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Abstract Common chimpanzees (Pan troglodytes) experi-
enced a selective sweep, probably caused by a SIV-like virus,
which targeted their MHC class I repertoire. Based on MHC
class I intron 2 data analyses, this selective sweep took place
about 2–3 million years ago. As a consequence, common
chimpanzees have a skewed MHC class I repertoire that is
enriched for allotypes that are able to recognise conserved
regions of the SIV proteome. The bonobo (Pan paniscus)
shared an ancestor with common chimpanzees approximately
1.5 to 2million years ago. To investigate whether the signature
of this selective sweep is also detectable in bonobos, the MHC
class I gene repertoire of two bonobo panels comprising in
total 29 animals was investigated by Sanger sequencing. We
identified 14 Papa-A, 20 Papa-B and 11 Papa-C alleles, of
which eight, five and eight alleles, respectively, have not been
reported previously.Within this pool ofMHC class I variation,
we recovered only 2 Papa-A, 3 Papa-B and 6 Papa-C intron 2
sequences. As compared to humans, bonobos appear to have

an even more diminished MHC class I intron 2 lineage reper-
toire than common chimpanzees. This supports the notion that
the selective sweep may have predated the speciation of com-
mon chimpanzees and bonobos. The further reduction of the
MHC class I intron 2 lineage repertoire observed in bonobos
as compared to the common chimpanzee may be explained by
a founding effect or other subsequent selective processes.
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Introduction

Humans and chimpanzees share a common ancestor that lived
approximately five million years ago (mya) (Fujiyama et al.
2002). Two species of chimpanzees—the common chimpan-
zee and the bonobo—are officially recognised. Both have
their natural habitat in Africa. Based on geographic distribu-
tion andmitochondrial DNA (mtDNA) variation, the common
chimpanzee is subdivided into four different subspecies: Pan
troglodytes verus (West Africa), Pan troglodytes troglodytes
(Central Africa), Pan troglodytes schweinfurthii (East Africa)
and Pan troglodytes ellioti (Nigeria-Cameroon) respectively
(Bowden et al. 2012; Gagneux et al. 1999). The bonobo spe-
cies comprises several populations inhabiting different sec-
tions of forest, lying south of the Congo River (Kawamoto
et al. 2013; Zsurka et al. 2010). Due to deforestation and
hunting in the context of the bush-meat trade, both chimpan-
zee species have become highly endangered (IUCN&ICCN
2012; Junker et al. 2012; Laporte et al. 2007). As a conse-
quence, zoos around the world have initiated breeding
programmes dedicated to conservation, such as the
European Endangered Species Programme (EEP), providing

Natasja G. de Groot and Corrine M.C. Heijmans contributed equally to
the manuscript.

Electronic supplementary material The online version of this article
(doi:10.1007/s00251-017-1010-x) contains supplementary material,
which is available to authorized users.

* Natasja G. de Groot
groot@bprc.nl

1 Biomedical Primate Research Centre, Department of Comparative
Genetics & Refinement, Rijswijk, The Netherlands

2 Centre for Research and Conservation, Royal Zoological Society of
Antwerp, Antwerp, Belgium

3 Department of Biology, University of Antwerp, Antwerp, Belgium
4 Department of Theoretical Biology and Bioinformatics, Utrecht

University, 3584 CH Utrecht, The Netherlands

Immunogenetics (2017) 69:677–688
DOI 10.1007/s00251-017-1010-x

http://dx.doi.org/10.1007/s00251-017-1010-x
mailto:groot@bprc.nl
http://crossmark.crossref.org/dialog/?doi=10.1007/s00251-017-1010-x&domain=pdf


support, for instance, to sustaining the (sub)species P. t. verus
as well as the bonobo.

Common chimpanzees can be infected naturally with a
simian immunodeficiency virus SIVcpz that is considered to
be the ancestral progenitor of the virus that causes the acquired
immunodeficiency syndrome (AIDS) pandemic in humans
(Hahn et al. 2000). Until now, natural infections with SIVcpz

have only been documented for P. t. troglodytes and P. t.
schweinfurthii (Huet et al. 1990; Peeters et al. 1989; Peeters
et al. 1992), whereas for the other two subspecies but also for
the bonobo such natural infections have not been recorded
(Leendertz et al. 2011; Li et al. 2012; Locatelli et al. 2016;
Van Heuverswyn et al. 2007). Worldwide, approximately 150
common chimpanzees, mainly P. t. verus, have been infected
experimentally with various human immunodeficiency virus
type 1 (HIV-1) strains, but most of these animals appeared to
control the infection, and progression towards AIDS was rare-
ly observed (Heeney et al. 2006; Novembre et al. 1997;
Novembre et al. 2001). Similarly, AIDS-like symptoms in
free-ranging animals are documented anecdotally for naturally
SIVcpz infected animals of the P. t. troglodytes and P. t.
schweinfurthii subspecies (Etienne et al. 2011; Keele et al.
2009). Noteworthy, however, is that some zoos and primate
centres have housed naturally SIVcpz infected common chim-
panzees for decades without any sign of AIDS-like disease
(Heeney et al. 2006). Hence, common chimpanzees seem to
be relatively resistant to the development of AIDS after an
HIV-1/SIVcpz infection.

The classical major histocompatibility complex (MHC)
class I genes, in humans designated HLA-A, HLA-B and
HLA-C, encode molecules that play a prominent role in the
immune response, by presenting degraded antigen particles
(peptides) of intracellular origin to cytotoxic T cells (CTL).
When the peptide originates from a foreign structure—such as
a virus—the subsequent recognition by the T cell receptor
complex on the CTL may then result in elimination of the
infected cell. One hallmark feature of the HLA system is that
its class I molecules display abundant levels of polymorphism.
As most of the polymorphic residues map to key positions
forming the scaffolding of the peptide-binding site, each allo-
type has the tendency to bind one peptide selected from its
own unique gradient of peptides. In HIV-1 infected humans,
resistance to the developing of AIDS is also observed and
control of the infection correlates with the presence of partic-
ular MHC class I molecules such as HLA-B*27 and -B*57
(Carrington and O'Brien 2003; Dalmasso et al. 2008; Fellay
et al. 2007; Goulder et al. 1996; International et al. 2010;
Kaslow et al. 1996; Kiepiela et al. 2004). Equivalents of the
HLA-A,HLA-B andHLA-C genes are also present in common
chimpanzees and bonobos and are designated Patr-A, Patr-B,
and Patr-C, and Papa-A, Papa-B and Papa-C, respectively
(Maccari et al. 2017). One would expect that species such as
humans and chimpanzees—that shared a common ancestor

rather recently—would possess highly similar MHC reper-
toires. However, a comparative genetic study demonstrated
that common chimpanzees, in the distant past, experienced a
selective sweep affecting the MHC class I region, and a hy-
pothesis was formulated that the sweep was possibly caused
by an HIV-1-like retrovirus (de Groot et al. 2002). A subse-
quent functional study provided evidence that the skewing of
the common chimpanzee MHC class I repertoire seems to
have favoured the survival of animals whose allotypes are able
to recognise conserved areas of the SIVcpz/HIV-1 Gag prote-
ome, similar to HLA-B*27/B*57 (de Groot et al. 2010). As a
consequence, the contemporary living common chimpanzee
populations have modified MHC repertoires, partly reduced,
but they are able to cope with their natural habitat and with
retroviral infections such as SIVcpz/HIV-1 (de Groot and
Bontrop 2013).

