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Two	“types”	of	DNA	
Modern	DNA	

~1	μg	DNA	

per	gram	7ssue	

DNA	from	museum	specimen	

~0.001-0.0000001	μg	DNA		

per	gram	7ssue	

�  Low	quality	(short	fragments,	chemically	damaged)	

�  Low	quan7ty	
�  Contaminated	with	modern/exogenous	DNA	



possible even from individual genomes sequenced to low
coverage [53], while for the later species it should be possible
to find a sufficient number of samples with high endogenous
DNA content.

Hybridisation enrichment as an alternative to
shotgun sequencing

For samples with low endogenous DNA content, shotgun
sequencing is often financially unfeasible and also inefficient.
For such samples, hybridisation enrichment provides an
approach to enrich a DNA pool for large genomic regions
(for example the exome or mitogenome). Many studies have
already used hybridisation enrichment to target ancient
mtDNA from a variety of species [16, 20, 59], but there is also a
growing number of studies that target chloroplast and nuclear
DNA [60, 61] and even whole nuclear genomes [18, 19].
Although the limits of the different hybridisation enrichment
techniques for aDNA analysis are still uncertain, many case
studies using hybridisation enrichment show that the
approach is flexible and sensitive. One study [19] showed
that in-solution hybridisation enrichment allowed for the
retrieval of over 70% of the original molecules present in the
sequencing library, suggesting that hybridisation enrichment
can be used with very little loss of endogenous DNA.
Unfortunately, enrichment rates for different samples within
the same experiment often vary significantly, the reasons for
which are often not immediately clear. A recent study [62]
compared shotgun data with the data generated after
enrichment for the whole genome, and found enrichment

ranged from 1.8! up to 14.3!, almost 10-fold different
between the individual samples. For mtDNA, the difference
between samples is even more pronounced, with enrichment
rates of different individuals in one study ranging from 22! to
2,217! [62]. This shows that in order to fully utilise the
possibilities of hybridisation enrichment, more studies to
understand the effects of different capture parameters are
necessary. Therefore, while whole genome capture may one
day allow for population-level sampling of ancient genomes,
currently the costs for this approach are substantial and
the enrichment efficiency not sufficient to allow for large-
scale sequencing of ancient genomes for a reasonable fee. In
the immediate future, palaeo-population genomics studies
(except for unique cases where many samples with high
endogenous content are available) are more feasible when
combined with hybridisation enrichment for a subset of the
genome.

This is exemplified by a recent study [63], which applied
hybridisation enrichment to assemble complete exomes for
three Neanderthals. Although our understanding of the effect
of allelic changes on the phenotype is generally limited
without further biochemical experiments, whole exome

Figure 3. Ancient genomes. Cumulative number of ancient
genomes published since the first publication of a draft palaeo-
genome in 2008. Numbers in columns indicate cumulative average-
fold coverage.

Figure 2. Fragment length distributions. The green graph represents
the fragment length distribution from the "400,000 year old cave
bear (Ursus denigeri) from Sima de los Huesos [37], where a new
extraction method was used, specifically designed for the recovery
of short fragments. The blue graph shows the fragment length
distribution from the "700,000 year old horse (Equus) from Thistle
Creek [49], which was extracted using a standard aDNA extraction
method. The dashed line is an extrapolation from the cave bear
fragment length distribution, to suggest the potential increase in
recovery of short fragments for the horse sample, had the improved
extraction method been used.
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positions where ≥80% of the sequences agreed and coverage was
at least two. For some positions with lower consensus support,
manual consensus calls were made where justifiable (Table S1).
The final consensus sequence covers 16,305 bp of the cave bear
mitochondrial genome. Most of the missing sequence information
(∼480 bp) is in the D loop, including a ∼320-bp stretch of re-
petitive sequence that cannot be resolved with short sequences.
Outside the D loop, only five positions remain undetermined.

