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Abstract

During the last century, the critically endangered cotton-top tamarin (Saguinus oedi-
pus) has been threatened by multiple anthropogenic factors that drastically affected
their habitat and population size. As the genetic impact of these pressures is largely
unknown, this study aimed to establish a genetic baseline with the use of temporal
sampling to determine the genetic makeup before detrimental anthropogenic impact.
Genomes were resequenced from a combination of historical museum samples and
modern wild samples at low-medium coverage, to unravel how the cotton-top tamarin
population structure and genomic diversity may have changed during this period. Our
data suggest two populations can be differentiated, probably separated historically
by the mountain ranges of the Paramillo Massif in Colombia. Although this population
structure persists in the current populations, modern samples exhibit genomic signals
consistent with recent inbreeding, such as long runs of homozygosity and a reduction
in genome-wide heterozygosity especially in the greater northeast population. This
loss is likely the consequence of the population reduction following the mass expor-
tation of cotton-top tamarins for biomedical research in the 1960s, coupled with the
habitat loss this species continues to experience. However, current populations have
not experienced an increase in genetic load. We propose that the historical genetic
baseline established in this study can be used to provide insight into alteration in the
modern population influenced by a drastic reduction in population size as well as pro-
viding background information to be used for future conservation decision-making

for the species.
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1 | INTRODUCTION

Cotton-top tamarins are a primate species endemic to Colombia
(Mast et al., 1993). These tamarins have a dispirited backstory
related to their former use in biomedical research facilities.
Specifically, in the 1960s, it was discovered that their physiology
rendered them a suitable model for studying a variety of human
diseases, from Epstein-Barr virus to colitis and colon cancer (Mast
et al., 1993). Consequently, this interest led to capturing and mass
exportation of cotton-top tamarins, and while the exact num-
bers of tamarins exported between 1960 and 1973 [when they
were declared endangered and legal exportation was banned
(Rodriguez et al., 2021)] is uncertain, estimates range from at
least 20,000 to as many as 40,000 individuals (Mast et al., 1993;
National Research Council, 1976). Although the demographic con-
sequence of this exportation is unknown, it is assumed that it must
have led to a decline in their population size. Unfortunately follow-
ing the ban in 1973, both the illegal trafficking and deforestation
continued (Mast et al., 1993; Miller et al., 2004) driving further
population declines (Savage et al., 2010, 2016). Thus, cotton-top
tamarins are currently listed as critically endangered on the IUCN
red list (Rodriguez et al., 2021) with estimates of 7400 individuals
left in the wild (Savage et al., 2010).

Very little is known about the genetic diversity (Gyllensten
et al., 1994), population structure and evolutionary history of the
cotton-top tamarin as the majority of previous studies on the spe-
cies have focussed on either their relevance for the biomedical in-
dustry (Bertone et al., 1998; Wood et al., 1998), their demography,
social behaviour and reproduction in long-term field studies (Sav-
age et al,, 1996, 1997, 2009, 2021, 2022; Wheaton et al., 2022)
or detangling the phylogenetic relationships of the species within
the Callitrichidae family (Brcko et al., 2022; Buckner et al., 2015).
However, given the history of mass exportation and extensive il-
legal trafficking of the cotton-top tamarin, together with loss of
habitat, it is possible they would have suffered a reduction in ge-
netic variation during the last century, as has been seen in other
species that have experienced similar pressures (Sanchez-Barreiro
et al., 2021; van der Valk et al., 2019). Therefore, looking into the
genomics of past populations could provide insight into the ge-
netic health of the extant population by providing a baseline for
comparison.

The analysis of DNA generated from time series of specimens is
key to monitoring genetic diversity in species or their populations.
While initially studies were constrained to the analysis of single
markers, such as mitochondrial DNA (mtDNA), to study population
structure of various species including Alpine ibex, Iberian lynx and
multiple fish species (Casas-Marce et al., 2017; Robin et al., 2022;
Rodrigues et al., 2018; Star et al., 2017), in recent years, whole ge-
nome resequencing has started to be applied, also including ancient
DNA (aDNA) and historical DNA (hDNA) in order to characterize how
genetic diversity has changed through time (Feng et al., 2019; Pinsky
et al., 2021; Sanchez-Barreiro et al., 2021; van der Valk et al., 2019).
Importantly, these types of studies can in theory provide baseline

information that predates heavy negative anthropogenic impacts,
thus establishing the genetic diversity against which levels of ge-
nomic erosion can be compared (Diez-del-Molino et al., 2018).
Genetic diversity is not only an effect of population size but also a
consequence of life history traits (Romiguier et al., 2014) and past
events (Diez-del-Molino et al., 2018; Jensen et al., 2022). Since much
genetic conservation efforts are focussed around genetic diversity,
studies looking into the past to develop a baseline of genetic diver-
sity can provide guidance within conservation and management
decisions, that is translocations, and connectivity of current popula-
tions (Jensen et al., 2022) as well as evaluating the outcomes of such.