The time point of the selective sweep lies deep in evolu-
tionary history and may have predated the speciation of com-
mon chimpanzees and bonobos (de Groot et al. 2002). Hence,
wewere keen to investigate whether signatures of the selective
sweep could be traced back in theMHC repertoire of bonobos.
For this purpose, we selected two panels of animals to study
their MHC class I repertoire. Part of the mitochondrial DNA
D-loop was also sequenced in order to determine the potential
relationship between the bonobos within the panels, as well as
to rule out any possibility that we were sampling animals from
an inbred population.

Materials and methods

Genomic DNA samples

Genomic DNA (gDNA), isolated either from blood or hair
samples of 25 bonobos participating in the European
Endangered Species Programme (EEP), was selected for this
report (Supplementary Fig. 1). Fifteen of these animals are
founder animals of the population currently housed in different
European zoos, and then animals represent their offspring. This
means that we were also able to analyse, to a limited extent, the
segregation of polymorphic MHC markers in a family. To ex-
pand the panel, gDNAof 20 bonobos from our DNA repository
was incorporated into the study (Supplementary Fig. 1).

mtDNA analysis

To identify part of the mitochondrial D-loop, primers were
used that had been described previously (de Groot et al.
2005), which amplify the first 380 bp of the mtDNA D-loop
that represents the part with the most polymorphic sites.
Depending on the DNA sample, we were able to sequence
between 305 and 326 of the 380 bp product. The polymerase
chain reaction (PCR) mixture (50 μl) contained gDNA
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(50 ng), 0.5 μMof each primer, 1× PCR buffer, 2 mMMgCl2,
0.1 mM of each deoxiribonucleoside triphosphate (dNTP),
and 0.2 μl platinum Taq polymerase (Invitrogen). A touch-
down PCR was performed as reported earlier (de Groot et al.
2005). The PCR products were purified using the GeneJet Gel
Extraction Kit (Thermo Fisher Scientific) and sequenced di-
rectly on a 3500XL automated capillary system using BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher
Scientific). The data were analysed using the software
Lasergene SeqMan Pro version 12.0.0 (DNAstar) and
MacVector version 14.5.3 (MacVector). Sequences reported
in this publication have been deposited in the GenBank data-
base (for accession numbers see Supplementary Fig. 1).

Papa-A, Papa-B and Papa-C gene sequencing
and nomenclature

As well as exons 2 and 3, intron 2 is informative with regard to
understanding lineage evolution and assignment (de Groot et al.
2002). Locus-specific primerswere therefore selected, annealing
in intron 1 and intron 3. ForPapa-A: (5′AIN) 5′GAAACSGCC
TCT GYG GGG AGA AGC AA3′ and (3′AIN) 5′TGT TGG
TCC CAA TTG TCT CCC CTC3′. For Papa-B: (5′BIN) 5′
GGG AGG AGC GAG GGG ACC GCA G3′ and (3′BIN) 5′
GGCCATCCCCGGCGACCTAT3′. For Papa-C: (5′CIN) 5′
GCGGAGAGGAGCGAGGGGCC3′ and (3′BCIN) 5′GGA
GAT GGG GAA GGC TCC CCA CT3′. The PCR was per-
formed on gDNA (50 ng) in a 25-μl reactionmixture containing
1× HF buffer, 0.1 mM of each dNTP (Papa-A), or 0.3 mM of
each dNTP (Papa-B andPapa-C), 0.5μMof each locus specific
primer, 3% DMSO and 0.5 U Phusion DNA hot start II poly-
merase (Thermo Fisher Scientific). Amplification started with a
hot start of 30 s at 98 °C, followed by 33 cycles each consisting
of 10 s at 98 °C, 50 s at 65 °C and elongation for 50 s at 72 °C
and a final extension of 5 min at 72 °C.

Amplification success was verified using gel electrophore-
sis, and the PCR products were subsequently purified using
the GeneJet Gel Extraction Kit and ligated into the pJET1.2/
blunt-cloning vector using the CloneJet PCR cloning kit
(Thermo Fisher Scientific). Transformation was carried out
using competent XL-1 blue Escherichia coli and the
TransformAid Bacterial Transformation Kit (Thermo Fisher
Scientific). Per ligated PCR product, 24 colonies were picked
for plasmid isolation. Sequencing reaction was performed
using the BigDye Terminator v3.1 Cycle Sequencing Kit,
and samples were run on an automated capillary system ABI
3130XL or 3500XL. The data were analysed using the same
software as described above. All alleles referred to in this
communication were recovered in at least two independent
PCR reactions. Sequences reported in this publication have
been deposited in the Genbank database (accession numbers
KY652679-KY652717, KY688125-KY688126 and
KY964060-KY964064). The nomenclature rules for alleles

of the MHC systems of nonhuman primates have been report-
ed in detail (de Groot et al. 2012; Ellis et al. 2006). The com-
bination of annotated allele sequences and relevant names has
been deposited in the IPD-Immunopolymorphism Database
(Maccari et al. 2017).

Phylogenetic analyses of mtDNA and MHC class I
sequences

Maximum likelihood (mtDNA, partial sequences),
Neighbour-Joining (MHC class I exon 2 and 3 sequences)
and UPGMA (MHC class I intron 2 sequences) trees were
constructed with the MEGA 7.0.18 application (Kumar et al.
2016) using the Jukes-Cantor or Kimura-2 parameter method
for calculating the pairwise distances. Bootstrap values were
calculated based on 1000 replicates.

Results

Mitochondrial DNAvariation in the bonobo panels covers
five out of six known clades

mtDNA is inherited through the maternal lineage and thus can
provide insight into potential family relations, but it may also
shed light on the diversity probed within a given sample. Part
of the mtDNA D-loop in 12 animals of the European
Endangered Species Programme (EEP) cohort and 13 animals
of the additional panel could be amplified (Supplementary
Fig. 1) and produced high-quality genetic material. In the
EEP cohort, we found that Bono, Simon (child of Kombote)
and Daniela and Mato (children of Margrit) shared identical
partial mtDNAD-loop sequences, which suggest that the EEP
founder animals Bono, Komboto and Margrit are related to
each other. We also found evidence that animals grouping
within the two different panels may be related. For example,
Djanoa and PpA08 share the same partial mtDNAD-loop part
with Bono, Simon (child of Kombote) and the children of
Margrit (Daniella and Mato). Based on the bonobo studbook
(Pereboom et al. 2016), we were able to confirm that Djanoa is
the granddaughter of Margrit. Further sharing of the partial
mtDNA sequences was observed for two other examples:
Chipita and PpA01 and PpA02, PpA17 and PpA20
respectively.

For several of the animals included in the EEP cohort, the
whole mitochondrial genome was published recently (Lobon
et al. 2016) (Supplementary Fig. 1). This provides the oppor-
tunity to use the entire mtDNA D-loop (1124 bp) sequences
for comparison and further analysis. These extended data il-
lustrated, however, that Bono, Kombote and Margrit all have
unique mtDNA D-loop sequences (Supplementary Fig. 1, see
column seq. id.) and thus are not related via the maternal
lineage. In addition, the partial mtDNA D-loop sequence of
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Chimbamatches with the first part of the complete mtDNAD-
loop sequence of Natalie, which may indicate an above-
average relatedness between these animals.

