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Assessing the recovery of Y
chromosome microsatellites
with population genomic data
using Papio and Theropithecus
genomes
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Y chromosome markers can shed light on male-specific population dynamics but for many species no
such markers have been discovered and are available yet, despite the potential for recovering Y-linked
loci from available genome sequences. Here, we investigated how effective available bioinformatic
tools are in recovering informative Y chromosome microsatellites from whole genome sequence

data. In order to do so, we initially explored a large dataset of whole genome sequences comprising
individuals at various coverages belonging to different species of baboons (genus: Papio) usingY
chromosome references belonging to the same genus and more distantly related species (Macaca
mulatta). We then further tested this approach by recovering Y-STRs from available Theropithecus
gelada genomes using Papio and MacacaY chromosome as reference sequences. Identified loci were
validated in silico by a) comparing within-species relationships of Y chromosome lineages and b)
genotyping male individuals in available pedigrees. Each STR was selected not to extend in its variable
region beyond 100 base pairs, so that loci can be developed for PCR-based genotyping of non-invasive
DNA samples. In addition to assembling a first set of Papio and TheropithecusY-specific microsatellite
markers, we released TYpeSTeR, an easy-to-use script to identify and genotypeY chromosome

STRs using population genomic data which can be modulated according to available male reference
genomes and genomic data, making it widely applicable across taxa.

In recent years, the development of new sequencing technologies has provided researchers with a flood of data
whose characterisation has been made possible by the improvement of computational capacity and the implemen-
tation of novel tools. Given the significant insights that can be gathered, the analysis of whole genome sequences
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usually focuses on autosomal variation, and several tools have been developed to analyze such datasets'?.
However, data from other genetic systems, namely mitochondrial DNA (mtDNA) and Y chromosome, can be
also retrieved from these datasets. Several pipelines have been developed for assembling mitogenomes from
whole sequence data, many designed to control for possible biases related to the choice of the selected reference
sequence®™. Differently, Y chromosome sequences have been often overlooked, despite the utility of this system
in shedding light on sex-related population dynamics, such as dispersal, mating strategies and reproductive
success® 1. Humans are one of the few species where bioinformatic tools designed specifically for handling Y
chromosome data have been assembled, with a focus on SNP variation and phylogenetic assignment'?'¢. How-
ever, Y-SNP data, while informative when combined with detailed phylogenetic information, can be of limited
use when attempting to disentangle small scale dynamics, in case of related lineages, or when the underlying
phylogeny is unknown, completely or in some of its parts. The biallelic status of most Single Nucleotide Poly-
morphism (SNPs) also makes them less suitable for an effective characterization of variation when the amount
of available DNA is small. In such cases, the use of more variable markers such as Short Tandem Repeats (STRs)
can provide higher discrimination power. These genetic systems can be also easily multiplexed to co-genotype
several markers together, using PCR approaches that combine different amplicon sizes and the use of different
fluorescent labels'”!®. The use of PCR-based analyses as well as the possibility of selecting amplicons of different
sizes have made STR the genetic markers most commonly used to investigate population dynamics in the wild,
as for example reconstructing the degree of kinship between members of groups, by permitting the genotyping
of non-invasive samples as hair and feces'-?..

The development of novel STR markers has been for a long time a tedious and laboratory intense activity.
The procedure usually started with the screening of genomic DNA for the occurrence of regions with repeated
motifs, then followed by the investigation of their degree of variation via the analysis of these regions across
several individuals??. The availability of whole genome sequence data allows performing the same steps in silico,
taking advantage of the genomic data often already available as part of genomic investigations. Software such as
Tandem Repeat Finder (TRF) can be used in the first place to identify tandem repeats in an assembled reference
sequence®*. Then, other tools specifically developed to deal with this kind of data, such as HipSTR, can be used
to accurately genotype each sample in the previously identified regions®. One of the most recent examples of
the potential for similar approaches has been the development of an extended panel of STRs valid across catar-
rhines developed by identifying in silico homologies between human STRs and available catarrhines genomes®.

Following these considerations, we propose a bioinformatic program which we named TYpeSTeR to identify
Y chromosome microsatellites integrating these tools and we assess its performance using genomic data with
varying levels of coverage of individuals belonging to the genera Papio and Theropithecus. Beside assembling
the first panel of Papio and Theropithecus Y chromosome microsatellites, our results offer a proof-of-concept for
efficiently using genomic population data to recover and genotype Y chromosome microsatellites across taxa.

Results

Identification of repeated regions in the reference Y chromosome sequence. A total of 292
repeated regions (excluding dinucleotides and repeats longer than 6 bp) were identified across the Papio Y chro-
mosome reference (NC_044997.1). Ninety-two were found in the pseudoautosomal region and were excluded
from further analysis. Overall, the most represented motifs were tetranucleotides (Fig. 1A). Using our selection
criteria (see "Materials and Methods"), a total of 92 loci were finally selected. The localisation and the length of
the loci across the reference sequence is shown in Fig. 1B.

Using HipSTR for genotyping genomic data. We proceeded by genotyping the selected 92 STRs in the
panel of 55 baboon individuals sampled from all the six Papio species (see "Materials and Methods") using the
software HipSTR Ten of the putative regions were not genotyped as virtually no reads were mapped to these
sites, while six additional sites were automatically filtered out by HipSTR as the upstream or downstream flank-
ing regions were too repetitive, leaving a total of 76 loci genotyped. Among these, only sites with <50% missing
data and no reads from female samples mapped were further retained, leading to a final set of 66 loci. Notably,
only three STRs were mapped to female individuals with more than two reads, irrespectively of the coverage
of the samples, providing strong support for the male specificity of marker identification and genotyping pro-
cedures. These three sites were therefore removed in all analyses. Across the 66 putative Y chromosome STR
markers, the number of successfully genotyped microsatellites varied across individuals and correlated with the
degree of coverage (Fig. 1C). STR based Y chromosome haplotypes were then generated by assembling the alleles
called at each locus by HipSTR (Tab S3AB; Fig. 2).

Genotyping failures were mainly due to two reasons: sequencing issues and genomic features of the sample.
The genotype posterior probability was mainly driven by the quality of the sequencing process. Samples with
lower Phred quality score (on average), such as the only P. kindae (sample 34472) from Ref.?, had also lower
mean posterior probability values. Moreover, one P. anubis sample from Ref.?’, sample 1X2891, despite being
high coverage (32.8X) had a peculiar issue in the reads as the first couple of bases had very high percentages of
missing data. Indeed, this sample had a lower mean posterior quality (mean=0.926+0.212) compared to all
other samples from the same project (mean =0.996 +0.05) (Fig. S2A). Overall, in order to genotype most of the
STR loci, a sample had to be at least ~ 10X in coverage, although one P. hamadryas sample with lower coverage
(5X) had still quite a high rate of successful genotypes (72.4%) (see Fig. 1C).