Phylogenetic Position of U. deningeri. The earliest fossil evidence of
cave bear-derived morphological features is found ∼1.2 Ma in
Ursus dolinensis, a species that was defined in Atapuerca Gran
Dolina (TD4) (27) but is also recorded at Atapuerca Trinchera
Elefante (TE9) (28) and Untermassfeld (29, 30). An abundant
fossil record in Europe and parts of Asia indicates that sub-
sequent cave bear evolution proceeded through the Middle
Pleistocene form U. deningeri, which transitioned into the Late
Pleistocene form Ursus spelaeus sensu lato (31), before cave bears
went extinct 28 ka (32). Genetic and morphological analyses
support a further differentiation of three types of Late Pleisto-
cene cave bears. The first two, U. spelaeus sensu stricto and Ursus
ingressus, are predominantly found in Europe and are thought to
have become reproductively isolated (33). The third type has
been found only in the Caucasus and the Yana river region in
Eastern Siberia and was designated U. deningeri kudarensis (34)
based on its more ancestral dental morphology. It also shows
a divergent mitochondrial haplotype (35, 36).
After aligning the sequence of the Sima de los Huesos speci-

men, which is considered a typical representative of Middle
Pleistocene U. deningeri based on skeletal morphology (31), to
published mitochondrial genome sequences of Late Pleistocene
cave bears (24, 36, 37), we used a maximum-likelihood (ML)
approach to reconstruct the phylogenetic relationships among

cave bears (SI Text, section 7). The U. deningeri lineage branches
off basal to the common ancestor of U. spelaeus s.s. and
U. ingressus with good statistical support (Fig. 3), a result that is
in line with morphological analyses. It is noteworthy, however,
that the Sima de los Huesos sequence is located on a branch of
substantial length. Sequences from additional specimens will
therefore be needed to determine how closely the Sima de los
Huesos population is related to the U. deningeri population that
gave rise to Late Pleistocene cave bears. Interestingly, Late
Pleistocene U. deningeri kudarensis from the Caucasus remain
the most divergent cave bear lineage, further supporting the
hypothesis that they may represent a separate branch of cave
bear evolution.
As expected due to its Middle Pleistocene origin, the cave bear

sequence from Sima de los Huesos exhibits a shorter branch than
any of the Late Pleistocene sequences in the tree. Combined
ESR and U-series dating of two sets of cave bear bones from
Sima de los Huesos have previously suggested minimum ages of
200 ka for one set and 300 ka for the other (38), but based on the
macro- and microfaunal associations, an age >300 ka seems very
likely for all bears in the site (39). We attempted molecular
dating of the fossil via tip calibration (40) using the radio-carbon
and stratigraphic dates associated with 14 of the Late Pleistocene
cave bear sequences (SI Text, section 8), yielding an age estimate
of 409 ka, but with poor resolution (95% confidence interval:
179–680 ka). It should also be noted that the bear sample ana-
lyzed here was found in a layer that contained hominin remains.
For these, an age >530 ka has been suggested based on geo-
logical analyses (41). However, the age of the Sima de los Huesos
fossils is currently being re-evaluated using additional geological
data, work that will be important especially for interpreting the
human fossil record.
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Fig. 1. Fragment size recovery in DNA extraction.
A constructed DNA ladder of sizes relevant to an-
cient DNA was run through a previously published
extraction method (n = 2), as well as the current,
optimized method (n = 4). Recovered DNA was then
quantified against a control ladder. Error bars rep-
resent one standard deviation.
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Main	differences	between	extrac7on	

protocols	

Dabney	et	al.	2013	

•  Binding	buffer	contains	
GuHCl	and	isopropanol	

•  Ra7o	binding	buffer:extract	
at	least	7:1	

•  Binding	columns	

Rohland	and	Hofreiter	2007	

•  Binding	buffer	contains	
GuSCN	and	sodium	acetate		

•  Ra7o	binding	buffer:extract	
best	at	1:2	

•  Silica	suspension	
	



Endogenous	DNA	content	
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the human reference genome Hg19, HS Build37.1, using bwa38 with the samse function using standard 
parameters except that seeding was disabled, following published recommendations39. We used all the 
sequences that mapped uniquely to one position in the human reference genome and then removed 
duplicate sequences from the output bam file using the rmdup function in samtools40. The relevant sum-
mary statistics (Supplementary Tables S1-S3) used to estimate the endogenous DNA fraction (fraction 
of uniquely mapped human sequences divided by the total number of sequences passing trimming) 
and sequence clonality (proportion of duplicate human sequences), were extracted with a custom Perl 
script. The clonality of each library will increase with increased sequencing depth, implying that the 
overall sequencing efficiency (fraction of non-duplicated endogenous DNA sequences divided by total 
sequences) decreases. Hence we down-sampled the raw sequencing files (fastq) to match the smallest 
number of sequences per bone to allow for a direct comparison of sequencing efficiency with or without 
the new extraction methods.