Based on the mtDNA variation present in several different
bonobo populations, six different clades were recognised and
designated A1, A2, B1, B2, C and D (Kawamoto et al. 2013;
Zsurka et al. 2010). To identify the clade of the animals in the
present panel, the 25 partial mtDNA D-loop sequences (12
EEP cohort and 13 additional panel) in combination with a
selection of sequences representing all previously described
clades were subjected to phylogenetic analysis (Fig. 1).
Additionally, mtDNA sequences identified for Desmond,
Hermien, Hortense, Kombote and Natalie were added to the
phylogenetic analysis (Lobon et al. 2016). MtDNA D-loop
information of human as well as all different subspecies of
common chimpanzees was implemented as outgroup to root
the resulting tree. As can be seen, the EEP cohort comprises
animals originating from clades A2, B1, B2, C and D, whereas
animals from the additional panel cluster in clades A2, B2 and
C (Fig. 1). This would suggest that, based on mtDNA varia-
tion, the bonobo samples included in our study reflect the
diversity seen in bonobo populations living in the wild.

Allelic variation of MHC class I genes in bonobos

Themost polymorphic part of theMHC class I gene, encoding
the peptide-binding region (exons 2 and 3), was sequenced
and revealed the presence of 14 Papa-A, 20 Papa-B and 11
Papa-C alleles in the two panels. None of the bonobo alleles
was identical to a reported common chimpanzee allele. Eight
out of 14 Papa-A alleles had not been reported previously
(Fig. 2, boldface). Most of the Papa-A alleles were shared
between members of the two different panels, except for
Papa-A*01:01, *03:04, *08:02, *09:01 and *09:02, which
were only detected in the EEP cohort. For the Papa-B locus,
five previously unreported alleles were detected (Fig. 2,
boldface), whereas 15 others were confirmed (Wroblewski
et al. 2017). Nine of the 20 B alleles were shared between
the two panels; these were Papa-B*01:02, *02:02, *07:01,
*09:01, *12:02, *14:01, *17:01, *19:02 and *21:01. In addi-
tion to the three already catalogued, eight previously unreport-
ed Papa-C alleles were detected (Fig. 2, boldface). Four new-
ly identified alleles were detected only in animals in the

�Fig. 1 Phylogenetic analysis of partial mtDNA D-loop bonobos se-
quences (289 bp in length). The sequences of common chimpanzees
and humans are taken as out-groups (de Groot et al. 2008; Gagneux
et al. 1999; Ingman et al. 2000). Relevant sequences—for clade identifi-
cation—for bonobos are incorporated in the analysis with their accession
numbers in brackets (Kawamoto et al. 2013), and the different clades, A1,
A2, B1, B2, C and D, are indicated. Orange boxes indicate EEP cohort
animals; aqua boxes indicate animals in the additional panel. Relevant
bootstrap values are indicated
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additional panel, of which three showed variations in their
introns as reflected by the eight-digit designation. Six alleles
were shared, respectively: Papa-C*03:02, *03:01:01:01,
*03:03:01:01, *04:01, *04:02 and *05:01. The deduced pro-
tein alignments of the different Papa-A, Papa-B and Papa-C
allotypes are provided (Fig. 3). These alignments suggest that
the Papa-C alleles seem to show the highest level of conser-
vation, and most polymorphism seems to have been generated
by means of simple point mutations. This also appears to be
the case for the Papa-A locus alleles, but within this locus,
more variation is observed as compared to the -C locus. For
the Papa-B alleles, an exchange of sequencemotifs has played
an important role in generating allelic polymorphism (Fig. 3).
All this is in concordance with the picture painted earlier for
common chimpanzees (de Groot et al. 2000).

The bonobo alleles identified in the two panels were sub-
jected to phylogenetic analysis together with representative
human and common chimpanzee alleles (Supplementary
Fig. 2). All Papa-A alleles cluster together with HLA-A1/A3/
A11 family members, but orthologues of the other fiveHLA-A
family members are absent. The same finding has been made
for the A-locus alleles of the common chimpanzee (de Groot
et al. 2000). For the B locus, common chimpanzee and bonobo
alleles tend to cluster together into lineages. Intermingling
with HLA-B alleles has not been observed, and potential evo-
lutionary relatedness is probably obscured due to the frequent
recombination of polymorphic motifs (Belich et al. 1992;
Watkins et al. 1992). TheC alleles of the common chimpanzee
and bonobo tend to cluster tightly together, illustrating the
relatedness of both species.

a

b

Fig. 2 a Overview of the MHC
class I variation observed in EEP
cohort animals. The relevant
mtDNA information, clade and
Seq. id (sequence identification),
is provided (see also
supplementary Fig. 1). Previously
unreported alleles are indicated in
boldface. Animals that are family
members are indicated by ^ or &.
The deduced MHC haplotypes
are colour coded. *Zorba is a po-
tential founder, as it has not gen-
erated offspring. Nd means not
determined. b Overview of the
MHC class I variation observed in
the additional bonobo samples.
The relevant mtDNA informa-
tion, clade and Seq. id, is provid-
ed. The newly identified alleles
are shown in boldface. Nd means
not determined
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In conclusion, the presence of orthologues of only one out
of fiveHLA-A family members in both common chimpanzees
and bonobos would fit with the notion that the ancestor of
these species, in the evolutionary past, experienced the same
selective sweep targeting the MHC repertoire. It is tempting to
speculate that also the -C locus shows signs of a sweep (low
allelic heterogeneity), but it was preferred to make a thorough
analysis of the MHC class I intron 2 sequences in the bonobo,
as these turned out to be highly informative for studying the
evolutionary past of common chimpanzees (de Groot et al.
2002).

The bonobo MHC class I intron 2-repertoire is even more
reduced than in common chimpanzees

It is generally accepted that introns are not subject to strong
evolutionary forces selecting for variation, whereas this is

obvious for MHC class I exons 2 and 3, encoding the peptide
binding side (Hughes and Nei 1988). As a consequence, intron
sequences can be valid markers to study the origin or relatedness
of genes in species. Hence, the genetic variation for the MHC
class I intron 2, mapping between exons 2 and 3, was analysed
for our bonobo panels. These data were combined with the
available human and common chimpanzee intron 2 sequences
and subjected to phylogenetic analysis (Supplementary Fig. 3).
Based on phylogeny, human and common chimpanzee intron 2
sequences were previously classified into different lineages (de
Groot et al. 2002). For theA,B andC intron 2 sequences, ten, six
and nine different lineages have been characterised, respectively,
and named in alphabetical order. For example, the A locus line-
ages are named a1 to a10 (Supplementary Fig. 3). This format
was taken as a lead to classify the intron 2 sequences observed in
bonobos. The analysis of two panels recovered only two Papa-
A, three Papa-B and six Papa-C intron 2 sequences
(Supplementary Fig. 3). More in detail, both Papa-A intron 2
sequences appeared to be identical to those detected earlier in
common chimpanzees, suggesting that all allelic variation at the
A locus in bonobos stems from only two ancestral structures.
They cluster either into the a2 lineage, shared between humans
and common chimpanzees, or in the a9 lineage, which appears
to be present in common chimpanzees and bonobos (Fig. 4).
Humans and common chimpanzees both harbour a5-lineage
members, which seem to be absent in bonobos. Till now, mem-
bers of the a10 lineage have only been recovered from common
chimpanzees (Fig. 4). Overall, the intron 2 A-repertoire of bo-
nobos shows less variation as compared to common chimpan-
zees. For the B gene, similar observations have been made. The
three sequences detected in bonobos group into lineage b3,
which appears to have evolutionary cousins in common chim-
panzees and humans (Fig. 4). Members of the b5 lineage, ap-
parently indicative for common chimpanzees, have not been
detected. Six sequences were detected in the case of the MHC
class I C locus in bonobos, and they cluster in the c1, c7 and c9
lineages (Fig. 4). One might have expected to find members of
the c8 lineage in bonobos, but these appear to be absent. Three
intron 2 C sequences are identical to equivalents in common
chimpanzees.

