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Abstract. Chimpanzees (Pan troglodytes), with a dwindling population size, are distributed across sub-Saharan Africa. They are classiﬁed into two biogeographical clusters comprising of four subspecies: a western African cluster that includes P. t. verus and P. t. ellioti and
a central/eastern African cluster that includes P. t. troglodytes and P. t. schweinfurthii. While the genetic distinctness of NigeriaCameroonian chimpanzees (P. t. ellioti) from western chimpanzees has been known for a while, the ﬁne structures within P. t. ellioti
population has remained under-studied. In this study, we developed the ﬁrst ever ancestry informative marker (AIMs) panel that can detect
the ﬁne population structure within Nigeria-Cameroonian chimpanzees with high resolution. We compared four commonly used AIMsdetermining strategies, namely Infocalc algorithm, Wright’s FST, smart principal component analysis (SmartPCA) and ADMIXTURE to
ﬁrst identify the best approach and then developed an AIMs panel of 435 SNPs employing the consensus of the four approaches (n = 129),
with additional supplements from the best two approaches (Infocalc and ADMIXTURE). To the best of our knowledge, we have developed
the ﬁrst-ever AIMs panel for chimpanzees, which can greatly aid in their planned reintroduction to the natural habitat, maintaining their
genetic integrity through planned captive breeding, and in tracking illegal trading across the globe.
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Introduction
Chimpanzees (Pan troglodytes) are distributed discontinuously across sub-Saharan Africa from southern Senegal
across to the north of the Congo River to western Tanzania
and western Uganda (Atlas 2019; List 2019). Across their
ranges, chimpanzees show discernible genetic diversity
(Gagneux et al. 2001) and are broadly classiﬁed into two
geographical clusters comprising of four subspecies: a
western African cluster that includes P. t. verus and P. t.
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ellioti and a central/eastern African clusters that includes P. t.
troglodytes and P. t. schweinfurthii (Prado-Martinez et al.
2013; Mitchell et al. 2015). Both mtDNA and nuclear DNAbased studies have shown the genetic distinctness of NigeriaCameroonian chimpanzees (P. t. ellioti) from closely related
Western chimpanzees (P. t. verus) (Gonder et al. 2006; Oates
et al. 2009; Prado-Martinez et al. 2013; Mitchell et al.
2015). Genomewide analysis on chimpanzee subspecies as
part of Great Ape Genome Project revealed presence of
discernible genetic variation within populations across all
chimpanzee subspecies except the central population, likely
can be attributed to the small sample size (Prado-Martinez
et al. 2013).
While whole genome-based approaches can efﬁciently
identify sub-structures within populations, it is not always
cost-effective. An alternative is to develop a panel of highly
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informative single-nucleotide polymorphisms (SNPs) from
the whole-genome dataset, which can efﬁciently recapitulate
the sub-structures within populations, depicted by the wholegenome data. These highly informative SNPs that exhibit
signiﬁcant difference in allele frequencies across different
populations are known as ancestry informative markers
(AIMs) (Rosenberg et al. 2003; Shriver et al. 2003; Kosoy
et al. 2009). Over the years, several AIMs panels have been
developed, mostly for identifying ﬁne structures within and
among various human populations (Rosenberg et al. 2003;
Shriver et al. 2003; Kosoy et al. 2009; Nassir et al. 2009;
Kidd et al. 2011; Tandon et al. 2011; Galanter et al. 2012;
Huckins et al. 2014; Vongpaisarnsin et al. 2015; Das and
Upadhyai 2018; Esposito et al. 2018; Das et al. 2019).
However, in recent years, AIMs panels have been successfully developed and validated for nonhuman primates such
as Rhesus macaques (Kanthaswamy et al. 2014) and gorillas
(Das et al. 2019), and commercially important animals such
as honey bees (Muñoz et al. 2015). However, apart from a
panel of 9000 markers that can identify chimpanzees at the
subspecies level (Hormozdiari et al. 2013), chimpanzee
AIMs panel has never been developed, largely due to the
unavailability of sufﬁcient number of chimpanzee genomes
across various populations.
In this study, we developed the ﬁrst ever AIMs panel of
435 SNPs for Nigeria-Cameroonian chimpanzees (P. t. ellioti) employing the whole-genome data available in Great
Ape Genome Project database (Prado-Martinez et al. 2013).
We undertook the same strategy that was successfully
employed to develop AIMs panel for gorillas (Das et al.
2019), i.e. ﬁrst to compare four commonly used strategies
used for AIMs determination, namely Infocalc algorithm,
Wright’s FST, smart principal component analysis
(SmartPCA) and ADMIXTURE to assess the best approach
for AIMs determination, and then to develop the AIMs panel
employing the consensus of the four approaches with additional supplement from the best approach. Our AIMs panel
can not only be useful for identifying substructures within
Nigeria-Cameroonian chimpanzee population but also can
aid in tracing back parent population of trafﬁcked animals.
Further, this AIMs panel can provide precise knowledge
about an individual’s ancestry which can in turn be used in
planned reintroduction of chimpanzees to their natural
habitat and in selective breeding in zoos to maintain their
genomic integrity.