We also investigated the data for signatures of DNA damage. This was done in part to confirm that 
the profiled human DNA was not modern contamination, and in part to measure if the pre-digestion 
treatment would result in any obvious compositional biases in the DNA, or damage it further.

Based on the sequence length distributions of the sequences identified as human, we estimated the 
decay constant k (representing the fraction of broken bonds in the DNA backbones) and average DNA 
fragment length in the extract (1/k), as previously described41,42. A large k value reflects a pronounced 
exponential accumulation of small DNA fragments as a consequence of post mortem DNA breakage 
which is a signature of highly degraded DNA. Following the approach described in42, we investigated 
only the declining part of the distribution for each sample (40–90 bp) since the ends of the distribution 
are biased respectively by poor recovery of < 40 bp fragments during the DNA extractions (and the 
library building process), and the accumulation of > 94 bp reads sequenced to the maximum length on 
the Illumina platform with the here applied chemistry.

Using standard parameters in the Bayesian approach implemented in mapDamage 2.043 we estimated 
the position-specific cytosine deamination probability (δ s) as well as the probability of a base being 
positioned within a single-stranded overhang (λ ), which thus relates directly to the average length of the 
overhangs, reflecting post mortem damage of aDNA35. In order to increase the accuracy of the damage 
estimates performed on the ancient human DNA fractions, these were based on the total mapped data-
sets and not the downsampled files. Outputs from mapDamage 2.0 were analysed and plotted with R.

Sequence quality control statistics were generated using fastqc on the retrieved human sequences 
from each (not downsampled) file, as well as the total sequences of the library (downsampled 
human +  non-human sequences), and were used to check for abnormalities, and particularly to investi-
gate for potential changes in GC-content following pre-digestion. The results were plotted with R.

Despite the implementation of strict aDNA protocols, it is difficult to completely avoid contamination 
from modern DNA when working with ancient human material - in particularly when dealing with 
samples that have been handled previously during excavation and while stored at museum collections44. 
It was therefore important to establish that any potential increase in endogenous DNA content following 

Figure 2. Sampling a tooth. (a) The tooth is split on the transverse plane using a cutting disk, (b) the 
dentine inside the root is removed creating a hollow root cap that is likely to be enriched for cementum. 
The root cap is crushed and used for DNA extraction, while the dentine can serve as adequate substrate for 
stable isotope analysis or radiocarbon dating.
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Increasing	the	chances:	target	capture	

approaches	

•  PCR-based	bait	construc7on	
•  Hybridiza7on-based	capture	in	solu7on	
•  Applicable	to	all	non-model	organisms,	if	high	quality	
DNA	from	a	close	rela7ve	is	available	

Multiplexed DNA Sequence Capture of Mitochondrial
Genomes Using PCR Products
Tomislav Maricic*, Mark Whitten, Svante Pääbo

Department of Evolutionary Genetics, Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany

Abstract

Background: To utilize the power of high-throughput sequencers, target enrichment methods have been developed. The
majority of these require reagents and equipment that are only available from commercial vendors and are not suitable for
the targets that are a few kilobases in length.

Methodology/Principal Findings: We describe a novel and economical method in which custom made long-range PCR
products are used to capture complete human mitochondrial genomes from complex DNA mixtures. We use the method to
capture 46 complete mitochondrial genomes in parallel and we sequence them on a single lane of an Illumina GAII

instrument.