Taken together, as compared to humans, only a limited
number of intron 2 lineages was observed in bonobos
(Fig. 4), which is comparable to the situation observed in
common chimpanzees. Bonobos may have lost two, one and
one lineage members for the A, B and C locus, respectively, as
compared to common chimpanzees. Both chimpanzee species
share a considerable number of intron 2 sequences, and six out
of 11 are identical, thus reflecting the close relatedness of both
species. In contrast, none of the exon 2 and 3 sequences iden-
tified during this study are identical to common chimpanzee
alleles, suggesting that diversifying selection remained active
on the gene products encoded by the exons of theMHC class I
molecules in common chimpanzees and bonobos.

�Fig. 3 Deduced amino acid alignments (alpha 1 and 2 domains) of the
different Papa-A, Papa-B and Papa-C alleles identified in the two panels.
The human sequences HLA-A*01:01:01, HLA-B*07:02:01 and HLA-
C*01:02:01 are taken as consensus (Robinson et al. 2015). A dash indi-
cates identity to the consensus, and an amino acid replacement is repre-
sented by the conventional one-letter code. Amino acid residues consti-
tuting the B and F pockets are indicated in grey in the consensus se-
quences. The newly identified alleles are shown in boldface. The
coloured boxes highlight the polymorphic sequence motifs that are shared
between Papa-B molecules

Fig. 4 Pie charts showing the presence/absence of MHC class I intron 2
lineages in humans, common chimpanzee and bonobo. A coloured sec-
tion in a pie indicates the presence of a particular intron 2 lineage in that
species: red for MHC-A, blue for MHC-B and orange for MHC-C
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Definition of five bonobo MHC class I haplotypes
by segregation analyses

Due to the availability of genetic material of family members,
we had the opportunity to define haplotypes within the EEP
cohort. The first family investigated comprised mother
Margrit, children Daniela and Mato and grandchildren
Djanoa and Lomela. Moreover, Bono is an informative indi-
vidual, as he fathered Lomela (Supplementary Fig. 1).
Daughter Daniela inherited the following combination of
genes/alleles: Papa-A*06:02, Papa-B*01:02 and Papa-
C*04:02 from mother Margrit (Fig. 2a, red haplotype). Mato
inherited the Papa-A*06:01, Papa-B*01:01 and Papa-
C*04:01 haplotype from mother Margrit (Fig. 2a, green
haplotype). Both Daniela and Mato are positive for the
Papa-A*05:02, Papa-B*07:01 and Papa-C*03:02 haplotype,
which segregates from the paternal line via Camillo (Fig. 2a,
blue haplotype). Both grandchildren Djanoa and Lomela
inherited the red haplotype, which can be traced back to
Margrit. Lomela inherited Papa-A*09:01 and -B*09:01 from
her father Bono. For Lomela, only one C locus allele could be
detected, Papa-C*04:02, suggesting that this animal may be
homozygous for this marker. Bono is heterozygous, as we
recovered Papa-C*03:02 and Papa-C*04:02. Within the bo-
nobos studied, Papa-C*03:02 and Papa-B*07:01 are as-
sumed to segregate together, suggesting a strong linkage be-
tween these two entities. Hence, the most likely deduction is
that Papa-C*04:02 segregates with Papa-A*09:01 and Papa-
B*09:01, and Bono’s second haplotype comprises Papa-
A*03:02, Papa-B*07:01 and Papa-C*03:02 (Fig. 2a, orange
and purple haplotypes, respectively). A second family inves-
tigated comprised mother Catherine and child Mofana, a son.
Mofanamost likely inherited the allelesPapa-A*05:02, Papa-
B*07:01 and Papa-C*03:02 via the maternal line and Papa-
A*06:02, Papa-B*09:01 and Papa-C*04:02 from the paternal
line via Vernon (Fig. 2a, blue and brown haplotypes,
respectively).

Thus, five MHC class I haplotypes could be defined with
certainty in the EEP cohort. Within the additional bonobo
samples analysed, these haplotypes are most likely also pres-
ent. For example, the blue haplotype may be present in PpA09
and PpA17, and the red haplotype seems to be present in
Ppa16, although we were not able to link the C*0402 allele
to this haplotype in this animal. As the family history was
unfortunately not available to us, the factual presence of these
haplotypes in these animals could not be substantiated.

Furthermore, within the studied bonobos, a strong linkage
was observed between Papa-B*07:01 and Papa-C*03:02.
The combination was present in four different mtDNA clades
andwas observed in combination with differentA gene alleles.
The dispersed presence of Papa-B*07:01/C*03:02 suggests
that this combination of alleles may fulfil an important immu-
nological function in the evolutionary history of bonobos.

Comparison of peptide-binding pockets

The biological function of MHC class I allotypes is the bind-
ing of degraded antigen segments (peptides) of pathogens and
the subsequent activation of immune cells. Most polymor-
phism is confined to the amino acid residues that form the
scaffolding of the peptide-binding site (Bjorkman et al.
1987; Saper et al. 1991). Hence, different allotypes have the
tendency to bind a distinct range of peptides. At this stage, we
do not have peptide-binding data for the different MHC class I
allotypes of the bonobo. However, experience has taught us
that the actual composition of the prominent binding pockets
B and F may provide some insight into their peptide-binding
potential (de Groot et al. 2010). Thus, we compared the com-
position of these pockets in common chimpanzees and bono-
bos. As can be seen, there is a high level of similarity—though
they are not identical—with regard to the combination of B
and F pockets for the A locus allotypes in both species
(Fig. 5). Some of the common chimpanzee A locus allotypes
were found to be promiscuous binders (de Groot et al. 2010;
McKinney et al. 2000; Sidney et al. 2006), and because of the
high similarity, this may also be the case for bonobos. Based
on the B pocket composition, the B locus allotypes of the
bonobo can be divided into two major groups (Fig. 5). One
of those groups (Fig. 5, green) seems to be shared with com-
mon chimpanzees, whereas the allotypes in the other group
seem to have evolved in bonobos (Fig. 5, orange). Allotypes
with identical or highly similar pockets that bind conserved
elements of the Gag protein of retroviruses in common chim-
panzees (Patr-B*01:01, Patr-B*03:01, Patr-B*05:01 (de
Groot et al. 2010)) are not present in bonobos (Fig. 5), al-
though some allotypes in the orange group and Patr-
B*05:01 have amino acid residues in common. The sequence
comparisons indicated that the C allotypes of common chim-
panzees and bonobos are highly similar, as is reflected by their
B and F pockets (Fig. 5).