We also noted that individuals of the same species were consistent in showing missing data at the same loci
(Fig. 2A; Tab. S3AB), which we suspected might be due to the presence of structural variation across Papio Y
chromosome lineages. We therefore explored the degree of coverage along the Y chromosome reference across
the 55 Papio genomes in the screening panel (Fig. S3). For example, we identified a potential P. ursinus-specific
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Figure 1. (A) Distribution of tandem repeat motif sizes. Shaded columns refer to unused sites that either fell

in the Pseudo Autosomal Region (shaded in gray in panel (B)) or exceeded the maximum length (100 bp; panel
(B)) (B) Chromosomal location and maximum length of identified loci. Colours as in panel (A). (C) Proportion
of successful genotypes against whole genome sequencing coverage of each sample, coloured by species and
shaped by sex.

deletion spanning six markers from 3.5 Mb to 3.8 Mb which indeed HipSTR fails to genotype in both the P. ursi-
nus samples in our dataset as no reads were mapped there. Similarly, two out of 16 P. hamadryas samples possibly
shared a large deletion from 4.4 Mb to 5.7 Mb and none of the 15 STRs included were genotyped in these samples.
The P, ursinus specific deletion was confirmed by P. ursinus unpublished long-read genomic data (not shown).

The number of invariant sites per species ranged from 21 in P. anubis to 57 in P. papio. Sixteen out of the
66 sites were monomorphic within at least one of the two North-South Papio clades. Eight of these loci were
invariable across all samples. On the opposite side, other eight sites were extremely variable (more than seven
different alleles). Of the three more represented species, P. anubis had a median number of four alleles per site
(mean=3.59+1.90), P. cynocephalus of three (mean=3.12+1.70) and P. hamadryas of two (mean=2.20+0.95)
(Fig. 2C).

Y-STR diversity (see "Materials and Methods"; Nei, 1973) in the Papio sp. dataset was 0.584. P. hamadryas
baboons showed the lowest heterozygosity (0.126) compared to the other two most represented lineages: P. anubis
(0.439) and P. cynocephalus (0.370). Indeed, some degree of further clustering seems to be present in all these
three species of Papio. P. anubis, in particular, appears to display two main, well-represented and highly differen-
tiated clusters (samples are all from Kenya), while P. cynocephalus cluster contains at least two highly divergent
lineages represented by one and two individuals respectively, all collected in Mikumi National Park, Tanzania.
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Figure 2. (A) Heatmap coloured by the length of each allele in the Papio screening dataset. Samples are
clustered according to the phylogeny as described in "Materials and Methods". Sites (columns) are annotated
with boxplots of (i) genotype quality, (ii) proportion of reads with a putative stutter artifact, (iii) proportion of
reads with an indel in the flanking region, (iv) bar plot number of missing data and finally (v) coloured bar of
motif sizes as coulor-coded in legend. Each sample (row) is annotated with a coloured bar of (i) species and
(ii) project. (B) Summary of the heatmap in panel A with the distribution of allele length. Samples are divided
by alleles and species, each dot size is scaled by the relative proportion in each species (e.g. if two out of three
P, papio samples share the same allele the dot will be 2/3 of the maximum size). Sites are identified using

the nomenclature proposed in "Materials and Methods". DYS495 and DYS565 are markers homologous to
human Y-STRs and the human label has been therefore indicated here. The heatmap was produced with
ComplexHeatmap v.2.8.0 R package™.

Validation of genotyped Y-STRs. We used the Y STR genotypes to build a phylogenetic tree of the dif-
ferent haplotypes. Haplotypes of individuals belonging to the same species clustered together, with no evidence
of polyphyletic status and in line with known Papio phylogeny, subdividing Northern and Southern baboon
species®. The Y chromosome data is further supporting the suggestion that sample 1X3576 was mislabeled as
P. cynocephalus, instead of being assigned to P. anubis”’. We also identified in 1X4384, reported as a P. anubis
founder but genetically closer to P. cynocephalus®, a Y chromosome haplotype that clustered with other yellow
baboons. The Y chromosome haplotype of one P. hamadryas sample (SAMN20949838) clustered with olive
baboon lineages, indicating a possible recent hybridization event. Two out of the three high coverage hybrid sam-
ples from Amboseli had a Y-STRs haplotype more similar to other yellow baboons (AMB_316 and AMB_301),
while the remaining one (AMB_317) was more similar to olive baboons. In these six cases, we assigned the spe-
cies of the sample based on these clustering results.

Four of the genotyped samples in the Papio Screening dataset were related across three generations along
their paternal line?®. The four individuals belonged to the species Papio anubis and have been sequenced at high
coverage (mean coverage = 28X). The four Y-STRs haplotypes were fully concordant as expected, as each allele at
any given locus was the same in all four individuals (Fig. 2; Tab. S3AB). Furthermore, two different sequencing
runs (97124 and SAMN20949845; peer reviewer personal communication) of the same P. hamadryas sample
returned fully concordant haplotypes.
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Reassured by this result, we also analyzed the recently published low coverage sequence data of hybrid
baboons from Amboseli National Park included in the Papio LowCov dataset?**’, and recovered Y-STRs haplo-
types for most of the available male individuals (n =225). We used publicly available trios to reconstruct pedigrees
among individuals and combined this information with the recovered Y-STRs haplotypes (Fig. S4; "Materials
and Methods"). As expected, the number of successfully genotyped Y-STRs was substantially affected by the
extent of coverage of the analyzed genomes (Fig. S1A). However, in the range of genome coverage of this dataset
(0.6X to 3.5X), the number of successfully genotyped loci rises linearly with coverage. Interestingly, samples
with a genome coverage of at least 3X have more than 75% of the STR loci being genotyped, reaching the same
degree of genotyping success observed for higher coverage samples (Fig. 1C and Fig. S1A). The number of STRs
genotyped and shared among pairs of individuals within each pedigree ranged between 0 and 10 (median=4),
while the range observed across pedigrees was larger (range 0-21, median=4). Within pedigrees, seven occur-
rences of allele mismatch were observed out of 282 total possible comparisons (2.5%): two of these occurred in
the same locus. Two families had two mismatches each (Fig. 3A, family 13 and 25). Within-pedigree haplotypes
were usually closer to each other than to other haplotypes, confirming the presence of related male lineages.
Interestingly, we found a few instances of strong similarity across pedigrees: for example pedigrees 19, 26, 7 and
5or 12, 17 and 25, hinting to deeper relationships along the male lineage for these individuals (Fig. 3A).