Materials and methods

(n = 10). Due to the absence of desirable sample size
(n = 10), eastern, central and western chimpanzee samples
could not be employed for further analyses and the AIMs
panel was developed only for the Nigeria-Cameroonian
chimpanzee population. The initial dataset obtained from
GAGP as VCF ﬁles, comprised of 53,806,652 markers. VCF
ﬁles were converted into PLINK format using VCFtools
v.0.1.13 (Danecek et al. 2011). SNPs, 46,048,193 were
pruned out using –indep-pairwise 50 5 0.1 function implemented in PLINK v1.9 (window size 50, step size 5 and r2
threshold 0.1) (Purcell et al. 2007). Remaining 7,758,459
SNPs underwent quality control checks. As a quality control
measure SNPs with missing genotype information for
C 10% of the individuals and minor allele frequency (MAF)
B 5% were removed. This was performed using –geno 0.1 –
maf 0.05 functions implemented in PLINK v1.9. The
remaining 2,462,291 SNPs that passed the quality control
measures was used for downstream analyses and termed as
the complete SNP set (CSS).

Population clustering and admixture analysis on CSS

Principal component analysis (PCA) was performed on the
CSS using –pca function implemented in PLINK v1.9 and top
two principal components (PCs) were plotted in R v3.6.0
(ﬁgure 1a). The ancestry of the chimpanzee genomes was
estimated using unsupervised clustering implemented in
ADMIXTURE v1.3 (Alexander et al. 2009). Admixture
analyses were performed for K = 2 – 6. However, K = 4 was
selected for further analysis due to its biological relevance. All
admixture plots were generated using R v3.6.0 (ﬁgure 2a).
Comparison of various AIMs determining approaches

We compared four AIMs determining approaches to determine the best AIMs determination strategy:
Infocalc: Infocalc algorithm implemented in Infocalc v1.1

(Rosenberg et al. 2003) determines the informativeness of
multiallelic SNPs in determining the ancestry of an individual based on the allele frequencies in the populations
(Rosenberg et al. 2003). Infocalc v1.1 compatible ﬁle was
created using –recode-structure function in PLINK v1.9. The
output ﬁle was sorted based on informativeness deﬁning
column (I_n) and the top 10,000 ranking SNPs (n = 35,616)
were selected for further analysis.

Dataset
Admixture: The P output ﬁle of ADMIXTURE v1.3, pro-

The dataset employed in this study comprised of 25 chimpanzees available in The Great Ape Genome Project
(GAGP) database (Prado-Martinez et al. 2013): eastern
chimpanzees (n = 6), central chimpanzees (n = 4), western
chimpanzees (n = 5) and Nigeria-Cameroonian chimpanzees

viding information about the differential contribution of
study SNPs towards various ancestries was used to determine the candidate AIMs panel. After sorting the SNPs in
decreasing order based on column to column variance, top
10,000 ranking SNPs were selected (n = 10,872).
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of the biogeographical afﬁnity of the chimpanzee genomes.
Top 10,000 ranking SNPs (n = 11,686) with highest FST
values were selected for further analysis.
SmartPCA: SmartPCA implemented in EIG v7.2.1 (Patterson

et al. 2006; Price et al. 2006) estimates the weightage of all
SNPs under study in regards to their ability towards determining population differentiation. The SNP weightage ﬁle,
obtained as a ‘snpwt’, determines weightage of SNPs for all
PC. Top 10,000 ranking SNPs (n = 12,624) with the highest
SNP weightage for PC1 were selected for further analysis.
Among the four 10,000 SNPs datasets, the optimal AIMs
developing approach was determined by comparing the
datasets qualitatively and quantitatively to the CSS. The
PCA and admixture plots were generated using R v3.6.0.