Discussion

The formation of the Congo River is considered to be one of
the important geographical drivers that was instrumental in the
speciation process that led eventually to the existence of bo-
nobos. The speciation process started about 1.5 to 2 mya
(Becquet et al. 2007; Prado-Martinez et al. 2013), which—
on a geological and biological time scale—is relatively recent.
Hence, common chimpanzees and bonobos are related as is
reflected by their genetic material, and there is even evidence
of several introgression events (de Manuel et al. 2016).

There is ample genetic and functional evidence of a selective
sweep that targeted the MHC class I region of common chim-
panzees (de Groot et al. 2002, 2008, 2010). The selective
sweep resulted in a reduction of MHC class I lineages, and
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many of the contemporary common chimpanzee MHC class I
allotypes are able to bind conserved segments of retroviruses,
such as HIV-1/SIVcpz. This work is based mainly on studies
done in the West-African subspecies (P. t. verus). However, all
the other MHC class I alleles that have been extracted from the
other common chimpanzee subspecies fit within the picture
(Maccari et al. 2017). We wished to investigate whether the
signatures of this selective sweep are also detectable in contem-
porary bonobos. To this end, we selected a panel of subjects

that is a relatively thorough snapshot of the wild-ranging ani-
mals. Indeed, our MHC class I repertoire analyses showed that
common chimpanzees and bonobos have highly similar pro-
files. Notably, however, the intron 2 lineage analysis seems to
highlight the most relevant message, as bonobos seem to have
an even more limited MHC class I intron 2 lineage repertoire
than common chimpanzees. The first implication would be
that—as our initial calculations suggested (de Groot et al.
2002)—the selective sweep in the MHC class I repertoire
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Fig. 5 B- and F-pocket combinations for the bonobo MHC-A, MHC-B
and MHC-C allotypes. For comparison, representative B- and F-pocket
combinations from common chimpanzee (Patr) and human (HLA) are
given. The amino acid residues determining the B-pocket are 7, 9, 24, 25,
34, 45, 63, 66, 67, 70 and 99 and for the F-pocket are 74, 77, 80, 81, 84,
95, 97, 114, 116, 123, 133, 143, 146 and 147. The B- and F-pocket

residues of HLA-B*57:01 are taken as a consensus. A dash indicates
identity to the consensus, and an amino acid replacement is represented
by the conventional one-letter code. The names of the newly identified
alleles are indicated in boldface. Underlined Patr names are the allotypes
that were shown to bind conserved elements of the Gag protein of retro-
viruses (de Groot et al. 2010)
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predates the speciation of bonobos and common chimpanzees.
The second question that remains to be answered is why do
bonobos have an even more reduced intron 2 repertoire. One
possibility is that there exists a gradient of MHC class I diver-
sity, which diminishes from the West African to the Central
African subspecies. This is unlikely, as there are reports that
the West African chimpanzees display the lowest level of ge-
netic variability (MacFie et al. 2009; Wegmann and Excoffier
2010). The other possibility is that we are dealing with a
founding effect (the bonobo population started with a limited
number of individuals) or that the MHC class I repertoire of
bonobos was further reduced by subsequent selective process-
es. At this stage, we cannot exclude any one of these factors or a
combination of them. However, other studies also have sug-
gested that bonobos may have experienced strong genetic bot-
tle necks (Prado-Martinez et al. 2013)

Another marker substantiates the fact that the MHC region
in common chimpanzees was targeted by a selective sweep,
namely theMIC gene, which maps in the MHC region next to
the B gene. Most nonhuman primate species have haplotypes
with a tandem of genes namedMICA andMICB. However, in
common chimpanzees, only one MIC gene is present, which
arose from a deletion event that fused the tail of anMICB and
the head of an MICA gene (Kulski et al. 2002). This single
gene moiety, produced by a fusion event, is also present in
bonobos (de Groot et al. 2005). A population study in com-
mon chimpanzees showed that haplotypes carrying this single
hybrid MIC gene became fixed (de Groot et al. 2005). This
indicates that haplotypes with the original tandem of MIC
genes were negatively selected. As the hybridMIC gene orig-
inated next to the MHC class I B gene, the fixation of the
hybrid MIC gene on all haplotypes also indicates that due to
linkage the positive selection on the hybrid gene may have
coincided with the rescue of a limited MHC class I repertoire.
Of course, it may have been the other way around, and even a
strong positive selection on both factors cannot be excluded.

Although we observed substantial sharing of intron 2 se-
quences between common chimpanzees and bonobos, the
MHC class I alleles themselves detected in our panels appear
to be unique for these species. There is one report, however,
claiming the sharing of alleles for the C locus between com-
mon chimpanzees and bonobos (Cooper et al. 1998). The
sharing of identical MHC class I alleles between nonhuman
primate species seems to be a rare event and is only reported
for those species where there is introgression (Otting et al.
2017; Yan et al. 2011). This may explain the above-
mentioned example as well. The majority of common chim-
panzee and bonobo alleles appear to have acquired further
mutations during their evolution, resulting in species-specific
allotypes. Thus, the obvious question to ask is have contem-
porary bonobos also maintained MHC class I allotypes that
are able to preferentially bind peptides from SIVcpz. One
needs to be cautious in answering this question just by looking

at the genetics. In the human population, the HLA-B*27 and
HLA-B*57 allotypes are associated with elite control of HIV-
1 infections. Therefore, the simple answer would involve
looking for the presence of HLA-B*27- and HLA-B*57-like
alleles in common chimpanzees and bonobos. However, ex-
perience has taught us that humans and common chimpanzees
have evolutionarily distant MHC class I molecules that are
able, however, to bind the same set of peptides (de Groot
et al. 2010): for example, the common chimpanzee molecule
that was evolutionarily more related to the HLA-B*27 mole-
cule bound peptide that was favoured by the HLA-B*57 mol-
ecule and vice versa (Balla-Jhagjhoorsingh et al. 1999). Thus,
as it can be tricky to compare distant species—as it is all about
deciphering the function of these molecules—elucidation of
the bonobo MHC class I peptide-binding motifs is essential.
Nevertheless, with regard to the number ofMHC class I intron
2-lineages and sequences, the contemporary bonobo popula-
tion displays limited variation, but apparently the animals are
able to cope with their pathogenic environment.

Acknowledgements We thank D. Devine for editing the manuscript
and F. van Hassel for preparing the figures. This study was supported
by the Biomedical Primate Research Centre.