Haplotypes recovered from the Papio LowCov dataset were finally compared to haplotypes retrieved from
high coverage genomes of P. cynocephalus and P. anubis present in the Papio Screening dataset (Tab. S3GH).
Notably, despite the small number of genotyped STRs in the Papio LowCov dataset, a substantial fraction of
haplotypes recovered from the latter dataset was significantly closer to either yellow (68%) or olive baboons
(22%) (Fig. 3B). Only one of the 14 samples from the non-hybrid areas investigated in Ref.** (sample MAS_004;
an olive baboon from the Maasai Mara Reserve in Kenya) was not assigned to any of the two species. Interest-
ingly, all the Amboseli hybrids with a P anubis Y-STR haplotype have been previously classified as recent hybrids
(defined as having at least one P. anubis-like ancestor within the last seven generations, as described in Ref.?*).

STR identification using Y chromosome references of other genera. In order to explore the
potential for STR identification using increasingly evolutionary distant Y chromosome reference sequences, we
extended our approach to population genomic data of two different genera (from the Papio Screening dataset and
Theropithecus dataset) using less closely related references (Macaca mulatta and Papio anubis). More precisely,
Papio and Theropithecus divergence is dated ~ 4.5 Million years ago (MYA) (CI 4.0-5.1 MYA) and both diverged
from Macaca~10.5 MYA (CI 8.8-11.1 MYA)*'. This test allowed us to assess the performance of the proposed
workflow when only references from related species are available.

Indeed, as no Y chromosome reference sequence is available for Theropithecus gelada, we used the informa-
tion retrieved by TRF on the Papio Y chromosome reference sequence and applied HipSTR to genotype the set
of 92 initially selected loci across the full Theropithecus dataset. Of these 92 sites, 20 loci were dropped due to
the lack of reads mapping to the corresponding regions and seven were filtered due to the high repetitiveness of
the flanking sequences. Fourty-nine out of these 65 loci were finally retained after genotyping once the quality
control filters used above were applied (see "Materials and Methods"; Fig. S2B, Tab. S3CD). In this case, only one
site was filtered out as it was also genotyped in females. We note that of the starting 92 loci identified in the Papio
reference, more were retained when tested in Papio than Theropithecus genomes, but over half were still usable
in T. gelada (66/92; 72% and 49/92, 53%, respectively). Across the two sets of loci the vast majority, 48, were
shared (PpaY62 was the only marker only found in T. gelada). We used the 49 markers to build a phylogenetic
tree, as done for the Papio screening dataset. T. gelada Y-STRs haplotypes clustered in two groups, correspond-
ing to two demes of origin (Northern and Central), zoo samples clustered with the Central population, as per
their genome® (Fig. 4A). Twenty-five out of the 49 (51%) sites were polymorphic. The Y-STR diversity*® within
the two populations of T. gelada was 0.213 and 0.148, respectively, in the central (including zoo samples) and
northern populations and 0.213 overall.

The Macaca Y chromosome reference was initially processed with TRF and a total of 342 variable regions were
identified using the same criteria applied for the identification of Y STR on the Papio Y chromosome reference.
One-hundred and forty-four of these regions passed all screening filters. Of these, 89 were considered by HipSTR,
and 61 were finally retained after genotyping in a subset of 15 Papio samples, and seven Theropithecus samples
once all the genotyping filters applied before were taken into consideration (see "Materials and Methods").

To explore how the use of references at different evolutionary distances could affect the identification and
genotyping of potential Y-STRs, we focused on the same set of 15 Papio and seven Theropithecus individuals as
described above. We then estimated how many STRs were retained after filtering and how many were variable
when Papio-discovered and Macaca-discovered STRs were considered. The fraction retained is 63/145 (43%)
when using Macaca compared to 66/92 (71%) when using Papio as reference. The fraction of variable sites in
the Macaca set is smaller than that of the Papio set (69% and 86%, respectively, for Papio genomes; 35% and
45%, respectively, for Theropithecus genomes). Notably, alleles in loci identified in Macaca are consistent across
a set of Papio individuals related along the paternal line across three generations, confirming consistency in the
genotyping (Tab. S3E). Also, the retrieved Macaca-based STRs separate the Papio genomes in groups reflecting
different species, and T. gelada samples in corresponding populations but fail to recover the Northern-Southern
Papio subdivision identified by the Papio-discovered markers (Fig. 4B). It is worth noting here that in the
reconstruction of the baboon phylogeny the set of available variable STRs was ~30% larger for loci discovered
in Papio than in Macaca (57 vs 44 for Papio and 25 vs 19 for Theropithecus), which might explain the observed
differences in how main clusters are related (Fig. 4BC). We indeed generated a phylogenetic tree of the same
set of 22 Papio/ Theropithecus individuals and tested the support for the retrieved topology by resampling the
44 of the 66 Papio-discovered loci 100 times (Fig. 4C). Most of the nodes are strongly supported, including the
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Figure 3. (A) Pairwise normalized distance (number of equal alleles divided by total number of shared alleles)
between pedigreed samples from Low coverage dataset. Samples are grouped by pedigree (Fig. S4) and groups
are clustered according to the heatmap values. The size of each panel is proportional to the number of shared
alleles (i.e. the denominator of the pairwise normalized distance). The coloured bars represent a numerical id for
each family, the imputed species (as described in main text), the P. anubis ancestry and the hybrid status (both as
reported in ?). (B) Pairwise normalized distance between high coverage P. anubis and P. cynocephalus samples
(columns) and low coverage samples (rows). Both rows and columns are clustered by k-means. The barplot
represents the number of genotypes for each low coverage sample. Coloured cells give the information to: the
species, the family (as coloured as in panel A), the imputed species and the P. anubis ancestry and hybrid status
(as reported in Ref.?®). Both heatmaps were produced with ComplexHeatmap R package®.

monophyletic status of all the Southern baboons but not the grouping of all of the Northern baboons, suggesting
how different sets of markers, as expected, provide different degrees of support to reported phylogenetic signals.
Interestingly, when STRs identified as homologous in Papio and Macaca Y chromosome references (24 markers)
are compared in their genotypes, a good degree of consistency in allele calling is observed. Discrepancies are
noted mostly in samples that were poorly genotyped (Fig. 4D). Some of the loci, however, showed discrepancies
consistent across all samples. This could be related to loci being misclassified as homologous between Papio and
Macaca and/or the genotyping by HipSTR being reference biased. We manually curated the alignments of the
sequences of the genotypes called by HipSTR of the mismatched alleles reported in Fig. 4D to further explore
this observation (Fig. S6). Differences present in some but not all individuals appear as true genotyping errors,
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Figure 4. (A) Phylogenetic relationships among Theropithecus gelada Y chromosome haplotypes generated
using Papio-discovered STRs. Colours refer to demes of origin (see legend). (B) Phylogenetic relationships
among Y chromosome haplotypes generated from a selection of Papio and Theropithecus individuals (Macaca
dataset) using Macaca-discovered STRs. Colours refers to the demes/species of origin as described in the legend.
(C) Phylogenetic relationships among Y chromosome haplotypes of individuals in the Macaca dataset generated
by resampling Papio-discovered STRs, as described in the main text. Colours refers to the populations/species

of origin as described in the legend. The proportion of times where the node is observed when resampling STR
markers is reported in red. (D) Difference in allele calling over loci shared across Papio-based and Macaca-based
STRs. Colours in the Species column refer to legend in B/C. The heatmap was produced with ComplexHeatmap
v.2.8.0 R package®®.