Consensus and negative control datasets

To ﬁnd a consensus among the top 10,000 ranking SNPs
generated through the four AIMs determining approaches, a
Venn diagram was plotted among the four datasets and the
SNPs common to all methods was termed as the consensus
SNP set. PCA and admixture analyses were performed on
the consensus SNP set and compared against the CSS.
Additionally, to validate the efﬁciency and utility of the
AIMs panel, 20 SNP-sets were generated randomly selecting
SNPs from the CSS.
Quantitative analysis

For quantitative comparisons, the Euclidean distances
between the admixture fractions of the individuals determined by the CSS and the subsets were calculated. The
results are summarized in boxplots plotted in R v3.6.0.
Figure 1. Admixture analysis of data subsets generated through
the most informative SNPs detected by various AIMs-determining
strategies. Admixture plots showing the ancestry components of
gorilla genomes. (a) Admixture analysis of the CSS (2,462,291
SNPs); (b) Admixture analysis of Infocalc10,000 dataset; (c) Admixture analysis of Admixture10,000 dataset; (d) Admixture analysis of
FST10,000 dataset; (e) Admixture analysis of SmartPCA10,000
dataset; (f) Admixture analysis of the AIMs (n = 435) dataset.
Admixture proportions were generated through an unsupervised
admixture analysis at K = 4 using ADMIXTURE v1.3 and plotted
in R v3.6.0. Each individual is represented by a vertical line
partitioned into coloured segments whose lengths are proportional
to the contributions of the ancestral components to the genome of
the individual. Purple colour represents western chimpanzees while
cyan, green and red represent individual chimpanzees with various
Nigeria-Cameroonian ancestry.
Wright’s FST: FST measures the degree of differentiation
among various populations based on the genetic structure of
the populations. FST score was calculated independently for
all SNPs under study using –fst function implemented in
PLINK v1.9. The family ID (FID) was used as the indicator

Results
Population clustering and admixture analysis

The ancestry of the chimpanzee genomes was estimated
using unsupervised clustering implemented in ADMIXTURE v1.3 and compared against the CSS (ﬁgure 1a).
The datasets developed though Infocalc and ADMIXTURE approaches performed the best in the admixture
analysis, precisely recapitulating the information depicted
by the CSS (ﬁgure 1, b&c respectively). Both FST and
SmartPCA based approaches failed to replicate the CSS.
While the FST based approach failed to determine the
ancestry information of Akwaya Jean, Julie and Paquita
(ﬁgure 1d), the SmartPCA based dataset completely failed
to recapitulate the ancestry information of all NigeriaCameroonian chimpanzees and Donald from the western
chimpanzee population (ﬁgure 1e).
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Figure 2. PCA of chimpanzee genomes. PCA plots showing genetic differentiation among query chimpanzee genomes. The data subsets
were generated using the informative SNPs detected through various AIMs determining approaches. (a) PCA of the CSS (2,462,291 SNPs);
Here, the x-axis (PC1) explained 47% variance while the y-axis (PC2) explained 20% variance of the data. (b) PCA of Infocalc10,000; In this
case too, the x-axis (PC1) explained 47% variance while the y-axis (PC2) explained only 20% variance of the data. (c) PCA of
Admixture10,000; in this case, the x-axis (PC1) explained 98% variance while the y-axis (PC2) explained only 1% variance of the data.
(d) PCA of FST10,000; in this case, the x-axis (PC1) explained 99% variance while the y-axis (PC2) explained only 1% variance of the data.
(e) PCA of SmartPCA10,000; here too, the x-axis (PC1) explained 98% variance while the y-axis (PC2) explained only 2% variance of the
data. (f) PCA of the AIMs dataset (n = 435); In this case, the x-axis (PC1) explained 76% variance while the y-axis (PC2) explained 9%
variance of the data. The colour of the individuals is same as ﬁgure 1. The western chimpanzee Donald is coded in orange. Infocalc10,000
and our AIMs panel (n = 435) could identify its genetic distinctness. In all cases, PCA was performed in PLINK v1.9 and the top four PCs
were extracted. Top two PCs (PC1 and PC2), explaining the highest variance of the data were plotted in R v3.6.0.