Conclusions/Significance: This method is economical and simple and particularly suitable for targets that can be amplified
by PCR and do not contain highly repetitive sequences such as mtDNA. It has applications in population genetics and
forensics, as well as studies of ancient DNA.
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Introduction

Methods that enrich DNA samples for particular DNA
sequences are important in order to allow efficient sequencing of
targets that are present in complex mixtures of irrelevant DNA
sequences. These may either be entire genomes of organisms
under study or DNA from several organisms in environmental or
medical samples [1,2]. Methods that are able to ‘‘capture’’
relevant DNA sequences rely on hybridization of target sequences
to probes that can be either in solution or immobilized on a
surface (e.g. [3,4,5]). The hybridization is sometimes followed by
extensions [2] or extension in combination with circularization of
the probes [6]. Other methods rely on micro-droplet-based
selection [7]. Although all these methods achieve their goals, they
involve probes and/or equipment that have to be purchased from
manufacturers at substantial costs as well as loss of time.
Here, we present a method where PCR products are used to

capture targets for sequencing from pooled sequencing libraries of
multiple individuals, using standard laboratory equipment. We apply
this method to DNA pools of libraries from several human individuals
from which we capture complete mitochondrial (mt) DNAs, a
maternally inherited DNA molecule which is extensively studied in
population genetics, medicine, forensics, and phylogenetics [8].

Materials and Methods

Production of indexed libraries
DNA extracts of 46 individuals from which the hypervariable

region I had been sequenced [9] were used for indexed Solexa

library preparation. First, eight hundred ng of DNA were sonicated
(Bioruptor, Diogenode, Liege, Belgium) five times for seven minutes
with the output selector switched to (H)igh. This fragmented the
DNA to a range of 150 to 800 base-pairs. Two hundred ng were
then used for the production of the indexed libraries as published
[10], starting from the blunting step. In the last step of the protocol,
the indexing amplification was run into plateau (20 cycles) and the
reactions were purified using a MinElute PCR purification kit
(Qiagen, Hilden, Germany). DNA concentrations of individual
libraries were measured with a spectrophotometer (NanoDrop ND-
1000, Thermo Scientific, Wilmington, DE, USA) and the libraries
were pooled in equimolar amounts to a total of 2 mg.

Bait production
Two overlapping long-range PCR products encompassing the

whole mitochondrial genome were produced as described [11];
DNA extracted from the saliva of one individual was used as the
template. The PCR products were purified using carboxyl-coated
magnetic beads (SPRI beads, Agencourt AMPure XP, Agencourt,
Beverly, MA, USA) and the concentration was measured by
NanoDrop. The two products were pooled in equimolar amounts
to a total amount of 3 mg; the pooled products were sonicated
(Bioruptor) two times for seven minutes with the output selector
switched to (H)igh which produced fragments from 150 to 850
bases long. The products were biotinylated by ligating the Bio-T/
B adapter (sequence in Supplementary protocol S1), MinElute
column purified, made single-stranded and immobilized on
streptavidin-coated magnetic beads.

PLoS ONE | www.plosone.org 1 November 2010 | Volume 5 | Issue 11 | e14004



Enrichment	using	bead	capture	

Step	1:	bait	prepara7on	

mtDNA	

Seg	1	
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What’s	so	interes7ng	about	guenon	

specia7on?	

4	species	

10	taxa	
36	species	

80	taxa	

	

Most	diverse	

group	of		

African	primates	

	

Guenons	African	great	apes	

Credit:	Ed	
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Great	apes	versus	guenons:	

Clade	age	

Guschanski	et	al.	2013,	Syst	Biol	

10-12	Mya	using	molecular	markers	

Guenons	

Prado-Mar7nez	et	al.	2013,	Nature	

loss-of-function mutations23. We thus characterized the distribution of
fixed loss-of-function mutations among different species of great apes
identifying nonsense and frameshift mutations resulting from SNVs
(n 5 806) and indels (n 5 1080) in addition to gene deletion events
(n 5 96) (Supplementary Table 4). We assigned these events to the
phylogeny and determined that the number of fixed loss-of-function
mutations scales proportionally to the estimated branch lengths (R2 5
0.987 SNVs, R2 5 0.998 indels). In addition, we found no evidence of
distortion on the terminal branches of the tree compared to point
mutations based on a maximum likelihood analysis (Supplementary
Information). Thus, the human branch in particular showed no excess
of fixed loss-of-function mutations even after accounting for human-
specific pseudogenes24 (Supplementary Information).