possibly caused by the quality of the genotyped genomes (for example for PpaY11-23-32-42-90; see "Materials
and Methods" for nomenclature). On the contrary, in the loci consistently showing a mismatch of the same degree
in all the individuals (PpaY13-17-19-28-40-41-45-75-76-78) HipSTR appears to include a few extra nucleotides
of the flanking sequence when samples are mapped to one or the other reference, genotyping an allele of dif-
ferent size (Fig. S6). Such discrepancies can be easily solved by aligning the genotyping results obtained using
different references. In one case (PpaY68), the two homologous markers refer to two different but contiguous
tandem repeats (with CCTC motif in Papio and CTCT in Macaca). HipSTR genotypes the first even when given
the second as input when using Macaca as reference.

Markers homology: intraspecies and human Y chromosome reference. Across all the identified
loci, three markers were homologous to human STRs'2. Only one of these sites (DYS565) was shared among
all three reference species (Papio anubis, Macaca mulatta and Homo sapiens). A marker homologous to human
DYS495 was found in Papio, whereas one homologous to human DYS391 was found in Macaca. The differen-
tial retention of homologous loci is probably related to lineage-specific Y chromosome rearrangements®****. In
these three cases, we identified the loci using the corresponding human label (Tab. S2, Fig. S5B). This degree
of homology (3 out of 92 human markers) is in line with previous observations reporting 18 out of 136 human
single-copy Y-STRs successfully amplified in mandrill*®. We searched for the presence of multi-copy markers
within each STR dataset by using the same criteria of identity and query coverage applied for the identification
of cross-reference homologous loci. To validate this approach we screened the human Y STR panel and cor-
rectly recovered all except one (YCAIIa/b) of the 10 human multi-copy markers. In Papio, we identified 4 multi-
copy markers (PpaY16 and 18, PpaY54-55-57, PpaY56-58 and PpaY84-85), while eight were found in Macaca.
Finally, among the 43 homologous markers found between Papio and Macaca, two are multi-copy in baboon but
not in macaque and three are multicopy in the latter but not the former (Tab. S2).

We also note that with our approach, the only Y chromosome STR previously genotyped and variable in Papio,
the human homologous DYS576°7%, was filtered upstream as the locus is longer than 100 bp (NC_044997.1:
1681190-1681344). We nevertheless tried to genotype it in the Papio screening samples but HipSTR was not
successful as no reads were found spanning across the repetitive sequence.
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In silico PCR evaluation of identified Y-STRs. We evaluated the feasibility of genotyping the selected
loci using a molecular genetics approach by exploring the sequencing features of the regions surrounding the
Y-STRs. Considering the ampliconic structure of extended parts of primates Y chromosome®, successfully
designing PCR primers is not trivial. Therefore, we analyzed its feasibility with an in-silico approach taking
as template the successful primers used in humans. Of the 92 Papio/Theropithecus loci, 74 were amenable to
generate a pair of primers ("Materials and Methods"; Supplementary Fig. S7A). Of these 74, seven (~10%) were
predicted to generate locus-specific PCR products. However, this number rises to 44 (~60%) when including
PCR primer pairs predicted to amplify non-specific amplicons longer than 10 kb. Large amplicons are expected
to be disadvantaged when competing with the amplification of substantially shorter regions (100-200 bp) and
therefore their theoretical co-amplification can be considered not problematic in primer design (Tab. S4). For
comparison, we explored in the same way the “named” set of 92 human Y-STRs'% Several of the Y chromosome
human loci were surrounded by repeated regions, as for the non-human loci here identified (Fig. S7). Moreover,
the two conserved Y-STRs between Papio and Homo (DYS495 and DYS565) show similar flanking repeats fur-
ther validating their homology.

We then focused on 17 primer pairs amplifying a set of 20 human Y STR loci routinely investigated in forensic
genetic analysis*® and tested the specificity of the available PCR primers. The primers for DYS388 were not found
in hg38 therefore we excluded this locus. Of the remaining 16 sets of primers 10 (63%) were locus-specific and
the other six were predicted to co-amplify non-specific genomic regions larger than 10 kb (Fig. S7B). It is worth
noticing here that each human primer set was manually curated when originally designed and further refined
after initial molecular testing.

TYpeSTeR pipeline. We assembled the approach used here for retrieving and genotyping Y-STRs in a
simple-to-use script we named TYperSTeR, which is available at the dedicated github page (https://github.com/
giacomomutti/TYpeSTeR). This program makes it possible to identify and genotype a panel of Y-STRs in the
species of interest, simply using mapped sequencing samples (for example from a genome resequencing project)
and a Y chromosome reference (or W in birds and other species with a similar sex-determination system). The
user can specify maximum motif length, maximum STR length and which regions to exclude in the analysis.
Further, we included a script to assess the homology between Y-STRs of different Y chromosome references. The
final outputs are the putative Y-STR regions and the genotypes in these regions for each sample as a Variant Call
Format (VCF) file. This file can be further analyzed with supplementary scripts included in the repository. The
dependencies of the tool are easy to install and it may also be used as a Singularity container.