Given the current critically endangered status of cotton-top tam-
arins (Rodriguez et al., 2021), developing a baseline of genetic di-
versity of cotton-top tamarins before the mass exportation sparked
by biomedical research can provide useful knowledge with respect
to conservation efforts. Due to the continuing decline in population
sizes and its popularity within the illegal pet trade, more interest is
developing in understanding the genetic diversity of the cotton-top
tamarin to provide more targeted conservation efforts. Further-
more, due to the high fragmentation of the cotton-top tamarin dis-
tribution, knowledge of historical connectivity between populations
would assist in decision-making on what populations to prioritize for
conservation purposes, where to establish corridors between frag-
mented forests, as well as indicate potential source populations for
translocations and where confiscated cotton-top tamarins from the
pet trade could be released. Given these potential uses, we aimed to
create a baseline of the structure and genetic diversity of the cotton-
top tamarin prior to the heavy pressure that they experienced in the
1960s. We resequenced and then analysed the whole genomes of
26 historical samples drawn from across their historical range and
eight modern samples of cotton-top tamarins from the northern and

southern range of their current distribution.

2 | MATERIALS AND METHODS
2.1 | Ethical note

This research adhered to the legal requirements of the Colombian
government and CITES. The National Authority of Environmental
Licenses (ANLA) granted sample collection through Permiso Marco
de Recoleccién #0524 (May 27, 2014) and the Endangered/Endemic
Species Permit (8201-2-32,320, 19 December 2019). The Commit-
tee on Ethics and Animal Research at the Universidad de Antioquia
(3 May 2013) authorized all animal-handling protocols. With regard
to the CITES Appendix | status of this species, the following steps
were taken to ensure legal transfer of the materials. First, all histori-
cal samples were obtained with the permissions of the holding mu-
seum and then sent to the Globe Institute, University of Copenhagen
under CITES permit (COSE DKO014 and DK-2019-0009230-01) for
subsequent processing. Second, while the sequencing itself was per-
formed in Denmark, the DNA extraction and library preparation of
modern samples prior to sequencing was performed in Colombia.
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2.2 | Historical sample collection

We targeted historical specimens that were collected before the
1960s, thus before the heavy exportation of the species for bio-
medical research. Participating museums subsampled specimens
from their collection, ultimately providing the study with 42 histori-
cal samples for initial screening (32 resequenced and 26 included
in the study, Tables S1 and S2). The majority of samples were skin
clippings and a few bone fragments (Table S1). Samples were stored
and processed at a facility dedicated to the analysis of ancient DNA
at the Globe Institute, University of Copenhagen.

2.3 | Modern sample collection

A total of eight samples were collected from cotton-top tamarins
at three sites within their current and historic species distribution
in the Colombian departments of Antioquia and Bolivar (Figure 1a,
Table S3): four at Santa Catalina (Ceibal, Proyecto Titi), two at San
Juan Nepomuceno (Los Tities de San Juan Forest Reserve, Proyecto
Titi) and two at Carepa (Tulenapa Forest, Universidad de Antioquia).
Proyecto Titi conducts research at two field sites in the northern
region of the species' distribution. Parque Natural Regional Bosque
Seco El Ceibal Mono Titi (Perez Barrios, 2013) is a privately owned
property in Santa Catalina, Bolivar. Approximately 421 ha of this re-
serve are categorized as tropical dry forest. Los Tities de San Juan
Forest Reserve is a privately owned protected reserve located in San
Juan Nepomuceno, Bolivar, and is approximately 480ha of tropical
forest and land under various restoration regimes. The third site is
located in the southernmost region of the species' distribution in
Carepa, Antioquia. It is known as the Tulenapa Forest managed by
the Universidad de Antioquia, a 150ha university-protected mosaic
of secondary forest mixed with croplands enclaved in an extensive
field of banana plantations.

Each modern sample was obtained following the trapping of so-
cial groups that had been captured alive in 10- or 12-compartment
traps using established methods developed for tamarins (Savage
et al., 1993). Tamarins were weighed and sedated with either 12mg/
kg intramuscular Ketamid® (ketamine-midazolam) or with a combi-
nation of ketamine HCI (25 mg/kg) and midazolam HCI (0.1 mg/kg).
Animals were then given a complete physical examination and ~20-
30 abdominal hairs were collected in clean plastic bags or tubes at
the Ceibal and San Juan sampling sites, using a clean pair of gloves
for each animal. Postcollection hair samples were stored in a loca-
tion with a dehumidifier until shipped to the University of Antio-
quia. At the Tulenapa site, between 1.5 and 2.0mL (<1% body mass)
of blood were also collected in either EDTA or dry MiniCollect®
tubes (Monroe) for clinic and genetic analyses. A volume of saline
solution equal to the amount of collected blood was administered
to replenish the amount of liquid taken (Soto-Calderén et al., 2016).
Blood samples were refrigerated and sent to the Universidad de An-
tioquia within 24 h after collection to be processed. Each individual
was returned to the original trap cell; all the group members were

collectively released in their home range once they were fully recov-

ered from anaesthesia.