Our analysis provides one of the first genome-wide views of the
major patterns of evolutionary diversification among great apes. We
have generated the most comprehensive catalogue of SNPs for chim-
panzees (27.2 million), bonobos (9.0 million), gorillas (19.2 million)
and orangutans (24.3 million) (Table 1) to date and identified several
thousand AIMs, which provides a useful resource for future analyses
of ape populations. Humans, western chimpanzees and eastern gorillas
all show a remarkable dearth of genetic diversity when compared to
other great apes. It is striking, for example, that sequencing of 79
great ape genomes identifies more than double the number of SNPs
obtained from the recent sequencing of more than a thousand diverse
humans25—a reflection of the unique out-of-Africa origin and nested
phylogeny of our species.

We provide strong genetic support for distinct populations and
subpopulations of great apes with evidence of additional substructure.
The common chimpanzee shows the greatest population stratification
when compared to all other lineages with multiple lines of evidence
supporting two major groups: the western and Nigeria–Cameroon and
the central and eastern chimpanzees. The PSMC analysis indicates a
temporal order to changes in ancestral effective population sizes over
the last two million years, previous to which the Pan genus suffered a
dramatic population collapse. Eastern chimpanzee populations reached
their maximum size first, followed by the central and western chim-
panzee. The Nigeria–Cameroon chimpanzee population size appears
much more constant.

Despite their rich evolutionary history, great apes have experienced
drastic declines in suitable habitat in recent years26, along with declines
in local population sizes of up to 75% (ref. 27). These observations
highlight the urgency to sample from wild ape populations to more
fully understand reservoirs of genetic diversity across the range of each
species and to illuminate how basic demographic processes have affec-
ted it. The .80 million SNPs we identified in this study may now be
used to characterize patterns of genetic differentiation among great
apes in sanctuaries and zoos and, thus, are of great importance for the
conservation of these endangered species with regard to their original
range. These efforts will greatly enhance conservation planning and
management of apes by providing important information on how to
maintain genetic diversity in wild populations for future generations.
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Figure 3 | PSMC analysis. Inferred historical population sizes by pairwise
sequential Markovian coalescent analysis. The lower x axis gives time measured
by pairwise sequence divergence and the y axis gives the effective population
size measured by the scaled mutation rate. The upper x axis indicates scaling in

years, assuming a mutation rate ranging from 1029 to 5 3 10210 per site per
year. The top left panel shows the inference for modern human populations. In
the rest of the three panels, thin light lines of the same colour correspond to
PSMC inferences on 100 rounds of bootstrapped sequences.
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Figure 2 | Inferred population history. Population splits and effective
population sizes (Ne) during great ape evolution. Split times (dark brown) and
divergence times (light brown) are plotted as a function of divergence (d) on the
bottom and time on top. Time is estimated using a single mutation rate (m) of
1 3 1029 mut bp21 year21. The ancestral and current effective population sizes
are also estimated using this mutation rate. The results from several methods
used to estimate Ne (COALHMM, ILS COALHMM, PSMC and ABC) are
coloured in orange, purple, blue and green, respectively. The chimpanzee split
times are estimated using the ABC method. The x axis is rescaled for
divergences larger than 2 3 1023 to provide more resolution in recent splits. All
the values used in this figure can be found in Supplementary Table 5. The
terminal Ne correspond to the effective population size after the last split event.
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loss-of-function mutations23. We thus characterized the distribution of
fixed loss-of-function mutations among different species of great apes
identifying nonsense and frameshift mutations resulting from SNVs
(n 5 806) and indels (n 5 1080) in addition to gene deletion events
(n 5 96) (Supplementary Table 4). We assigned these events to the
phylogeny and determined that the number of fixed loss-of-function
mutations scales proportionally to the estimated branch lengths (R2 5
0.987 SNVs, R2 5 0.998 indels). In addition, we found no evidence of
distortion on the terminal branches of the tree compared to point
mutations based on a maximum likelihood analysis (Supplementary
Information). Thus, the human branch in particular showed no excess
of fixed loss-of-function mutations even after accounting for human-
specific pseudogenes24 (Supplementary Information).