Discussion

The explosion in the amount of available genomic data has made the application of genome-based approaches
for the identification and characterisation of genome-wide markers feasible in species besides humans. How-
ever, despite a decrease in the sequencing costs, population-based genomic analyses are still often prohibitive,
and cost-effective genotyping approaches are still sought, the choice of markers depending on the aims of the
investigation. Here we propose an approach for the discovery and genotyping of Y chromosome STRs that can
be used in different contexts. Using genomic data to search for variable loci, we identified a similar number of
potentially variable STR markers in Papio and Macaca, 292 and 342, respectively. Once filtered for repeat size,
number of repeats, localisations (outside PARs), and variability in the same set of individuals, the fraction of
retained markers was larger for the Papio-discovered set than the Macaca-discovered set (87% and 68%, respec-
tively). This trend was also observed in Theropithecus (45% and 33%), suggesting, as expected, that as evolutionary
distance increases, the number of successfully retained and genotyped markers decreases. However, the results
in both Theropithecus and Papio clearly indicate that the lack of a closely related Y chromosome reference does
not prevent the identification of a set of usable and informative markers, able to recover relationships among Y
chromosome lineages. Alleles called in loci identified in Macaca are consistent across male-related individuals
and reproduce the main phylogenetic signals associated with Papio-discovered loci, both in Papio and Thero-
pithecus (Fig. 4B-D). No mismatches in species/demes assignment were noted in both Papio and Theropithecus
when comparing the clustering results using Papio-based and Macaca-based markers (Fig. 4B,C). Variation in
the relationships between clusters appears mostly shaped by the set of analyzed markers (Fig. 4B,C). The choice
of the reference does not affect the degree of genotyping success; the latter is mostly affected by the quality of
the analysed genome. More specifically, lower genotyping success is associated with lower genome quality. Dif-
ferences in genotyping across the same samples/same loci using different references are mostly related to the
quality of genomic data used and not by what reference was used (Fig. 4D). Notably, a coverage as low as 3X
provides still a good genotyping score, which might suggest this could be used as a sequencing threshold for
confidently recovering such type of data. Low coverage data provided interesting insights on the affinity among
male pedigrees and identified the species of origin of the Y chromosome of hybrids, showing the potential for
markers discovered with the approach presented here. Specifically for the species analysed, we note that besides
the identification of the main clusters (main Papio species, different populations in T. gelada), further topologi-
cal features within the reported phylogenies should be treated with caution as STRs are less reliable than SNPs
in identifying relationships among clusters*!. In addition, both the Papio Screening and Theropithecus datasets
do not provide an exhaustive sampling of the variation present in the related species and therefore, the reported
topology cannot be considered fully representative of the phylogenetic relationships.

The successful identification of informative markers, even when using evolutionary distant reference Y chro-
mosome sequences, suggests that this approach could be applied more extensively. This is particularly of relevance
considering that a total of 30 Y chromosome references and WGS from 86% of primate genera became available
following recent publications®*#>. Targeting species in key primate groups to assemble Y chromosome references
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would make possible a more extensive application of the approach presented here. For example, Strepsirrhini
are still underrepresented in genomic data and should be a priority given the lower density of reference male
genomes within this part of the primate phylogeny. More generally, we note that Y chromosome references are
available also for other non-primate mammals, making the approach presented here potentially transferable to
other mammalian orders and possibly even extended to W chromosomes in birds. We suggest the STRs identi-
fied using TYpeSTeR could be a useful by-product of resequencing projects, where many samples are mapped to
the same reference, even at low coverage (~5X) and could link a purely in silico analysis to experimental work.
Indeed, the markers identified using this approach could be genotyped via PCR once appropriate primers are
developed. As a proof of concept for using TypeSTeR to identify Y chromosome STRs compatible with molecular
genotyping we validated in silico PCR primer sets for 44 of the 92 loci. More could be possibly designed by focus-
ing specifically on selected loci. Nevertheless, we envisage that researchers might prefer to develop their own
set of primers according to their specific needs, particularly when building multiplex PCR protocols. Notably,
markers selected using TYpeSTeR could be easily genotyped also in samples characterised by degraded and/or
low amount of endogenous DNA, retrieved from non-invasive material and ancient specimens. The analysis of
these samples could be either completed by assessing low coverage genomes or by PCR, as the parameters we
tested make the genotyping feasible with both approaches.

Materials and methods

Whole genome population datasets. We assembled a whole genome sequence screening dataset con-
sisting of both available and unpublished 55 Papio high and low coverage genome sequences (mean cover-
age=26.2X+16.2X, Tab. S1). All of the six Papio species were included, but different numbers of individuals per
species were available (range 1-18; Tab. S1). The final dataset included one Papio kindae, two P. ursinus, three
P, papio, three P. anubis x P. cynocephalus hybrids, 11 P. cynocephalus, 17 P. hamadryas and 18 P. anubis (four of
the latter related along the paternal line: grandfather, father and two sons). The Y chromosome data of one P
ursinus (sample NE712562) and two P. papio (T14 and 70K) are presented here for the first time. We additionally
included 9 Papio female genomes to validate the male-specificity of the recovered markers (Tab. S1). This dataset,
referred to as Papio Screening dataset hereafter, was used to assess the potential of discovering new Y-STRs in
animal populations from different, but closely related, species.

Further, we assembled another dataset comprising of 199 male samples from the recently published low cover-
age Papio genomes from Amboseli (mean coverage=1.04X +0.19)?, 26 male samples from Ref.** and the 32 P
anubis and P. cynocephalus samples from the Papio Screening dataset, for a total of 257 samples (Papio LowCov
dataset). Pedigree data were publicly available for 77 out of 199 samples from Amboseli, allowing us to use this
subset to assess the accuracy and informativeness of genotyping recovered from low coverage resequencing data
(https://github.com/TaurVil/VilgalysFogel_Amboseli_admixture).

We also analyzed the Theropithecus gelada genome dataset released by Ref.*? which comprised a total of 68
genomes (35 males and 33 females), ranging in coverage between 1.3X and 47.5X (mean=14.4X+10.7X, Tab.
S1). Samples were from two of the three known T.gelada populations, the Northern and Central ones*>*. This
will be referred to as the Theropithecus Dataset.

Read mapping. Read mapping and alignment processing was performed as in Ref.*’. The reads of all the
baboon samples were mapped using bwa-mem2 v2.2.1% to P. anubis (Panubis1.0"’), whereas the T. gelada
samples were mapped to a custom reference genome made of Tgel_1.0°? and the Panubis1.0 Y chromosome
(NC_044997.1). Read mapping was performed with bwa-mem?2 v2.2.1, if a sample had more sequencing runs,
those were merged with samtools merge*. Duplicated reads were marked with Picard MarkDuplicates v.2.26.10*
and removed. Only properly paired reads with mapping quality greater than 10 were kept with samtools view -f
2-q10v1.15.1.

STR identification using same genusY chromosome reference. We initially screened the Y chro-
mosome sequence recovered from the Olive baboon (P. anubis) reference Panubis1.0*” for the occurrence of
repeated regions using the TRF tool*. We then filtered these regions by using three criteria: size of the repeat
unit being between 3 and 6 nucleotides, the presence of at least 8 repeats and a total length of the variable region
no longer than 100 nucleotides. The first two parameters focus on markers easy to genotype using PCR analysis
by limiting the extent of the impact of the so-called stutter peak (very pronounced when dealing with di-nucleo-
tide STRs*. The minimum number of repeats is designed to maximize the chance of recovering interindividual
variable markers. Similar parameters were applied when searching for Y chromosome human STRs*'. We have
additionally restrained the size of the overall variable region to 100 nucleotides because short reads can not be
used to genotype long STRs, a feature that nevertheless makes the identified markers potentially amenable to
characterisation in less than optimum DNA extracts, as the case for non-invasive DNA samples™.