References

Balla-Jhagjhoorsingh SS, Koopman G,Mooij P, Haaksma TG, Teeuwsen
VJ, Bontrop RE, Heeney JL (1999) Conserved CTL epitopes shared
between HIV-infected human long-term survivors and chimpanzees.
J Immunol 162:2308–2314

Becquet C, Patterson N, Stone AC, Przeworski M, Reich D (2007)
Genetic structure of chimpanzee populations. PLoS Genet 3:e66

BelichMP,Madrigal JA, HildebrandWH, Zemmour J, Williams RC, Luz
R, Petzl-Erler ML, Parham P (1992) Unusual HLA-B alleles in two
tribes of Brazilian Indians. Nature 357:326–329

Bjorkman PJ, SaperMA, Samraoui B, BennettWS, Strominger JL,Wiley
DC (1987) The foreign antigen binding site and T cell recognition
regions of class I histocompatibility antigens. Nature 329:512–518

Bowden R, MacFie TS, Myers S, Hellenthal G, Nerrienet E, Bontrop RE,
Freeman C, Donnelly P, Mundy NI (2012) Genomic tools for evo-
lution and conservation in the chimpanzee: Pan troglodytes Ellioti is
a genetically distinct population. PLoS Genet 8:e1002504

Carrington M, O'Brien SJ (2003) The influence of HLA genotype on
AIDS. Annu Rev Med 54:535–551

Cooper S, Adams EJ, Wells RS, Walker CM, Parham P (1998) A major
histocompatibility complex class I allele shared by two species of
chimpanzee. Immunogenetics 47:212–217

Dalmasso C, CarpentierW,Meyer L, Rouzioux C, Goujard C, ChaixML,
Lambotte O, Avettand-Fenoel V, Le Clerc S, de Senneville LD,
Deveau C, Boufassa F, Debre P, Delfraissy JF, Broet P, Theodorou
I, Association AGW (2008) Distinct genetic loci control plasma
HIV-RNA and cellular HIV-DNA levels in HIV-1 infection: the
ANRS genome wide association 01 study. PLoS One 3:e3907

de Groot NG, Bontrop RE (2013) The HIV-1 pandemic: does the selec-
tive sweep in chimpanzees mirror humankind's future?
Retrovirology 10:53

de Groot NG, Otting N, Arguello R, Watkins DI, Doxiadis GG, Madrigal
JA, Bontrop RE (2000) Major histocompatibility complex class I

686 Immunogenetics (2017) 69:677–688



diversity in a West African chimpanzee population: implications for
HIV research. Immunogenetics 51:398–409

de Groot NG, Otting N, Doxiadis GG, Balla-Jhagjhoorsingh SS, Heeney
JL, van Rood JJ, Gagneux P, Bontrop RE (2002) Evidence for an
ancient selective sweep in the MHC class I gene repertoire of chim-
panzees. Proc Natl Acad Sci U S A 99:11748–11753

de Groot NG, Garcia CA, Verschoor EJ, Doxiadis GG, Marsh SG, Otting
N, Bontrop RE (2005) Reduced MIC gene repertoire variation in
West African chimpanzees as compared to humans. Mol Biol Evol
22:1375–1385

deGroot NG, Heijmans CM, deGroot N, OttingN, deVos-Rouweller AJ,
Remarque EJ, Bonhomme M, Doxiadis GG, Crouau-Roy B,
Bontrop RE (2008) Pinpointing a selective sweep to the chimpanzee
MHC class I region by comparative genomics. Mol Ecol 17:2074–
2088

de Groot NG, Heijmans CM, Zoet YM, de Ru AH, Verreck FA, van
Veelen PA, Drijfhout JW, Doxiadis GG, Remarque EJ, Doxiadis
II, van Rood JJ, Koning F, Bontrop RE (2010) AIDS-protective
HLA-B*27/B*57 and chimpanzee MHC class I molecules target
analogous conserved areas of HIV-1/SIVcpz. Proc Natl Acad Sci
U S A 107:15175–15180

de Groot NG, Otting N, Robinson J, Blancher A, Lafont BA, Marsh SG,
O'Connor DH, Shiina T, Walter L, Watkins DI, Bontrop RE (2012)
Nomenclature report on the major histocompatibility complex genes
and alleles of great ape, old and new world monkey species.
Immunogenetics 64:615–631

de Manuel M, Kuhlwilm M, Frandsen P, Sousa VC, Desai T, Prado-
Martinez J, Hernandez-Rodriguez J, Dupanloup I, Lao O, Hallast
P, Schmidt JM, Heredia-Genestar JM, Benazzo A, Barbujani G,
Peter BM, Kuderna LF, Casals F, Angedakin S, Arandjelovic M,
Boesch C, Kuhl H, Vigilant L, Langergraber K, Novembre J, Gut
M, Gut I, Navarro A, Carlsen F, Andres AM, Siegismund HR,
Scally A, Excoffier L, Tyler-Smith C, Castellano S, Xue Y,
Hvilsom C, Marques-Bonet T (2016) Chimpanzee genomic diversi-
ty reveals ancient admixture with bonobos. Science 354:477–481

Ellis SA, Bontrop RE, Antczak DF, Ballingall K, Davies CJ, Kaufman J,
Kennedy LJ, Robinson J, Smith DM, Stear MJ, Stet RJ, Waller MJ,
Walter L, Marsh SG, Committee II-VCMN (2006) ISAG/IUIS-VIC
comparative MHC Nomenclature Committee report, 2005.
Immunogenetics 57:953–958

Etienne L, Nerrienet E, LeBreton M, Bibila GT, Foupouapouognigni Y,
Rousset D, Nana A, Djoko CF, Tamoufe U, Aghokeng AF, Mpoudi-
Ngole E, Delaporte E, Peeters M, Wolfe ND, Ayouba A (2011)
Characterization of a new simian immunodeficiency virus strain in
a naturally infected Pan troglodytes troglodytes chimpanzee with
AIDS related symptoms. Retrovirology 8:4

Fellay J, Shianna KV, GeD, Colombo S, Ledergerber B,WealeM, Zhang
K, Gumbs C, Castagna A, Cossarizza A, Cozzi-Lepri A, De Luca A,
Easterbrook P, Francioli P, Mallal S, Martinez-Picado J, Miro JM,
Obel N, Smith JP, Wyniger J, Descombes P, Antonarakis SE, Letvin
NL, McMichael AJ, Haynes BF, Telenti A, Goldstein DB (2007) A
whole-genome association study of major determinants for host
control of HIV-1. Science 317:944–947

FujiyamaA,WatanabeH, Toyoda A, Taylor TD, Itoh T, Tsai SF, ParkHS,
Yaspo ML, Lehrach H, Chen Z, Fu G, Saitou N, Osoegawa K, de
Jong PJ, Suto Y, Hattori M, Sakaki Y (2002) Construction and
analysis of a human-chimpanzee comparative clone map. Science
295:131–134

Gagneux P, Wills C, Gerloff U, Tautz D, Morin PA, Boesch C, Fruth B,
Hohmann G, Ryder OA, Woodruff DS (1999) Mitochondrial se-
quences show diverse evolutionary histories of African hominoids.
Proc Natl Acad Sci U S A 96:5077–5082

Goulder PJ, Bunce M, Krausa P, McIntyre K, Crowley S, Morgan B,
Edwards A, Giangrande P, Phillips RE, McMichael AJ (1996)
Novel, cross-restricted, conserved, and immunodominant cytotoxic

T lymphocyte epitopes in slow progressors in HIV type 1 infection.
AIDS Res Hum Retrovir 12:1691–1698

Hahn BH, Shaw GM, De Cock KM, Sharp PM (2000) AIDS as a zoo-
nosis: scientific and public health implications. Science 287:607–
614

Heeney JL, Dalgleish AG, Weiss RA (2006) Origins of HIV and the
evolution of resistance to AIDS. Science 313:462–466

