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Introduction
Of the great ape species for which genome projects have been assigned, initiated, or
completed, only the bonobo (Pan paniscus) has escaped scrutiny at a genomewide level.
The reason, at first glance, is relatively straightforward as the bonobo is closely related to
the common chimpanzee (referred to simply as “chimpanzee” for the remainder of this
document) for which genome sequence exists; however, there are compelling reasons for
pursuing the characteristics that differentiate bonobos from humans and chimpanzees. It
is therefore our proposal that a project be initiated to study the genome of the bonobo
using an approach less extensive than that of a full genome project, yet capable of
capturing important structural variation and also informing studies of nucleotidelevel
variation.
Background – Bonobo Biology
The bonobo, also known as the pygmy chimpanzee, was recognized as a distinct species
of the Pan genus in the early 20th century 1,2. The modern range of the bonobo is bound
by the Congo River to the north and the Kasai River to the south, in the central forest
basin of the Democratic Republic of Congo. The range of the bonobo is not shared by
any other great ape species, including chimpanzees, which are found in adjacent
territories. The geographic distribution of chimpanzees and bonobos within the region
supports a very strong role for rivers as barriers maintaining separation between great ape
populations. In fact, intraspecies variation among bonobo subpopulations has been
correlated more highly with location defined by rivers as opposed to linear distance
between populations 3.
Interestingly, the paleogeographic history of the region during the glaciations of the
Pleistocene suggests that the basin inhabited by the bonobo was a refuge from
disturbance; while to the contrary, chimpanzee populations may have been forced to
disperse during this time 4,5. This dispersal may be reflected in the divergence and gene
flow observed among chimpanzee populations and subspecies from the western, central
and eastern regions of central Africa 6,7. Bonobochimpanzee divergence time estimates
based on sampling of the mitochondrial and nuclear genomes indicate bonobos diverged
from a common ancestor from 900,000 to 3 million years ago 812. A recent meta
analysis using a compilation of previously published sequence data and more recent
Markov chain Monte Carlo methods strongly supported the lower time estimate at
approximately 860,000900,000 years ago, and suggested little gene flow had occurred
between bonobo and chimpanzee populations since that time 7.
While bonobos are clearly geographically distinct from chimpanzees today, there are also
several measurable biological characteristics that have been used to distinguish the
bonobo from the chimpanzee in the great ape phylogeny including dental morphology

and cranial geometry 13,14. At the cytogenetic level, several rearrangements have been
observed in the bonobo lineage, and these differences indicate the bonobo karyotype may
be further derived from the ancestral great ape karyotype than either the chimpanzee or
human karyotype 15.
Additionally, in contrast to overtly aggressive patriarchal chimpanzee social dynamics,
which often involve violent conflict, matriarchal bonobos are significantly less aggressive
and solve conflict through sexual contact 16. To distill the extreme divergence of social
behavior of chimpanzees and bonobos to an anecdote: bonobos are the lovers, and
chimpanzees the fighters. In fact the structure of chimpanzee and bonobo societies are
polar opposites in a great many respects, which may have lead to significant differences
in population structure at the genetic level. The extreme contrast in behavior between
two species so closely related genetically and geographically may provide a unique
opportunity to discover genetic variants which are associated with such behavioral
polarity. Additionally, the frequent sexual contact that occurs in bonobo societies may
have had a substantial impact on the evolution of the bonobo immune system.
Sequencing and Analysis Strategy
To survey structural variation specific to the bonobo genome we propose to implement
the methods established by Tuzun et al. (2005) that employed mapping fosmid pairedend
sequences to detect structural variation. This method relies on deep fosmid clone
coverage and a narrow distribution of fosmid insert size to detect variants with high
resolution and confidence. An additional benefit of such an approach is that sites of
variation are, by the nature of the assay, captured in the fosmid library and representative
variant fosmids can be sequenced fully.
The project consists of four components:
1) We first propose the production of a fosmid library containing 1.5 million clones, with
an average insert size of 40 kb, representing ~20x clone coverage of the bonobo genome.
The library would be derived from a single female individual to provide coverage of the
X chromosome equal to the level of the autosomes. Due to the geographic constraint of
the bonobo population to central Africa and the lower level of intraspecies divergence
compared to the chimpanzee, one individual will likely contain the majority of inter
specific structural variation. The material required for library production will be obtained
through a collaboration with Dr. Oliver Ryder at the San Diego Zoo, and this effort will
adhere to all proper regulatory protocols for handling material derived from an
endangered species.
2) Sequencing of the fosmid ends will require approximately 3.6M attempted sequence
reactions, assuming an 85% sequence pass rate, which is realistic in comparison to recent
fosmid end sequencing efforts at the WashU GSC (i.e. 0.5M maize fosmid end
sequences). The resulting sequence represents 0.5x genome coverage, with an average
read length of 500 bp, which is a conservative estimate based on current read length
averages using the ABI 3730XL sequencing pipeline. It is important to recognize that

read length influences the ability of reads to be uniquely mapped within repeatrich
genomes and thus the optimal approach at this time utilizes a conventional Sanger
sequencing pipeline.
3) The fosmid end sequences will then be mapped to the human genome using
established methods and parameters and the resulting regions of variation identified17,18.
Comparison of this data set to a previous analysis of structural variation in the common
chimpanzee genome will determine whether variants are lineage specific or predate the
divergence of bonobos and chimpanzees 18. These data will also be compared to the
growing database of human structural variants to ascertain whether instability at such loci
are a fundamental component of great ape and/or Pan and Homo genomes. In addition,
the sequence produced will be available for analyses that are not dependent upon
physically linked pairedends such as estimates of divergence and phylogenetics.
4) Fullinsert sequencing and finishing of fosmids representing variant sites in the bonobo
genome will allow precise ascertainment of the nature of each structural variation locus.
Given the existence of two closelyrelated genome sequences, these data would allow
highconfidence alignments and comparisons. A chimpanzeehuman comparison using
the fosmid endsequence approach, described in Newman et al. (2005), identified 651
structural variants between chimpanzees and humans. Assuming a 6 mya divergence
time for the human and chimpanzee/bonobo lineages, and applying the lower estimate of
~1 mya for the divergence of the bonobo and chimpanzee lineages, this yields an estimate
of approximately 110 fosmids for fullinsert sequencing.
Additional Benefits and Future Possibilities
Sequencing a bonobo fosmid library would provide several benefits beyond the scope of
this initial proposal. First, placement of the fosmid end sequences would allow
researchers to identify fosmids encompassing regions of interest for projects beyond the
scope of structural variation (i.e. positive selection, etc). These clones then might be
candidates for full length sequencing and finishing. Second, the SNPs gleaned from the
0.5x genome coverage would provide a resource for studies of chimpanzee and bonobo
population genetics. Third, should the opportunity arise for full sequencing of the
bonobo genome in the future, the fosmid pairedend framework could also be readily
used in the assembly process. Last, the fosmid pairedend framework could be used in
combination with novel highthroughput sequencing methodologies to model the
effectiveness of combined clonedinsert and shortread assemblies of complex
mammalian genomes.
Summary
The bonobo is positioned uniquely in the phylogeny of the great apes, having most likely
diverged very recently (900k years ago) from a common ancestor with the chimpanzee.
There are numerous biological and behavioral characteristics that differentiate the bonobo
from the chimpanzee that are worthy of exploration at the genomic level. A fosmid
pairedend sequencing approach would allow for sites of structural variation in the

bonobo genome to be identified and could shed light on the events that may have had an
impact on the most recent great ape speciation event.
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