Our analysis provides one of the first genome-wide views of the
major patterns of evolutionary diversification among great apes. We
have generated the most comprehensive catalogue of SNPs for chim-
panzees (27.2 million), bonobos (9.0 million), gorillas (19.2 million)
and orangutans (24.3 million) (Table 1) to date and identified several
thousand AIMs, which provides a useful resource for future analyses
of ape populations. Humans, western chimpanzees and eastern gorillas
all show a remarkable dearth of genetic diversity when compared to
other great apes. It is striking, for example, that sequencing of 79
great ape genomes identifies more than double the number of SNPs
obtained from the recent sequencing of more than a thousand diverse
humans25—a reflection of the unique out-of-Africa origin and nested
phylogeny of our species.

We provide strong genetic support for distinct populations and
subpopulations of great apes with evidence of additional substructure.
The common chimpanzee shows the greatest population stratification
when compared to all other lineages with multiple lines of evidence
supporting two major groups: the western and Nigeria–Cameroon and
the central and eastern chimpanzees. The PSMC analysis indicates a
temporal order to changes in ancestral effective population sizes over
the last two million years, previous to which the Pan genus suffered a
dramatic population collapse. Eastern chimpanzee populations reached
their maximum size first, followed by the central and western chim-
panzee. The Nigeria–Cameroon chimpanzee population size appears
much more constant.

Despite their rich evolutionary history, great apes have experienced
drastic declines in suitable habitat in recent years26, along with declines
in local population sizes of up to 75% (ref. 27). These observations
highlight the urgency to sample from wild ape populations to more
fully understand reservoirs of genetic diversity across the range of each
species and to illuminate how basic demographic processes have affec-
ted it. The .80 million SNPs we identified in this study may now be
used to characterize patterns of genetic differentiation among great
apes in sanctuaries and zoos and, thus, are of great importance for the
conservation of these endangered species with regard to their original
range. These efforts will greatly enhance conservation planning and
management of apes by providing important information on how to
maintain genetic diversity in wild populations for future generations.
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the rest of the three panels, thin light lines of the same colour correspond to
PSMC inferences on 100 rounds of bootstrapped sequences.
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7-15	Mya	using	molecular	and	fossil	evidence		

African	great	apes	

Both	groups	radiated	in	the	last	10	Myr	



Great	apes	versus	guenons:	

Geographic	distribu7on	

Cercopithecini	
species	richness	
#	species	

Guenons	African	great	apes	

credit:	P.	Sudmant	



Great	apes	versus	guenons:	

Morphological	diversity	

Guenons	African	great	apes	



Great	apes	versus	guenons:	

Chromosomal	diversity	

ucts from chromosome 2. However, only a portion of the
assembled sequence—a total of ∼350 kb on the ends of the
contig—is unique to chromosome 2.

Sequences closely flanking the
telomere-repeat arrays (red zone,
Fig. 1C) amplified from seven or
more chromosomes, with one assay
amplifying a product from 13 dif-
ferent chromosomes, including
chromosome 22. A 40-kb block
common to only chromosomes 2
and 22 and defined by four PCR as-
says (blue zone) adjoins the region
of multichromosomal segments.
One assay within this block is also
positive for chromosome 15, due to
the retrotransposition of a pro-
cessed pseudogene of SNRPA1 from
the intron-containing copy on
chromosome 15 prior to the seg-
mental duplication that gave rise to
the larger block of homology be-
tween 2qFus and 22qter (Fan et al.
2002). On the opposite side of the
telomere-repeat arrays is a 150-kb
block (green zone) defined by 21
PCR assays that are common to
chromosomes 2, 9, and Y in the hy-
brid panel.

