit dates within
one month of birth were assumed to be due to (natural) mortality.
Individuals with no recorded exit date but that were known to be
alive as of November 6, 2015 were given exit dates of November 6,
2015 so that they could be included in analyses of early life sur-
vival. Nonnested survival rates within 1 d, 1 wk (1-7 d), and 1
mo (8-28 d) of birth were calculated for inbred and noninbred in-
dividuals born between January 1, 1983 and October 7, 2015 (1 mo
before this version of the pedigree was last updated). All individu-
als born earlier than 1983, which was the first year that any inbred
individuals were born, were excluded from mortality analyses.
These individuals were excluded since they may have experienced
different environmental conditions than inbred individuals, pos-
sibly affecting survival in early life. For individuals born late in
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the pedigree, the 1-d, 1-wk, and 1-mo survival rates are known
with certainty for all individuals born on or before October 7,
2015. 2 tests were used to determine whether rates of infant mor-
tality were significantly different between inbred and noninbred
groups.

Identification of runs of homozygosity

To assess the effects of recent inbreeding in baboon genomes, we
used PLINK (v1.9) (Chang et al. 2015) to identify large tracts of
autozygosity, which indicate genomic regions inherited identical-
ly-by-descent from a recent common ancestor shared by both par-
ents. We used the default parameters in PLINK to identify ROH in a
pruned set of SNPs as recommended in the manual (--indep-pair-
wise 50 5 0.5). We calculated the proportion of the genome con-
tained within long ROH (1 Mb or longer) as a measure of the
realized level of inbreeding (Fron) in each of the sequenced ge-
nomes. Here, the numerator for Froy is the summed length of
ROH across the autosomes, divided by the total length of the auto-
somal genome (2,581,196,250 nt). We used the asymptotic
Wilcoxon-Mann-Whitney test from the coin library (v1.2.2)
(Hothorn et al. 2008) in R (v3.3.1) (R Core Team 2018) to test for
significant differences in the total number, total length, and
mean length of ROH between groups. Raw P-values were multi-
plied by four to correct for multiple testing (four tests for each
ROH statistic evaluated). A BED file with the coordinates of ROH
identified in this study is available at https://doi.org/10.5281/
zenodo.2583292.

Variant annotation and analysis of LOF mutations

We used SnpEff (v4.3t) (Cingolani et al. 2012) to identify the type
and impact of mutations, according to the Panu_2.0 genome an-
notation (Panu_2.0.86). We focused specifically on loss-of-func-
tion mutations, which are predicted to severely disrupt or
eliminate gene function and are therefore most likely to have a
negative effect on fitness. This category includes mutations that
introduce premature stop codons (“stop_gained”), eliminate start
or stop codons (“start_lost”, “stop_lost”), or disrupt splice sites
(“splice_acceptor_variant”, “splice_donor_variant”). Only muta-
tions in protein-coding genes were included. Further, we concen-
trated on LOF mutations that were rare within the founders
(<5% frequency), since common LOF mutations are unlikely to
be strongly deleterious. We note that these putative LOF muta-
tions may not actually knock out gene expression or function,
and follow-up studies are needed to verify their functional impact.
We used the asymptotic Wilcoxon-Mann-Whitney test from the
coin library (v1.2.2) (Hothorn et al. 2008) in R (v3.3.1) (R Core
Team 2018) to test for significant differences in the burden of
rare LOF mutations between inbred and noninbred individuals.
A table of LOF mutations identified in this study is available at
https://doi.org/10.5281/zenodo.2583292.

Data access

The baboon whole-genome sequence data generated in this study
have been submitted to the NCBI BioProject database (http://
www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRJNA433868. A list of accession numbers for each sample is
available in Supplemental Table S1.
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