PCA was performed using –pca function implemented
in PLINK v1.9. In PCA, the dataset generated through the
top 10,000 SNPs obtained from Infocalc, recapitulated the
ﬁne structures within Nigeria-Cameroonian chimpanzee
population depicted by the CSS (ﬁgure 2a) with the
highest precision (ﬁgure 2b). The dataset generated
through the top 10,000 SNPs from ADMIXTURE was
distant second, portraying more stringent clustering
among individuals compared to the CSS (ﬁgure 2c). The
other two approaches (FST and SmartPCA) completely
failed to replicate the clustering depicted by the CSS
(ﬁgure 2, d&e respectively).
Overall, Infocalc emerged as the best ancestry-determining approach in both PCA and admixture analysis, followed
by the ADMIXTURE based strategy.

Consensus and negative control datasets

To ﬁnd a consensus among the top 10,000 ranking SNPs
generated through the four AIMs determining approaches:
Infocalc, SmartPCA, ADMIXTURE and FST, a Venn diagram was plotted among the four datasets (ﬁgure 1 in
electronic supplementary material at http://www.ias.ac.in/
jgenet/) and the SNPs common to all methods was selected.
The consensus panel was comprised of 129 SNPs. The
admixture and PCA plots generated through the consensus
dataset failed to recapitulate the ﬁne population structure
depicted by the CSS (ﬁgures 2 and 3 in electronic supplementary material, respectively). Since the consensus SNP set
failed to replicate the CSS, likely due to the absence of
essential private alleles, we supplemented this SNP set with

AIMs panel for chimpanzees

SNPs determined by the best two approaches: Infocalc and
admixture. We thus generated six sets of top-ranking SNPs
from admixture SNP sets: 5, 20, 50, 100, 200 and \500. In
the case of Infocalc SNP set, all 10,000 ranking SNPs had
the same informativeness (I_n value). Thus, we picked a
random set, each of 100, 200, 300, 400 and 500 SNPs from
the 10,000 SNP dataset. Employing the newly generated
aforesaid datasets and the consensus SNP set in different
combinations, 71 different datasets were generated. PCA and
admixture analyses were performed on these datasets and
compared them against the CSS to ﬁnd the best combination.
Among the 71 datasets, that which recapitulated the
information given by CSS with the highest precision and
with the least number of SNPs comprised of the consensus
dataset (n = 129), along with top ﬁve ranking SNPs (n = 6)
determined by the ADMIXTURE and 300 SNPs from the
Infocalc (n = 435) (ﬁgures 1f and 2f, respectively in
admixture and PCA). We considered this panel of 435 SNPs
as the AIMs panel. The average MAF of the AIMs panel was
0.192 with a range of 0.0667 to 0.5 (table 1 in electronic
supplementary material).
To establish the efﬁciency and precision in recapitulating
the ancestry information of the chimpanzee genomes
depicted by the CSS, we next generated 20 negative control
datasets, randomly selecting 435 SNPs from the CSS. Since
all of them failed to recapitulate the ﬁne population structure
depicted by the complete SNP set both qualitatively and
quantitatively, we did not see the necessity of developing
additional random negative control datasets. Our results
indicated the superiority of AIMs panels over randomly
selected SNP-sets in replicating the ancestry information.
Quantitative analysis

For quantitative comparisons, the Euclidean distances
between the admixture fractions of the individuals determined
by the CSS and the subsets were calculated. Quantitatively,
we did not ﬁnd any signiﬁcant difference among the 10,000
SNP panels developed through Infocalc, ADMIXTURE and
FST based approaches (ﬁgure 3). However, the SmartPCA
based approach performed signiﬁcantly worse than the others.
Among the other smaller datasets, consensus SNP set performed worse. There was no signiﬁcant difference among
most combination datasets, except the one comprised of the
consensus and 200 Infocalc SNPs (ﬁgure 3).