2.4 | Historical sample preparation

To prevent contamination of the historic samples with modern DNA,
certain precautions were taken, including reagents of molecular bi-
ology grade, blank extraction controls and performing all preampli-
fication steps in a specialized ancient DNA facility that is physically
isolated from the location where post-PCR amplified and modern
DNA products are manipulated. Standard aDNA approaches for
working with historical samples (PPE clothing, double-layered gloves,
deep cleaning, facemasks, working inside laminar flow hoods, etc.)
were followed. To help decontaminate the skin clippings from exog-
enous sources of DNA, all samples were pretreated with 5% bleach
and then immediately washed with absolute ethanol and water. After
washing, more water was added to the samples and incubated at
37°C for an hour to soften the tissue. Water was then replaced with
a digestion buffer modified for hides, keratin and cartilage (Campos
& Gilbert, 2012), which was left overnight to incubate at 56°C. Bone
fragments were crushed into powder and predigested for 1h at 37°C
with a digestion buffer composed of a mixture of proteinase K-urea
(Ersmark et al., 2016). Predigestion buffer was removed, and fresh
digestion buffer was added for overnight digestion. All samples were
purified with the Qiagen minElute PCR purification kit (Qiagen) with
modifications, including modified PB buffer and double the amount
of PB buffer (10x). Libraries were built using the single reaction
single-stranded library protocol (Kapp et al., 2021) with modification
of adaptors to render the libraries BGISeq compatible (van Grouw
et al., 2023). A quantitative PCR was performed on all libraries to
identify the number of cycles needed for each sample during library
amplification. Libraries were then amplified with the appropriate
number of cycles. Samples were then sequenced at BGI Copenhagen
with DNBSEQ-G400 using 100bp single-end chemistry.

2.5 | Modern sample preparation

In the case where the same individual was captured multiple times,
we combined all the hair samples before DNA extractions. Approxi-
mately 10-40 hairs per cotton-top tamarin were digested with diges-
tion buffer described by (Campos & Gilbert, 2012) with an overnight
incubation at 56°C and purified with the MinElute PCR purification
kit (Qiagen) per the manufacturer's instructions. Genomic DNA was
subsequently extracted and purified with the DNeasy Blood and
Tissue kit (Qiagen) per the manufacturer's instructions. Samples
were then fragmented as preparation for library build with Covaris
LE220-plus ultrasonicator per the manufacturer's instructions with
the fragmentation length set to 450bp. The postfragmentation pro-
tocol for the modern samples was the same as the historical samples
listed above. Libraries were sequenced at BGl Copenhagen using ei-
ther DNBSEQ-G400 150 paired-end or 100 paired-end chemistry.
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FIGURE 1 Population structure and geographical distribution of cotton-top tamarins. (a) A map representing the historical geographical
distribution range of the cotton-top tamarin in Colombia. Sites for this study are colour coded, and the number of samples per site is listed
under the site name. The mountain symbols in between Tierralta and, Turbo, Tulanapa and Mutata represent the Paramillo Massif mountain
range. (b) PCA based on 4,522,615 SNPs for the cotton-top tamarin individuals (N = 34) using the same colour code as Figure 1a. Historical
and modern samples are indicated by circles and triangles, respectively. (c) Admixture analysis at K=2 of all samples (N=234). Each vertical
bar represents one individual, and each cluster of vertical bars is representative of a site. In addition, sites have been ordered geographically
from north (left) to south (right), with the three uncertain localities (Arjona, Cauca and Unknown) listed furthest to the right.
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2.6 | FASTQ trimming, mapping and quality
control of DNA sequence data

The 42 historical samples were initially sequenced at a very low
depth, aiming at 0.1x coverage although actual output varied con-
siderably due to challenges of pooling aDNA libraries (Table S1), as a
form of prescreening to ensure samples contained sufficient levels
of endogenous DNA. After prescreening, a total of 32 historical sam-
ples (Table S2) and eight modern samples (Table S3) were sequenced
for deeper coverage. In addition, NgsRelate v2 (Hanghgj et al., 2019)
was used to make sure related individuals were removed from the
dataset. The historic dataset was subsequently reduced further to a
final set of 26 (Table S4), as two samples were removed due to low
coverage, two were identified as related individuals of low coverage,
while two others were identified as belonging to another species
(Table S2). Reliable information relating to the geographical origin
of the historical samples analysed in this study was available for
most samples, apart from one sample that did not contain a known
locality (04_NHS_Z_1866_23_31). Furthermore, two samples were
recorded as collected from locations that fall outside their known
natural range or its sampling coordinates derive from the middle of a
town, pointing towards a trafficked origin (hence labelled ‘uncertain’;
Table S4).

The resequenced historical samples and modern samples were
mapped with PALEOMIX v1.2.13.2 (Schubert et al., 2014). Adapters
were removed with AdapterRemoval v2.2.4 (Schubert et al., 2016).
Sequences were aligned to the closely related golden-handed
tamarin (Saguinus midas) chromosome-level reference genome
(ASM2149847v1) and the Saguinus oedipus mitochondrial reference
genome (NC_021960) (Finstermeier et al., 2013) with the BWA
v0.7.16 backtrack algorithm (Li & Durbin, 2009). Furthermore, du-
plicates were filtered with MarkDuplicates v2.9.1 in Picard (http://
broadinstitute.github.io/picard/) and damage of historical samples
was assessed with mapDamage v2.0.9 (Jénsson et al., 2013) (Fig-
ure S1). Minimum base quality filtering was set to zero for historical
samples and 20 for modern samples in order to maximize the amount

of reads. More customized filtering was performed in later steps.