Finally, sites in the Pseudo Autosomal Region (PAR) were excluded in order to filter out non haploid geno-
types. The PAR was identified in the Y chromosome scaffold by aligning it to the human PARs (with coordinates
10,001-2,781,479 and 56,887,903-57,217,415 as reported in https://www.ensembl.org/info/genome/genebuild/
human_PARS.html). In line with previous findings for Rhesus macaque (M. mulatta), we identified in P. anubis
only a single PAR, from position 1 to 1,047,499, corresponding to human PAR1%,

Y-STR genotyping and filtering. We used HipSTR v.0.6.2 to genotype our samples. HipSTR is a bioin-
formatic tool designed to genotype STRs from Illumina whole genome sequencing data by accounting for errors
in the alignment which are caused by their repetitive nature and PCR stutter errors which in turn produce reads
that may contain a different number of repeats compared to the true genotype® For this analysis, HipSTR was
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used in haploid mode. Genotypes were considered as missing data when either more than 35% of reads had an
indel in the flanking regions, had a stutter artifact or if the posterior was lower than 90%. Finally, sites with more
than 50% of missing data were filtered out. Sites that had more than two reads mapped on the nine female sam-
ples were also excluded. The same parameters were applied to genotype Papio STRs in the Theropithecus dataset.
For the Papio LowCov dataset, we used different parameters to account for the substantially lower average cover-
age: minimum posterior quality was set to 0.75 and the allowed proportion of missing data was raised to 0.75.

Y-STR validation. 1In order to check the male specificity of the putative STRs, we included in our analysis
nine Papio female samples, one each from the six species in Ref.?® and three P. cynocephalus samples from Ref.?.
We similarly analyzed the 33 female T. gelada genomes in the Theropithecus dataset (Tab. S1). Sites with more
than two reads mapped in these 42 samples were excluded. To validate the STR genotypes recovered using
HipSTR, we used a phylogenetic and a genealogical approach. For the phylogenetic validation, we used the
STR-based Y chromosome haplotypes to reconstruct the relationships among the samples. We estimated the
genetic distance within samples with Bruvo distance®! as implemented in Poppr v. 2.9.3%. The resulting distance
matrix was used to generate a phylogenetic tree with the Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) method. As a measure of Y-STR variation, we estimated Nei’s gene diversity (expected heterozygo-
sity) for each locus, then averaged across loci®.

Genotyping accuracy of the inferred haplotypes was tested in two ways: by including samples with known
pedigree and a sample sequenced in two different projects. Four samples were related along the paternal line over
three generations (see Fig. 2B in Ref.?®) and were sequenced in Ref.?’ at high coverage; 77 samples were part of
the Papio LowCov dataset and belonged to 23 families (21 with simple father-son relationships and two spanning
three generations with six samples each® (Fig. S4). Further, P hamadryas sample 97124 from Ref?* and sample
SAMN20949845 from Ref.*? (annotated as BE97-124) are actually the same organism.

Given the high proportion of missing data in the LowCov dataset, we devised a normalized pairwise simi-
larity index between samples computed as the ratio between sites with the same genotype and the number of
sites genotyped in both samples. This index should therefore be 1 in samples sharing the same Y chromosome
haplotype (as for example for male-related members of the same family, where pairs share the same alleles in all
the loci in common) and 0 if two samples do not share any site with the same genotype. The value is NA if the
set of loci recovered in the two samples do not overlap, each having its own combination of markers. The higher
the index, the more similar the two compared haplotypes are. We used the same index to tentatively assign each
of the 225 low coverage samples to either P. cynocephalus or P. anubis. We initially generated for each low cover-
age sample two distributions of this index by considering comparisons with the 13 P. cynocephalus and the 19
P. anubis high coverage samples, separately. We then compared for each sample these two distributions: If the
adjusted p-value of a wilcoxon-test between the two distributions was less than 0.05, we assigned the sample to
either P. cynocephalus or P. anubis depending on the test statistics.

Y-STR identification using evolutionary distant references. In order to explore the feasibility of
identifying STR markers using more evolutionarily distant Y chromosome references, a subset of 22 samples
(15 from the Papio screening dataset and 7 from the Theropithecus Dataset) were also mapped to M. mulatta
(Mmul_10%). This will be hereby called the Macaca dataset. The same procedure and filtering steps were applied
as done with the P. anubis reference.

Homology detection between references and nomenclature. To assess which Y-STRs shared a
common origin in the Papio and Macaca references, we performed an homology search with BLAST v.2.11.0%
for the sites that passed the selection criteria both in P. anubis and in M. mulatta, including an additional 200
base pairs (bp) to each of the flanking region. We also included the “Named” panel of Y-LineageTracker'? which
contains all named loci (92 markers) found in humans. Two sites were considered homologous if the identity
percentage was greater than 80% and the query coverage was greater than 65%. We used these criteria also to
detect putative multi-copy STRs within the same reference.

If a marker was homologous to a human STR, we named it with the corresponding human label. We named
the remaining STRs, combining the prefix “PpaY” followed by a progressive number starting from 1 according
to their position along the reference chromosome. The markers shared between Macaca and Papio were there-
fore also named as “PpaY”. We labeled instead as “MmuY” all the markers uniquely found using the Macaca
mulatta Y chromosome reference sequence (NC_027914.1). A full list of the location of loci along the reference
chromosomes and their proposed nomenclature is reported in Tab. S2.

PCR primers design and evaluation. Repeated regions on the P. anubis Y chromosome were anno-
tated with RepeatMasker v. 4.1.2-p1°* using the Primates repeats database. PCR primers were designed with
BatchPrimer3 v1.0®° in the 200 bp flanking regions of each Y-STRs using the “SSR screening and primers”
options and default parameters. To assess the specificity of the newly designed primer we performed an in-silico
PCR using the primersearch command from EMBOSS v6.5.7.0 over all P. anubis genome allowing for maximum
10% of mismatches. Finally, to compare the results with human Y-STRs primers, we performed the same in-silico
PCR on the 17 primers pairs designed in Ref.*’ over the hg38 H. sapiens assembly.

Data availability
The Y chromosome data for the Namibian P. ursinus sample and the two P. papio individuals is uploaded as
mapped BAM files into the figshare repository ( https://doi.org/10.6084/m9.figshare.23810817.v2). The TYpeSTeR
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tool and detailed instructions on how to run it and install dependencies are available in the github repository
(https://github.com/giacomomutti/TYpeSTeR).