Discussion
Over the years, chimpanzees with dwindling population size,
are faced with a serious survival threat. One of the measures
to save chimpanzee gene pools and to maintain their genetic
integrity can be planned captive breeding programmes.
However, proper knowledge of the ancestry of the participating individuals can be essential for captive breeding
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programmes to avoid inbreeding among genetically related/
similar individuals and to increase genetic diversity.
Although, whole-genome based approaches can precisely
determine the ancestry of participating individuals, it is not
always cost-effective. An alternative cost-effective strategy
is to develop an AIMs panel from the available wholegenome datasets and then to employ the AIMs panel for
determining ancestry of other individuals of the population.
In this study, we sought to develop the ﬁrst-ever AIMs
panel for chimpanzees, which can recapitulate the ancestry
information with high efﬁciency and precision. Since only
Nigeria-Cameroonian chimpanzee population had 10 samples and others had \10 individuals, we could only develop
the AIMs panel for the former. We ﬁrst compared four
commonly used AIMs determining approaches: Infocalc,
ADMIXTURE, SmartPCA and FST. As mentioned previously, Infocalc emerged as the best ancestry-determining
approach in both PCA and admixture analysis, followed by
the ADMIXTURE-based strategy. The datasets developed
through Infocalc and ADMIXTURE based strategies could
precisely recapitulate the ancestry information of the chimpanzee genomes depicted by the CSS in the admixture
analysis (ﬁgure 1, b&c respectively). On the contrary, both
FST and SmartPCA based approaches failed to replicate the
ancestry information depicted by the CSS. While the
SmartPCA based dataset completely failed to recapitulate the
ancestry information of all Nigeria-Cameroonian chimpanzees and Donald from the western chimpanzee population (ﬁgure 1e), the FST based approach, although performed
a little better than the former, failed to determine the ancestry
information of Akwaya Jean, Julie and Paquita (ﬁgure 1d).
In PCA, Infocalc performed signiﬁcantly better than the
ADMIXTURE-based approach. It recapitulated the ﬁne
structures within Nigeria-Cameroonian chimpanzee population depicted by the CSS (ﬁgure 2a) with the highest precision (ﬁgure 2b). The ADMIXTURE based approach
(ﬁgure 2c), although performed discernibly better than the
other two strategies (FST and SmartPCA) failed to capture
the essence of population clustering depicted by the CSS.
However, in the quantitative analysis, while SmartPCA
based strategy came out to be the least effective AIMs
determining approach similar to the qualitative analyses, we
did not ﬁnd any signiﬁcant difference among the datasets
developed through Infocalc, ADMIXTURE and FST based
approaches (ﬁgure 3). It reiterates the importance of both
qualitative and quantitative analyses while developing AIMs
panel, especially when the sample size is small. Interestingly,
similar trend was observed in case of gorillas, Infocalc
worked the best in recapitulating the ancestry information
and SmartPCA was the least effective strategy in doing so
(Das et al. 2019). Further, 99.19% SNPs determined through
the Infocalc based approach were private alleles, depicting
the uniqueness of the approach compared to the other three.
On the contrary, only 13.07% private alleles were found in
case of the ADMIXTURE based strategy, followed by
19.07% depicted by the FST.
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Figure 3. Box and whisker plots comparing the Euclidean distances between the admixture proportions of the chimpanzee genomes
obtained from the CSS and those obtained from the reduced datasets. The box and whisker plot was generated in R v3.6.0. The number of
SNPs the datasets are comprised of is mentioned in their nomenclature. There was no signiﬁcant difference among the 10,000 SNP panels
developed through Infocalc, ADMIXTURE and FST based approaches but the SmartPCA based approach performed signiﬁcantly worse.
Among the other smaller datasets, consensus SNP set (n = 129) performed the worst. There was no signiﬁcant difference among
combination datasets with the exception of consensus (n = 129) ? 200 Infocalc SNPs dataset.

Subsequently, we developed a consensus SNP set taking
the intersection of the aforesaid approaches. However, due to
the inadequacy of the consensus panel to recapitulate the
ancestry information with high precision, we supplemented
it with private SNPs determined by the best two approaches:
Infocalc and ADMIXTURE. We thus developed an AIMs
panel of 435 SNPs, which could recapitulate the ancestry
information of the Nigeria-Cameroonian chimpanzees with
high precision.
Here we note that the western chimpanzees were used as
outgroup in all analyses; they were not used for the AIMs
determination. Our study solely focussed on developing an
AIMs panel that can depict the ﬁne population structure within
Nigeria-Cameroonian chimpanzees. However, the genomic
distinctness of the western chimpanzee Donald from the other
westerns, depicted by the CSS (ﬁgure 2a), was precisely captured by our AIMs panel (ﬁgure 2f). It indicates that, despite
being developed only for the Nigeria-Cameroonian

chimpanzees, our AIMs panel is versatile enough to detect ﬁne
structures within other chimpanzee populations.
Overall, to the best of our knowledge, we have developed
the ﬁrst-ever AIMs panel for Nigeria-Cameroonian chimpanzees, which can be monumental in maintaining the
genetic integrity of these animals through planned captive
breeding and in tracking illegal trading across the globe.
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