2.7 | Variant calling and filtering

We used snpAD v0.3.10 (Priifer, 2018) to call genotypes in all sam-
ples on the autosomal chromosomes. This software was specially
developed to account for DNA damage patterns when calling geno-
types in ancient and historical specimens. The mapped sequences
were transformed from bam-format into snpAD-format files, priors
for base composition estimated, and genotypes were called using
standard settings. The VCF files were then combined and concate-
nated with BCFtools (v1.15.1) (Danecek et al., 2021) merge and con-
cat, respectively. We filtered the VCF file with BCFtools filter v1.15.1
(Danecek et al., 2021) to keep only variable sites with minimum read
depth of 3, max read depth of 50, genotype quality >30, also ex-
cluding indels, multiallelic sites and sites with missingness >0.7. In

addition, each sample's allele balance was checked by counting the
proportion of reads supporting each allele in heterozygous positions
and visualizing the density plots with R v4.2.1 (R Core Team, 2022).

2.8 | Population structure

We used principal component analysis (PCA) and admixture to as-
sess the population structure in the dataset. PCA of all samples (in-
cluding historical and modern) was done using PLINK v.1.90b (-pca)
(Purcell et al., 2007) from the filtered VCF file containing biallelic
sites present in at least 70% of the dataset with a minor allele fre-
quency (MAF) of 0.05. Using PLINK v1.9 (Purcell et al., 2007), VCF
files were converted to PLINK format (.bed, .bim, & .fam). Admixture
was performed 10 times for K values of 2 through 10 with ADMIX-
TURE v1.3.0 (Alexander et al., 2009), cross-validation errors were
used to determine best K, and likelihoods were used to determine
the best run for visualization. In addition, ANGSD v0.921 (-dofasta
2) (Korneliussen et al., 2014) was used to form a consensus of the
mtDNA for each sample. All transitions were removed to account
for damage patterns of historical samples. mtDNA consensus se-
quences were used to reconstruct haplotype networks with POPart
(Leigh & Bryant, 2015).

2.9 | Population demography

Heterozygosity was calculated with ANGSD v0.940 (Kornelius-
sen et al., 2014) on the autosomes. We first pre-run ANGSD to
obtain the list of transversions with the following parameters:
-rmTrans 1 -uniqueOnly 1 -remove_bads 1 -only_proper_pairs 1 -C
50 -bag 1 -minMapQ 20 -minQ 20 -setMaxDepth 50 -doCounts 1
-doMajorMinor 1 -GL 2 -doGlf 2 -doMaf 2. Next, we used these sites
to obtain the SAF files with the same filtering parameters as before
but instead using -sites -doSaf 1 -GL 1 and -noTrans 1 for each sam-
ple. Finally, with winsfs v0.7.0 (Rasmussen et al., 2022) we obtained
the sfs estimates from which we calculated the heterozygosity val-
ues. Heterozygosity estimates were corrected to account for using
only transversions by multiplying the values by 3.02 (Ts/Tv+1; Ts/
Tv=2.02). To account for biases introduced by the uneven coverage
of the dataset, we downsampled the highest coverage samples to 5x
using samtools view v1.10 (Danecek et al., 2021) and estimated the
heterozygosity as previously described. Moreover, the inbreeding
coefficient (F,) of all samples was obtained with NgsRelate v2 (Hang-
hgj et al., 2019) with the option -F 1 after estimating allele frequen-
cies and obtaining genotype likelihoods with ANGSD v0.939 with
the following parameters: -uniqueOnly 1 -remove_bads 1 -noTrans 1
-only_proper_pairs 1 -C 50 -baq 1 -skipTriallelic 1 -gl 2 -minMapQ 30
-nThreads 10 -doGlf 3 -doMajorMinor 1 -doMaf 1 -minMaf 0.00001
-SNP_pval 1e-6. We also estimated the runs of homozygosity (RoH)
in the samples with coverage >7x to avoid biases introduced by low
coverage and damage patterns as suggested by ROHan (Renaud
et al., 2019). We first used ROHan to estimate the damage patterns
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using estimateDamage.pl and then obtained RoH in windows of
1Mb on the autosomal scaffolds using the following parameters:
--tstv 2.02 --size 1,000,000 --rohmu 2e-5 --deam5p $file.5p.prof
--deam3p $file.3p.prof --auto Chrom_autosomes. The detected RoH
per sample were visualized across the chromosome-length scaffolds
with R v4.2.1 (R Core Team, 2022) and ggplot2 v3.4.1 package. We
then calculated the fraction of the genome in RoH (FROH) obtained
from the output file HMM posterior decoding using .mid estimates
of heterozygosity, and we binned them by RoH size. We inferred the
approximate age of inbreeding based on the RoH length and assum-
ing a constant recombination rate of 1cM-1Mbp and a generation
time of 6years (Rodriguez et al., 2021). We used the RoH lengths per
individual to time the inbreeding and we used the longest RoH of
each sample to determine the time of the potentially most recent in-
breeding event. We followed the formula G=100/(2*Mbp) (G=gen-
erations, Mbp =length of RoHs in Mbp) from (Thompson, 2013) to
obtain the age estimates based on RoH length.

Furthermore, ANGSD was used to determine the fixation index
(FST). Due to the limited number of samples per site, Fy; was calcu-
lated by regions (i.e. greater northeast and southwest) suggested by
the population structure analyses.