Received: 3 April 2023; Accepted: 18 August 2023
Published online: 24 August 2023

References
1. Gymrek, M., Golan, D., Rosset, S. & Erlich, Y. lobSTR: A short tandem repeat profiler for personal genomes. Genome Res. 22,
1154-1162 (2012).
2. Willems, T. et al. Genome-wide profiling of heritable and de novo STR variations. Nat. Methods 14, 590-592 (2017).
3. Allio, R. et al. MitoFinder: Efficient automated large-scale extraction of mitogenomic data in target enrichment phylogenomics.
Mol. Ecol. Resour. 20, 892-905 (2020).
4. Jin, J.-J. et al. GetOrganelle: A fast and versatile toolkit for accurate de novo assembly of organelle genomes. Genome Biol. 21, 241
(2020).
5. Singh, L. N. et al. MitoScape: A big-data, machine-learning platform for obtaining mitochondrial DNA from next-generation
sequencing data. PLOS Comput. Biol. 17, €1009594 (2021).
6. Cechova, M. et al. Dynamic evolution of great ape Y chromosomes. Proc. Natl. Acad. Sci. U. S. A. 117, 26273-26280 (2020).
7. Hallast, P. & Jobling, M. A. The Y chromosomes of the great apes. Hum. Genet. 136, 511-528 (2017).
8. Kuang, W.-M. et al. The Origin and population history of the endangered golden snub-nosed monkey (Rhinopithecus roxellana).
Mol. Biol. Evol. 36, 487-499 (2018).
9. Matsudaira, K. et al. Whole mitochondrial genomic and Y-chromosomal phylogenies of burmese long-tailed macaque (Macaca
fascicularis aurea) suggest ancient hybridization between fascicularis and sinica species groups. J. Hered. 109, 360-371 (2018).
10. Raudsepp, T, Finno, C. J., Bellone, R. R. & Ten Petersen, J. L. years of the horse reference genome: Insights into equine biology,
domestication and population dynamics in the post-genome era. Anim. Genet. 50, 569-597 (2019).
11. VarGoats Consortium et al. Geographical contrasts of Y-chromosomal haplogroups from wild and domestic goats reveal ancient
migrations and recent introgressions. Mol. Ecol. 31, 4364-4380 (2022).
12. Chen, H,, Lu, Y., Lu, D. & Xu, S. Y-LineageTracker: A high-throughput analysis framework for Y-chromosomal next-generation
sequencing data. BMC Bioinform. 22, 114 (2021).
13. Jobling, M. A. & Tyler-Smith, C. The human Y chromosome: An evolutionary marker comes of age. Nat. Rev. Genet. 4, 598-612
(2003).
14. Karmin, M. et al. A recent bottleneck of Y chromosome diversity coincides with a global change in culture. Genome Res. 25,
459-466 (2015).
15. Martiniano, R., De Sanctis, B., Hallast, P. & Durbin, R. Placing ancient DNA sequences into reference phylogenies. Mol. Biol. Evol.
39, msac017 (2022).
16. Tseng, B. et al. Y-SNP Haplogroup hierarchy finder: A web tool for Y-SNP haplogroup assignment. J. Hum. Genet. 67, 487-493
(2022).
17. Gopinath, S. et al. Developmental validation of the Yfiler(*) Plus PCR Amplification Kit: An enhanced Y-STR multiplex for casework
and database applications. Forensic Sci. Int. Genet. 24, 164-175 (2016).
18. Thompson, J. M. et al. Developmental validation of the PowerPlex® Y23 system: A single multiplex Y-STR analysis system for
casework and database samples. Forensic Sci. Int. Genet. 7, 240-250 (2013).
19. Minhos, T. et al. Genetic consequences of human forest exploitation in two colobus monkeys in Guinea Bissau. Biol. Conserv. 194,
194-208 (2016).
20. Morin, P. A., Chambers, K. E., Boesch, C. & Vigilant, L. Quantitative polymerase chain reaction analysis of DNA from noninvasive
samples for accurate microsatellite genotyping of wild chimpanzees (Pan troglodytes verus). Mol. Ecol. 10, 1835-1844 (2001).
21. Mulero, J.J. et al. Development and validation of the AmpFeSTR® MiniFilerTM PCR amplification Kit: A MiniSTR multiplex for
the analysis of degraded and/or PCR inhibited DNA*. J. Forensic Sci. 53, 838-852 (2008).
22. Refseth, U. H., Fangan, B. M. & Jakobsen, K. S. Hybridization capture of microsatellites directly from genomic DNA. Electrophoresis
18, 1519-1523 (1997).
23. White, P. S., Tatum, O. L., Deaven, L. L. & Longmire, J. L. New, male-specific microsatellite markers from the human Y chromo-
some. Genomics 57, 433-437 (1999).
24. Benson, G. Tandem repeats finder: A program to analyze DNA sequences. Nucleic Acids Res. 27, 573-580 (1999).
25. Trede, . et al. A refined panel of 42 microsatellite loci to universally genotype catarrhine primates. Ecol. Evol. 11, 498-505 (2021).
26. Rogers, J. et al. The Comparative Genomics and Complex Population History of Papio Baboons. (2019).
27. Robinson, J. A. et al. Analysis of 100 high-coverage genomes from a pedigreed captive baboon colony. Genome Res. 29, 848-856
(2019).
28. Wu, E. L. et al. A comparison of humans and baboons suggests germline mutation rates do not track cell divisions. PLoS Biol. 18,
3000838 (2020).
29. Vilgalys, T. P. et al. Selection against admixture and gene regulatory divergence in a long-term primate field study. Science 377,
635-641 (2022).
30. Wall, J. D. et al. Genomewide ancestry and divergence patterns from low-coverage sequencing data reveal a complex history of
admixture in wild baboons. Mol. Ecol. 25, 3469-3483 (2016).
31. Kumar, S., Stecher, G., Suleski, M. & Hedges, S. B. TimeTree: A resource for timelines, timetrees, and divergence times. Mol. Biol.
Evol. 34, 1812-1819 (2017).
32. Chiou, K. L. et al. Genomic signatures of high-altitude adaptation and chromosomal polymorphism in geladas. Nat. Ecol. Evol. 6,
630-643 (2022).
33. Nei, M. Analysis of gene diversity in subdivided populations. Proc. Natl. Acad. Sci. 70, 3321-3323 (1973).
34. Cortez, D. et al. Origins and functional evolution of Y chromosomes across mammals. Nature 508, 488-493 (2014).
35. Hughes, J. E. et al. Strict evolutionary conservation followed rapid gene loss on human and rhesus Y chromosomes. Nature 483,
82-86 (2012).
36. Erler, A, Stoneking, M. & Kayser, M. Development of Y-chromosomal microsatellite markers for nonhuman primates. Mol. Ecol.
13, 2921-2930 (2004).
37. Jolly, C.]., Burrell, A. S., Phillips-Conroy, J. E., Bergey, C. & Rogers, ]. Kinda baboons (Papio kindae) and grayfoot chacma baboons
(P. ursinus griseipes) hybridize in the Kafue river valley, Zambia. Am. J. Primatol. 73, 291-303 (2011).
38. Lawson Handley, L. J., Hammond, R. L., Emaresi, G., Reber, A. & Perrin, N. Low Y chromosome variation in Saudi-Arabian
hamadryas baboons (Papio hamadryas hamadryas). Heredity 96, 298-303 (2006).
39. Zhou, Y. et al. Eighty million years of rapid evolution of the primate Y chromosome. Nat. Ecol. Evol. 7, 1114-1130 (2023).
40. Butler, J. M. Forensic DNA Typing: Biology, Technology, and Genetics of STR Markers (Elsevier, 2005).
41. Kayser, M. et al. A comprehensive survey of human Y-chromosomal microsatellites. Am. J. Hum. Genet. 74, 1183-1197 (2004).