Huet T, Cheynier R, Meyerhans A, Roelants G, Wain-Hobson S (1990)
Genetic organization of a chimpanzee lentivirus related to HIV-1.
Nature 345:356–359

Hughes AL, Nei M (1988) Pattern of nucleotide substitution at major
histocompatibility complex class I loci reveals overdominant selec-
tion. Nature 335:167–170

Ingman M, Kaessmann H, Paabo S, Gyllensten U (2000) Mitochondrial
genome variation and the origin of modern humans. Nature 408:
708–713

International HIVCS, Pereyra F, Jia X, McLaren PJ, Telenti A, de Bakker
PI,Walker BD, Ripke S, BrummeCJ, Pulit SL, CarringtonM, Kadie
CM, Carlson JM, Heckerman D, Graham RR, Plenge RM, Deeks
SG, Gianniny L, Crawford G, Sullivan J, Gonzalez E, Davies L,
Camargo A, Moore JM, Beattie N, Gupta S, Crenshaw A, Burtt
NP, Guiducci C, Gupta N, Gao X, Qi Y, Yuki Y, Piechocka-Trocha
A, Cutrell E, Rosenberg R, Moss KL, Lemay P, O'Leary J, Schaefer
T, Verma P, Toth I, Block B, Baker B, Rothchild A, Lian J,
Proudfoot J, Alvino DM, Vine S, Addo MM, Allen TM, Altfeld
M, Henn MR, Le Gall S, Streeck H, Haas DW, Kuritzkes DR,
Robbins GK, Shafer RW, Gulick RM, Shikuma CM, Haubrich R,
Riddler S, Sax PE, Daar ES, Ribaudo HJ, Agan B, Agarwal S,
Ahern RL, Allen BL, Altidor S, Altschuler EL, Ambardar S,
Anastos K, Anderson B, Anderson V, Andrady U, Antoniskis D,
Bangsberg D, Barbaro D, Barrie W, Bartczak J, Barton S, Basden P,
Basgoz N, Bazner S, Bellos NC, Benson AM, Berger J, Bernard NF,
Bernard AM, Birch C, Bodner SJ, Bolan RK, Boudreaux ET,
Bradley M, Braun JF, Brndjar JE, Brown SJ, Brown K et al (2010)
The major genetic determinants of HIV-1 control affect HLA class I
peptide presentation. Science 330:1551–1557

IUCN&ICCN (2012) Bonobo (Pan paniscus): conservation strategy
2012–2022. IUCN/SSC Primate Specialist Group & Institute
Congolais pour la Conservation de la Nature, Gland

Junker J BS, Boesch C, Campbell G, du Toit L, Duvall C, Ekobo A,
Etoga G et al (2012) Recent decline in suitable everinmental condi-
tions for African great apes. Divers Distrib 1–15

KaslowRA, CarringtonM,Apple R, Park L, MunozA, Saah AJ, Goedert
JJ, Winkler C, O'Brien SJ, Rinaldo C, Detels R, Blattner W, Phair J,
Erlich H, Mann DL (1996) Influence of combinations of human
major histocompatibility complex genes on the course of HIV-1
infection. Nat Med 2:405–411

Kawamoto Y, Takemoto H, Higuchi S, Sakamaki T, Hart JA, Hart TB,
Tokuyama N, Reinartz GE, Guislain P, Dupain J, Cobden AK,
Mulavwa MN, Yangozene K, Darroze S, Devos C, Furuichi T
(2013) Genetic structure of wild bonobo populations: diversity of
mitochondrial DNA and geographical distribution. PLoS One 8:
e59660

Keele BF, Jones JH, Terio KA, Estes JD, Rudicell RS, Wilson ML, Li Y,
Learn GH, Beasley TM, Schumacher-Stankey J, Wroblewski E,
Mosser A, Raphael J, Kamenya S, Lonsdorf EV, Travis DA,
Mlengeya T, Kinsel MJ, Else JG, Silvestri G, Goodall J, Sharp
PM, Shaw GM, Pusey AE, Hahn BH (2009) Increased mortality
andAIDS-like immunopathology in wild chimpanzees infectedwith
SIVcpz. Nature 460:515–519

Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, Thobakgale C, Chetty
S, Rathnavalu P, Moore C, Pfafferott KJ, Hilton L, Zimbwa P,
Moore S, Allen T, Brander C, Addo MM, Altfeld M, James I,
Mallal S, Bunce M, Barber LD, Szinger J, Day C, Klenerman P,
Mullins J, Korber B, Coovadia HM,Walker BD, Goulder PJ (2004)

Immunogenetics (2017) 69:677–688 687



Dominant influence of HLA-B in mediating the potential co-
evolution of HIV and HLA. Nature 432:769–775

Kulski JK, Shiina T, Anzai T, Kohara S, Inoko H (2002) Comparative
genomic analysis of the MHC: the evolution of class I duplication
blocks, diversity and complexity from shark to man. Immunol Rev
190:95–122

Kumar S, Stecher G, Tamura K (2016) MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol Biol Evol 33:
1870–1874

Laporte NT, Stabach JA, Grosch R, Lin TS, Goetz SJ (2007) Expansion
of industrial logging in Central Africa. Science 316:1451

Leendertz SA, Locatelli S, Boesch C, Kucherer C, Formenty P, Liegeois
F, Ayouba A, Peeters M, Leendertz FH (2011) No evidence for
transmission of SIVwrc from western red colobus monkeys
(Piliocolobus badius badius) to wild West African chimpanzees
(Pan troglodytes verus) despite high exposure through hunting.
BMC Microbiol 11:24

Li Y, Ndjango JB, Learn GH, Ramirez MA, Keele BF, Bibollet-Ruche F,
LiuW, Easlick JL, Decker JM, Rudicell RS, Inogwabini BI, Ahuka-
Mundeke S, Leendertz FH, Reynolds V, Muller MN, Chancellor
RL, Rundus AS, Simmons N, Worobey M, Shaw GM, Peeters M,
Sharp PM, Hahn BH (2012) Eastern chimpanzees, but not bonobos,
represent a simian immunodeficiency virus reservoir. J Virol 86:
10776–10791

Lobon I, Tucci S, de Manuel M, Ghirotto S, Benazzo A, Prado-Martinez
J, Lorente-Galdos B, Nam K, Dabad M, Hernandez-Rodriguez J,
Comas D, Navarro A, Schierup MH, Andres AM, Barbujani G,
Hvilsom C, Marques-Bonet T (2016) Demographic history of the
genus pan inferred from whole mitochondrial genome reconstruc-
tions. Genome Biol Evol 8:2020–2030

Locatelli S, Harrigan RJ, Sesink Clee PR, Mitchell MW, McKean KA,
Smith TB, Gonder MK (2016) Why are Nigeria-Cameroon chim-
panzees (Pan troglodytes Ellioti) free of SIVcpz infection? PLoS
One 11:e0160788

Maccari G, Robinson J, Ballingall K, Guethlein LA, Grimholt U,
Kaufman J, Ho CS, de Groot NG, Flicek P, Bontrop RE,
Hammond JA, Marsh SG (2017) IPD-MHC 2.0: an improved
inter-species database for the study of the major histocompatibility
complex. Nucleic Acids Res 45:D860–D864