We used AdmixTools to compute the f3-outgroup statistic and
test for shared drift between each sampling site (only with sam-
ples with known geographical origin) using gp3Pop (Patterson
et al.,, 2012) on the filtered dataset, using sites with a read depth of 5
and present in at least 80% of the samples, and with Saguinus midas
as outgroup. We then plotted the pairwise F; values with Rv4.2.1 (R
Core Team, 2022).

We applied EEMS (Petkova et al., 2016) to infer past patterns
of effective migration or potential barriers of gene flow between
cotton-top tamarin locations. We ran this programme using only
the historical samples with known origin (Table S4). We used the
filtered VCF file with 5% MAF and containing variable sites pres-
ent in at least 80% of the samples. We obtained 10 replicate runs
of EEMS to ensure consistency with the following parameters nin-
div=23, nSites=134,214, nDemes= 1000, diploid=TRUE, numMC-
MClter=2,000,000, numBurnlter=1,000,000, numThinlter=9999.
Next, we plotted the results in Rv4.2.1 (R Core Team, 2022) with the
package reemsplots2 (https://github.com/dipetkov/reemsplots2).

Using SNPeff v5.1 (Cingolani et al., 2012), we built a database
with the reference genome for the golden-handed tamarin (Shao
et al., 2023). SNPeff was then used to calculate the genetic load of
the samples using the golden-handed tamarin database with the
filtered VCF file not allowing for missingness and only variable po-
sitions in the cotton-top tamarins without minor allele frequency
filtering and with minimum read depth of 5, maximum read depth of
50 and minimum genotype quality of 30. We counted the total num-
ber of derived alleles classified as high impact and moderate impact
(total load) per sample and also separated by zygosity: in homozy-
gous state (realized load) and in heterozygous state (masked load).
Moderate-impact variants are nondisruptive variants that might
change protein effectiveness (i.e. missense variants) and high-impact
variants are assumed to have a disruptive impact in the protein,

probably causing protein truncation, loss of function (LoF) or trigger-
ing nonsense-mediated decay (i.e. stop codons, splice donor variant
and splice acceptor and start codon lost). To account for the effect
of coverage, we only analysed samples with coverage >5x and we
normalized the derived allele count by the derived allele count per
sample in synonymous positions. Next, by using the relative counts
of genetic load, we estimated the average genetic load per popula-
tion (grouped by location: greater northeast and southwest, and by
sample type: Historical and Modern). Finally, we calculated the total
load ratio by comparing the averages of relative counts of genetic
load (for high- and moderate-effect variants) per population in dif-
ferent comparisons.

3 | RESULTS

In this study, we compiled a genome resequencing dataset of 34
cotton-top tamarins, of which 8 represent modern and 26 histori-
cal (collected before 1960) samples (Table S4). The samples span 9
geographic locations (Figure 1a). We sequenced to an average cover-
age of 5x for the historical samples (ranging from 2 to 14x), and an
average coverage of 9x for the modern samples (ranging from 4 to
14x) (Table S4). The historical samples showed deamination patterns
but at low levels (<5%) as per their young age (~60years) (Figure S1).
With this dataset, we described 7,467,948 variable positions pass-
ing quality filters. Only one cotton-top tamarin sample (CEI_060)
exhibited allele imbalance in heterozygous positions (Figure S2),
most probably as a result of cross-contamination from another indi-
vidual from the same site during the combination of samples before
extractions (see Section 2). Thus, this sample was removed from
further analyses (heterozygosity, inbreeding coefficient and runs of

homozygosity).

3.1 | Population structure

We used our dataset to initially explore the population structure
of the cotton-top tamarin by constructing a PCA for the 4,522,615
single-nucleotide polymorphisms (SNPs) with 5% MAF. The PCA
shows a geographical pattern with a northeast-to-southwest gradi-
ent (Figure 1b). This suggests that geography influences the struc-
ture of the populations with possibly two clusters, separating the
three localities residing in the province Antioquia from the rest.
Next, we performed an admixture analysis at different Ks (Fig-
ure S3) with modern and historical samples and found K=2 to be
the best fit for the data (Figure S4). Similar to the PCA results, the
cotton-top tamarin samples are split into two groups, where the first
group contains samples from the sites Ceibal (Santa Catalina), San
Juan, Colosé, Caracas (Cereté), Planeta Rica, Tierralta, and two of
the uncertain localities (Cauca and unknown) and the second group
is comprised of samples from Turbo, Mutata, Tulenapa (Carepa)
and one of the uncertain locality samples (Arjona) (Figure 1c).
Henceforth, we refer to the group containing the three localities in
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Antioquia and Arjona as the ‘southwest’ group, and the group con-
taining the remaining samples as the ‘greater northeast’ group. Fur-
ther investigations into the structure at larger values of K revealed
the emergence of specific components linked to each sampling site.
For example, at K= 3, the first splits included samples from Tierralta
and Planeta Rica, from the more northern sites (San Juan and Ceibal)
following their geographic distribution, with small instances of ad-
mixture in the sites located in the middle such as Caracas and Colosé
(Figure S3). Furthermore, samples with uncertain geographical ori-
gin show a clear indication of which regions they potentially belong
to not only at K=3 but also at higher K (Cauca_uncertain is similar to
Colosd, Arjona_uncertain is similar to Turbo and the Unknown_un-
certain is similar to Caracas; Figure S3), which are also supported by
the PCA (Figure 1b). However, the mtDNA haplotypes do not show
evidence of the structure suggested by the nuclear DNA (Figure S5).
Still, mtDNA haplotypes seem to be more similar within sites rather
than between sites.