Scientific Reports |  (2023) 13:13839 | https://doi.org/10.1038/s41598-023-40931-x nature portfolio


https://github.com/giacomomutti/TYpeSTeR

www.nature.com/scientificreports/

42. Kuderna, L. E. K. et al. A global catalog of whole-genome diversity from 233 primate species. Science https://doi.org/10.1101/2023.
05.02.538995 (2023).

43. Takayoshi Shotake, W. S., Takeshi, A. & Yoshi, K. Genetic diversity within and among gelada (Theropithecus gelada) populations
based on mitochondrial DNA analysis. Anthr. Sci 124, 157-167 (2016).

44. Zinner, D. et al. Phylogeography, mitochondrial DNA diversity, and demographic history of geladas (Theropithecus gelada). PLoS
ONE 13, €0202303 (2018).

45. Santander, C. et al. Genomic variation in baboons from central Mozambique unveils complex evolutionary relationships with
other Papio species. BMC Ecol. Evol. 22, 44 (2022).

46. Vasimuddin, M., Misra, S., Li, H. & Aluru, S. Efficient architecture-aware acceleration of BWA-MEM for multicore systems (IEEE,
2019). https://doi.org/10.1109/ipdps.2019.00041.

47. Batra, S.S. et al. Accurate assembly of the olive baboon (Papio anubis) genome using long-read and Hi-C data. Gigascience https://
doi.org/10.1093/gigascience/giaal34 (2020).

48. Danecek, P. et al. Twelve years of SAMtools and BCFtools. Gigascience https://doi.org/10.1093/gigascience/giab008 (2021).

49. Picard toolkit. http://broadinstitute.github.io/picard (2019).

50. Ferreira da Silva, M. J. et al. Disrupted dispersal and its genetic consequences: Comparing protected and threatened baboon
populations (Papio papio) in West Africa. PLoS One 13, 0194189 (2018).

51. Bruvo, R., Michiels, N. K., D’Souza, T. G. & Schulenburg, H. A simple method for the calculation of microsatellite genotype dis-
tances irrespective of ploidy level. Mol. Ecol. 13, 2101-2106 (2004).

52. Kamvar, Z. N, Tabima, J. F. & Griinwald, N. J. Poppr: An R package for genetic analysis of populations with clonal, partially clonal,
and/or sexual reproduction. Peer] 2, €281 (2014).

53. Altschul, S. E, Gish, W,, Miller, W,, Myers, E. W. & Lipman, D. J. Basic local alignment search tool. J. Mol. Biol. 215, 403-410 (1990).

54. Smit, AFA, Hubley, R & Green, P. RepeatMasker Open-3.0. (1996).

55. You, F. M. et al. BatchPrimer3: A high throughput web application for PCR and sequencing primer design. BMC Bioinform. 9, 253
(2008).

56. Gu, Z., Eils, R. & Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinfor-
matics 32, 2847-2849 (2016).

Acknowledgements

We would like to thank the Leakey Foundation for their support. We also would like to thank: the COMP-HUB
Initiative, funded by the ‘Departments of Excellence’ program of the Italian Ministry for Education, Univer-
sity and Research (MIUR, 2018-2022); the HPC (High Performance Computing) facility of the University of
Parma; the Doctorate program in Biotecnologie e Bioscienze (University of Parma); Davide Bolognini from the
Genomic Analysis Unit at the Human Technopole, Milan, for help and directions on the pipeline containeriza-
tion. The genomic data of the two Papio papio samples here newly presented were generated under the project
PRIMATOMICS funded by FCT—Fundagéio para a Ciéncia e a Tecnologia (ref: PTDC/IVC-ANT/3058/2014)
and the project PRIMACTION funded by the Born Free Foundation, Chester Zoo Conservation Fund, Primate
Conservation Incorporated, CAROSI, Cépsulas do Norte, Camarc, and JA-Rolhas & Céapsulas. MJFS worked
under a FCT contract (CEECIND/01937/2017). GM received a predoctoral fellowship from the “Caixa” Founda-
tion (LCF/BQ/DI22/11940014).

Author contributions

G.M.: project development, data analysis, manuscript writing. G.O.T., M.C.: discussion of analyses and contribu-
tion to manuscript writing. M.J.ES.: resources, contribution to manuscript writing, initial conceptualisation. T.M.,
G.C,,D.G., E.H., A.C.: resources and contribution to manuscript writing. EM., A.R.: contribution to manuscript
writing and initial conceptualisation. C.C.: conceptualisation, supervision, manuscript writing and resources.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-40931-x.

Correspondence and requests for materials should be addressed to C.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:13839 | https://doi.org/10.1038/s41598-023-40931-x nature portfolio


https://doi.org/10.1101/2023.05.02.538995
https://doi.org/10.1101/2023.05.02.538995
https://doi.org/10.1109/ipdps.2019.00041
https://doi.org/10.1093/gigascience/giaa134
https://doi.org/10.1093/gigascience/giaa134
https://doi.org/10.1093/gigascience/giab008
http://broadinstitute.github.io/picard
https://doi.org/10.1038/s41598-023-40931-x
https://doi.org/10.1038/s41598-023-40931-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Assessing the recovery of Y chromosome microsatellites with population genomic data using Papio and Theropithecus genomes
	Results
	Identification of repeated regions in the reference Y chromosome sequence. 
	Using HipSTR for genotyping genomic data. 
	Validation of genotyped Y-STRs. 
	STR identification using Y chromosome references of other genera. 
	Markers homology: intraspecies and human Y chromosome reference. 
	In silico PCR evaluation of identified Y-STRs. 
	TYpeSTeR pipeline. 

	Discussion
	Materials and methods
	Whole genome population datasets. 
	Read mapping. 
	STR identification using same genus Y chromosome reference. 
	Y-STR genotyping and filtering. 
	Y-STR validation. 
	Y-STR identification using evolutionary distant references. 
	Homology detection between references and nomenclature. 
	PCR primers design and evaluation. 

	References
	Acknowledgements