MacFie TS, Nerrienet E, de Groot NG, Bontrop RE, Mundy NI (2009)
Patterns of diversity in HIV-related loci among subspecies of chim-
panzee: concordance at CCR5 and differences at CXCR4 and
CX3CR1. Mol Biol Evol 26:719–727

McKinney DM, Erickson AL, Walker CM, Thimme R, Chisari FV,
Sidney J, Sette A (2000) Identification of five different Patr class I
molecules that bind HLA supertype peptides and definition of their
peptide binding motifs. J Immunol 165:4414–4422

Novembre FJ, Saucier M, Anderson DC, Klumpp SA, O'Neil SP, Brown
CR 2nd, Hart CE, Guenthner PC, Swenson RB, McClure HM
(1997) Development of AIDS in a chimpanzee infected with human
immunodeficiency virus type 1. J Virol 71:4086–4091

Novembre FJ, de Rosayro J, Nidtha S, O'Neil SP, Gibson TR, Evans-
Strickfaden T, Hart CE, McClure HM (2001) Rapid CD4(+) T-cell
loss induced by human immunodeficiency virus type 1(NC) in un-
infected and previously infected chimpanzees. J Virol 75:1533–
1539

Otting N, van der Wiel MK, de Groot N, de Vos-Rouweler AJ, de Groot
NG, Doxiadis GG, Wiseman RW, O'Connor DH, Bontrop RE
(2017) The orthologs of HLA-DQ and -DP genes display abundant
levels of variability in macaque species. Immunogenetics 69:87–99

Peeters M, Honore C, Huet T, Bedjabaga L, Ossari S, Bussi P, Cooper
RW, Delaporte E (1989) Isolation and partial characterization of an
HIV-related virus occurring naturally in chimpanzees in Gabon.
AIDS 3:625–630

Peeters M, Fransen K, Delaporte E, Van den Haesevelde M, Gershy-
Damet GM, Kestens L, van der Groen G, Piot P (1992) Isolation
and characterization of a new chimpanzee lentivirus (simian
immunodeficiency virus isolate cpz-ant) from a wild-captured chim-
panzee. AIDS 6:447–451

Pereboom Z, Stevens JMG, Riede M (2016) International Studbook
Bonobo Pan paniscus Schwarz 1929. Royal Zoological Society of
Antwerp

Prado-Martinez J, Sudmant PH, Kidd JM, Li H, Kelley JL, Lorente-
Galdos B, Veeramah KR, Woerner AE, O'Connor TD, Santpere G,
Cagan A, Theunert C, Casals F, Laayouni H, Munch K, Hobolth A,
Halager AE, Malig M, Hernandez-Rodriguez J, Hernando-Herraez
I, Prufer K, Pybus M, Johnstone L, Lachmann M, Alkan C, Twigg
D, Petit N, Baker C, Hormozdiari F, Fernandez-Callejo M, Dabad
M, Wilson ML, Stevison L, Camprubi C, Carvalho T, Ruiz-Herrera
A, Vives L, Mele M, Abello T, Kondova I, Bontrop RE, Pusey A,
Lankester F, Kiyang JA, Bergl RA, Lonsdorf E, Myers S, Ventura
M, Gagneux P, Comas D, Siegismund H, Blanc J, Agueda-Calpena
L, Gut M, Fulton L, Tishkoff SA, Mullikin JC, Wilson RK, Gut IG,
Gonder MK, Ryder OA, Hahn BH, Navarro A, Akey JM,
Bertranpetit J, Reich D, Mailund T, Schierup MH, Hvilsom C,
Andres AM, Wall JD, Bustamante CD, Hammer MF, Eichler EE,
Marques-Bonet T (2013) Great ape genetic diversity and population
history. Nature 499:471–475

Robinson J, Halliwell JA, Hayhurst JD, Flicek P, Parham P, Marsh SG
(2015) The IPD and IMGT/HLA database: allele variant databases.
Nucleic Acids Res 43:D423–D431

Saper MA, Bjorkman PJ, Wiley DC (1991) Refined structure of the
human histocompatibility antigen HLA-A2 at 2.6 a resolution. J
Mol Biol 219:277–319

Sidney J, Asabe S, Peters B, Purton KA, Chung J, Pencille TJ, Purcell R,
Walker CM, Chisari FV, Sette A (2006) Detailed characterization of
the peptide binding specificity of five common Patr class I MHC
molecules. Immunogenetics 58:559–570

Van Heuverswyn F, Li Y, Bailes E, Neel C, Lafay B, Keele BF, Shaw KS,
Takehisa J, Kraus MH, Loul S, Butel C, Liegeois F, Yangda B,
Sharp PM, Mpoudi-Ngole E, Delaporte E, Hahn BH, Peeters M
(2007) Genetic diversity and phylogeographic clustering of
SIVcpzPtt in wild chimpanzees in Cameroon. Virology 368:155–
171

Watkins DI, McAdam SN, Liu X, Strang CR, Milford EL, Levine CG,
Garber TL, Dogon AL, Lord CI, Ghim SH et al (1992) New recom-
binant HLA-B alleles in a tribe of south American Amerindians
indicate rapid evolution of MHC class I loci. Nature 357:329–333

Wegmann D, Excoffier L (2010) Bayesian inference of the demographic
history of chimpanzees. Mol Biol Evol 27:1425–1435

Wroblewski EE, Guethlein LA, Norman PJ, Li Y, Shaw CM, Han AS,
Ndjango JN, Ahuka-Mundeke S, Georgiev AV, Peeters M, Hahn
BH, Parham P (2017) Bonobos maintain immune system diversity
with three functional types of MHC-B. J Immunol 198:3480–3493

Yan G, Zhang G, Fang X, Zhang Y, Li C, Ling F, Cooper DN, Li Q, Li Y,
van Gool AJ, Du H, Chen J, Chen R, Zhang P, Huang Z, Thompson
JR, Meng Y, Bai Y,Wang J, ZhuoM,Wang T, Huang Y,Wei L, Li J,
Wang Z, Hu H, Yang P, Le L, Stenson PD, Li B, Liu X, Ball EV, An
N, Huang Q, Zhang Y, Fan W, Zhang X, Li Y, WangW, Katze MG,
Su B, Nielsen R, Yang H,Wang J, Wang X,Wang J (2011) Genome
sequencing and comparison of two nonhuman primate animal
models, the cynomolgus and Chinese rhesus macaques. Nat
Biotechnol 29:1019–1023

Zsurka G, Kudina T, Peeva V, Hallmann K, Elger CE, Khrapko K, Kunz
WS (2010) Distinct patterns of mitochondrial genome diversity in
bonobos (Pan paniscus) and humans. BMC Evol Biol 10:270

688 Immunogenetics (2017) 69:677–688


	Limited MHC class I intron 2 repertoire variation in bonobos
	Abstract
	Introduction
	Materials and methods
	Genomic DNA samples
	mtDNA analysis
	Papa-A, Papa-B and Papa-C gene sequencing and nomenclature
	Phylogenetic analyses of mtDNA and MHC class I sequences

	Results
	Mitochondrial DNA variation in the bonobo panels covers five out of six known clades
	Allelic variation of MHC class I genes in bonobos
	The bonobo MHC class I intron 2-repertoire is even more reduced than in common chimpanzees
	Definition of five bonobo MHC class I haplotypes by segregation analyses
	Comparison of peptide-binding pockets

	Discussion
	References