3.2 | Population demography

We investigated whether the two-population structure has per-
sisted through present times by estimating the weighted F¢; be-
tween the groups (Table S5). Southwestern historical localities
(Mutata and Turbo) were compared with the modern locality found
in the southwest (Tulenapa). This analysis resulted in a weighted Fq;
of .028, suggesting there is little genetic differentiation between
the current and historical southwestern localities. We could see a
similar pattern when comparing the greater northeastern historical
and modern localities (weighted Fo;=.034). However, as expected,

higher genetic differentiation is present between the southwestern
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historical localities and the greater northeastern historical localities
(weighted Fo;=.056), confirming the established two-population
structure.

Next, historical effective migration between sampling sites was
explored with EEMS (Petkova et al., 2016) which suggested possi-
ble connectivity between the central and northern areas (Figure 2),
similar to the pattern we see in the ADMIXTURE results at K=2 and
K=3 (Figure S3). Moreover, this analysis suggested a barrier of gene
flow in the southwest from the rest of the distribution, with less mi-
gration than expected under a model of isolation by distance. This
strong barrier correlates with the Paramillo Massif mountain range,
which is potentially responsible for the two-population structure.
The analysis of shared drift with f3-outgroup statistics also supports
the two clusters, with the southwest separated from the rest. The
greater northeast sampling sites share more drift between them
than towards the southwest, highlighting, as well, the barrier of gene
flow between Tierralta and the southwestern sites (Figure Sé).

We next explored the potential loss of genomic diversity in
cotton-top tamarins during the last century due to the population
reduction and habitat fragmentation. We estimated genome-wide
heterozygosity per sample and compared the values between histor-
ical and modern individuals (Table S4). We first checked the effect
of coverage on the heterozygosity estimates and found a statisti-
cally significant positive correlation (adjusted R-squared: .5783;
p-value=1.704e-07) between both variables (Figure S7). Thus, we
restricted the analysis to samples with at least 5x coverage or downs-
ampled to this coverage. We found a significant 1.68x decrease in
heterozygosity estimates, from an average of 0.000589bp™* in the
historical samples, to 0.00035bp™* for the modern samples (Wil-
coxon rank-sum test, p-value=.0028; Figure S8). However, when

structuring the dataset into the two geographical clusters, we noted

B ciogm) >0} = 0.9

g Pllog(m) <0}=09

Longitude

FIGURE 2 Barriers and corridors of gene flow in historical cotton-top tamarin populations. Estimated effective migration surface
calculated by EEMS where blue represents higher migration than expected under a model of isolation by distance and brown represents
lower migration than expected under isolation by distance. Black circles indicate sampling sites, and their size is relative to the number of
samples per site. Only historical samples with known origin were used in this analysis (Table S4). (a) Mean migration rate estimated in log
scale. (b) Posterior log mean migration rate with 95% confidence interval highlighted by white outlined polygons.
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that the effect was of different magnitude across their range. Spe-
cifically, while a significant decrease of 2.1x was seen in the cotton-
top tamarins in the greater northeast (average of 0.000581 and
0.000276bp™2, respectively; Wilcoxon rank-sum test, p-value=.016,
Figure 3a), the southwestern individuals did not exhibit a significant
heterozygosity reduction (1.3x decrease, Wilcoxon rank-sum test, p-
value=.67), although due to our subsampling only three samples are
left in this group (Figure 3a). Heterozygosity was also investigated

per location which further confirms a decrease in heterozygosity

within modern populations in the greater northeast population,
Ceibal and San Juan (Figure S9).

Next, we explored inbreeding by estimating the inbreeding
coefficient (F,) of all samples (Table S4) with NgsRelate (Hanghgj
et al., 2019) and the fraction of the genome in RoH (F.4,,) in the
subset of samples with the highest coverage (>7x, N=9, Table S6)
using ROHan (Renaud et al., 2019). In line with the decreases in het-
erozygosity seen in the genomes of the modern samples, we also

noted that although they exhibit higher inbreeding coefficients than
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FIGURE 3 Genetic diversity and inbreeding in cotton-top tamarin individuals. (a) Genome-wide heterozygosity calculated with ANGSD

for samples at 5x coverage. Statistical significance was calculated w

ith Wilcoxon rank-sum test. Regarding the box plots: the lower and

upper hinges correspond to the first and third quartiles, the upper whisker extends no further than 1.5 xIQR (interquartile range), and the

lower whisker extends to the smallest value at most 1.5xIQR of the

hinge. The middle line represents the median. (b) The fraction of the

genome in RoH for samples above 7x coverage estimated with ROHan. Colour is representative of the RoH size in megabases (Mb).
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historical samples, (Figure $10) they do not suffer from extreme lev-
els of inbreeding. Similarly, modern samples have accumulated RoH
of >1Mb (Figures 3b and S11), something that is almost absent from
the genomes of the historical samples, with only one sample from
Mutata exhibiting some degree of inbreeding with both F, and F,
(41_FMNH_69938). In particular, for modern samples, on average
only 2.73% of the genome is in RoH (ranging from 1.19% to 6.80%),
with an average RoH length of 5.97Mb. This would be compatible
with a scenario of inbreeding happening approximately ~12 gener-
ations ago or ~73years ago, based on average RoH length (Thomp-
son, 2013). However, this inbreeding continued to much more recent
times, up to ~2-3 generations ago in some individuals (~15 years ago)
based on the coalescence time of longest fragments (Table Sé).
Finally, we estimated the genetic load of samples with at least
5x coverage (N=16, Table S7) and compared it between historical
and modern samples as well as between geographical origin (greater
northeast and southwest) for both high-impact and moderate-
impact variants. We also disaggregated the genetic load into masked
(in heterozygous state) and realized load (in homozygous state). De-
rived allele counts were normalized by the derived allele synony-
mous counts (Figure 4a). When restricting the analysis on a subset
of samples with at least 7x coverage (N=9), we found similar results
that varied only slightly for the greater northeast historical popula-
tion (Figure S12). Although the historical data show that both the
greater northeast and the southwest population had accumulated
similar levels of genetic load, the amount was slightly lower in the
greater northeast population (Figure 4b), a relation that did not per-
sist to the present day. In modern samples, we detected a relative
reduction of deleterious variants (especially high-impact variants)
compared with the historical population, possibly due to selection
being more efficient in purging highly deleterious variants in ho-
mozygosis (Figure 4b). Although the total load observed in modern
samples from the greater northeast populations is not lower than
in their historical counterpart, we find that they have transformed
the masked load into realized load, as expected due to their higher
inbreeding (Figure 4a). When comparing modern greater northeast
with southwest populations, the former has more total genetic load
than the southwest population (Figure 4b), pointing to the modern
southwest population being more efficient at purging deleterious
variants. However, given the limited and nonsignificant diversity loss
in the southwest population, this result should be taken with cau-
tion. We cannot rule out potential biases on calling high-impact vari-
ants in historical southwest population samples due to their lower
genotype quality (Figure S13; Pinsky et al., 2021). Also, the limited
sample size and the possibility we are not sampling continuous ge-

netic diversity limit our interpretation of these results.

4 | DISCUSSION

Historical samples of cotton-top tamarins were collected across
their natural distribution and sequenced to determine the his-
torical population structure and demography. This knowledge can

form a baseline to understand the consequences of anthropo-
genic effects, such as exportations and habitat fragmentation on
the species genetic diversity. For that, we also collected and se-
quenced a small number of samples representing the current popu-
lations at three different locations. Although the historical dataset
contains a relatively even distribution across their natural range,
there are still areas that are lacking representation, such as in the
southern portion of the Department of Sucre. Furthermore, due
to the low number of modern samples, assumptions made during
the comparison of the historical and modern data should be seen
as initial insights, rather than firm knowledge, as they do not nec-
essarily belong to the same continuous population (as fine-scale
structure appears with higher Ks, see Figure S3). Thus, to confirm
these results, more modern samples from the entire distribution

should be collected.

4.1 | Structure and demography of historical
cotton-top tamarin populations

The analyses performed in this study suggest that the historical
cotton-top tamarins can be grouped into two populations: one in the
greater northeast and one in the southwest. This pattern seems to
be present in the modern population as well, although more sam-
ples from the central region are needed to confirm this result. This
grouping of two populations is supported not only by the PCA and
admixture analyses (Figure 1) but also with the F¢; and f3-outgroup
analyses (Table S5 and Figure Sé). In addition, the results of the
EEMS analysis clearly show that there has been a geographical bar-
rier separating the southwest region from the greater northeast (Fig-
ure 2). This barrier area suggested by EEMS overlaps with a rather
mountainous area (Paramillo Massif mountain range) that could be
acting as a geographical barrier to gene flow.

Moreover, EEMS suggests that the northeastern population has
a higher-than-expected effective migration rate throughout the re-
gion, even suggesting a corridor of gene flow between Caracas, Co-
loso, Planeta Rica and Tierralta. Although the PCA and ADMIXTURE
analyses support a structure of two populations, the PCA shows a
north-to-south gradient in the greater northeast and K=3 in admix-
ture shows admixture in Caracas and Coloso, suggesting the possi-
bility of two subpopulations (northern and central population) in the
greater northeast. Furthermore, the structure from the PCA and the
admixture results provides us with insight useful for determining the
likely origins of samples that were provided with uncertain localities.
For example, the ‘Arjona_uncertain’ specimen was obtained in the
far north; however, its genetics reveals that it probably originated
from somewhere near Turbo (Antioquia) in the southwest region
(Figure S3), thus was likely trafficked and on its way to a Colombian
port such as Cartagena (Connelly & Peyronnin, 2021), or airport such
as Barranquilla (National Research Council, 1976). According to the
results, the other two samples with uncertain localities (Cauca_un-
certain and Unknown) likely originated in the greater northeast:
Cauca_uncertain possibly between San Juan Nepomuceno (Bolivar)
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FIGURE 4 Genetic load for samples over 5x coverage for the greater northeast and southwest regions in modern and historical samples.
(a) The relative count of genetic load is calculated as the ratio between derived allele counts in high- or moderate-impact mutations by the
derived allele count in synonymous mutations. Masked load represents the count in heterozygous state, realized load represents the count
in homozygous state, and total load represents the global count of derived alleles in deleterious positions. Regarding the box plots: the lower
and upper hinges correspond to the first and third quartiles, the upper whisker extends no further than 1.5xIQR (interquartile range), and
the lower whisker extends to the smallest value at most 1.5x QR of the hinge. The middle line represents the median. (b) The total load ratio
is estimated by comparing the averages of relative count of genetic load in different populations (by sample type and by geographical origin).
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and Colosé (Sucre), and Unknown around Caracas sampling site
(Cereté, Cordoba) (Figure S3).

4.2 | Loss of genetic diversity and inbreeding in
present-day populations

Valuable insights can be gained by comparing historical and modern
samples. Although we have both historical and modern samples, only
one sampling site (San Juan) has samples from both periods. Thus, fine-
scale structure (only present at higher Ks, Figure S3) might impact the
temporal comparison. In this study, we found a significant decrease in
heterozygosity for the greater northeast population (Figure 3a) when
comparing the historical with the modern samples. This reduction in
heterozygosity is similar to that seen in Grauer's gorillas (van der Valk
et al., 2019) and in the white rhinoceros pre- versus post-bottleneck
(Sanchez-Barreiro et al., 2021). It was notable that reduced and non-
significant decrease in heterozygosity was observed when analysing
the southwest samples on their own. Although on the one hand, we
hypothesize that this might simply derive from the need for more sam-
ples from this region. On the other hand, we cannot rule out that the
mountainous topography of the southwestern region may simply make
it more challenging for traffickers and loggers to reach some of the
areas that they inhabit, thus conferring a degree of protection on the
cotton-top tamarins that live there.

We also observed that the modern samples showed a slight in-
crease in inbreeding (Figure $10), which is also supported by the in-
crease in RoH in the modern relative to historic samples (Figure 3b).
The estimated RoH length (with on average >5Mbp) reflects historic
inbreeding, occurring around 70years ago (~1950) and at least as re-
cently as ~15years ago based on our timing inferences. This indicates
thatinbreeding emerged as a consequence of the massive population
decline due to exportations of cotton-top tamarins and continued
after its banning, possibly due to continuous habitat degradation and
fragmentation. Interestingly, and despite this, when comparing the
genetic load between modern and historical populations, our data
preliminarily suggest that the species has managed to avoid overall
increases of harmful mutations in their genomes, as seen in other
species facing similar circumstances (Grossen et al., 2020; Robinson
etal.,, 2018; van der Valk et al., 2021). Although both the sequencing
of more samples to a higher depth of coverage and sampling of more
locations representing the southwest population would be neces-
sary to reach a more conclusive result, we speculate that if accu-
rate, this finding might derive from their complex social structure
and high rates of emigration/immigration among social groups (Sav-
age et al., 1996). The greater northeast population seems to have
undergone a decrease in the accumulation of high-impact variants
through time. This suggests that while strongly potentially dele-
terious mutations were purged, this has not been the case for less
deleterious mutations (moderate-effect variants), and that there has
been conversion from masked load into realized load. The southwest
population also experienced a decrease in genetic load, even higher
than the greater northeast, without conversion of masked load into

realized load. This may indicate that the southwest populations are
able to overall maintain higher genetic diversity as a result of ex-
periencing less pressure than that faced by the greater northeast

populations.

4.3 | Conservation insights

The knowledge provided by the historical populations can be lev-
eraged to assist conservation of the species. After exploring the
historical population structure of the cotton-top tamarin, we have
identified two largely isolated populations that should be considered
in future conservation actions for the species. Currently, the major-
ity of conservation efforts are focussed on the northern region of
the distribution. Our results point to the importance of also estab-
lishing conservation efforts in the southwestern region. Further-
more, the information gained from the genomic insights could be
used for planning the establishment of forest corridors to connect
fragmented habitats. For example, this study suggests that corridors
should be planted to reconnect the northern and central parts of the
greater northeast, as well as connecting forest in highly fragmented
habitats.

As a consequence of the illegal pet trade, many cotton-top tam-
arins are confiscated without knowing where they were taken from
in the wild. We found a correlation between geography and genetics
and assigned origins to the individuals in our dataset with unknown
or uncertain origin. Our dataset can therefore assist in the devel-
opment of a reference panel to provide information about the geo-
graphical origin of illegally trafficked individuals. Due to the strong
geographical signal in the analysis, the historical samples could be
used in addition to modern samples to supply locality information.
Future research could develop this dataset further by designing ar-
rays to identify specific geolocations of confiscated individuals, sim-
ilar to that done in the chimpanzee (Fontsere et al., 2022; Frandsen
etal., 2020).

In conclusion, this study allowed for the development of a ge-
netic baseline for cotton-top tamarins through the exploration of
the historical museum samples. We have provided insight into the
historical structure and demography before detrimental anthropo-
genic activity. This knowledge can be used to understand the level
of genetic diversity that is in the modern populations and help guide
conservation efforts.
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