Fluorescence In Situ
Hybridization (FISH)
Second, in order to more precisely
define the chromosomal location of
sequences homologous to this re-
gion, we performed FISH analyses
using the five BAC clones compris-
ing the 2qFus contig. The results are
summarized in Figure 1A and
shown schematically for three of
the BACs in Figure 2. Sequences in
RP11–395L14, which contains the
fusion site, hybridize to five promi-
nent sites, 2qFus, 9q13, 9p11.2,
9pter (9p24), and 22qter (22q13.3),
as well as to several other chromo-
somal ends with lower intensity.
RP11–480C16 produces FISH sig-
nals at 2qFus, 2q11.2, 9p11.2, 9q13,
and 9pter, as observed recently by
Martin et al. (Martin et al. 2002).
RP11–65I12 produces signals at
2qFus and 2q11.2 (not shown). On
the other side of the fusion site,
RP11–432G15 produces FISH sig-
nals at 2qFus and 22qter. Although
the hybrid-panel analyses had im-
plicated these chromosomes, FISH
demonstrates that there are at least
three sites of homology on chromo-
some 9 and two sites on chromo-
some 2.

Surprisingly, FISH signals were
not observed on chromosome Y in

five tested individuals, despite the fact that the PCR analyses
of the Y-containing hybrid indicated the presence of ∼100 kb
of paralogy to the two clones used as probes. FISH also failed
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Figure 2 Summary of fluorescence in situ hybridization (FISH) analyses of hominid chromosomes
using BACs RP11–480C16 (green), RP11–395L14 (blue), and RP11–432G15 (red) derived from the
ancestral fusion site in human 2q13–q14.1. Data for chromosomes 2, 9, and 22, which carry the major
blocks of paralogy in human, are shown in the top panels so that the banding patterns are not
obscured by the FISH signals. Other chromosomes are shown in the bottom panel. A total of at least
six metaphase spreads were examined for each probe in each species (one individual each). Hybrid-
ization signals seen at each location were scored from digitized images on an intensity scale of 1–4 on
each probe in each species. The cumulative scores were normalized to that of the location with highest
cumulative score in each experiment. The area of each dot is proportional to this normalized score.
Dots are aligned with the midpoint of observed FISH signals for each location. The asterisk indicates
where hybridization was seen on one homolog only. Ideograms are redrawn from Yunis and Prakash
(1982). Accession numbers for the three clones are given in Fig. 1. Human 2p- and 2q-specific clones,
RP11–90H11 and RP11–47E6, respectively, were used to verify the identity of hominid chromosomes
orthologous to 2p and 2q (i.e., chimpanzee 12 and 13, respectively) (not shown).

2q Fusion: Structure, Paralogy, and Evolution
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Fan	et	al.	2002,	Genome	Res	 Moulin	et	al.	2008	

46	chromosomes	in	

humans,	48	in	other	

great	apes	

Pronounced	karyotypic	diversity:		

48-72	chromosomes	

	

Guenons	Great	apes	



Great	apes	versus	guenons:	

Hybridiza7on	

Great	apes	

No	evidence	of	

current	gene	flow	
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Samples,	samples,	samples…	

•  Guenons	present	in	44	African	countries	
–  Finding	animals?	Highly	restricted	and	difficult	to	access	
distribu7on	ranges	

–  How	to	sample?	Arboreal,	shy,	cryp7c	

–  Permits?	
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species	richness	
#	species	



Samples,	samples,	samples…	

•  Guenons	present	in	44	African	countries	
–  Finding	animals?	Highly	restricted	and	difficult	to	access	
distribu7on	ranges	

–  How	to	sample?	Arboreal,	shy,	cryp7c	

–  Permits?	

	
•  Ca.	1/3	of	all	guenon	taxa	are	red-listed	

Cri7cally	

endangered	
Endangered	 Vulnerable	 Vulnerable	



Samples,	samples,	samples…	

•  Guenons	present	in	44	African	countries	
–  Finding	animals?	Highly	restricted	and	difficult	to	access	
distribu7on	ranges	

–  How	to	sample?	Arboreal,	shy,	cryp7c	

–  Permits?	

	
•  Ca.	1/3	of	all	guenon	taxa	are	red-listed	

•  Solu7on?	Museums!!	



Sample	collec7on	from	up	to	100	

years-old	specimens	

MfN	Berlin,	Germany	

RBINS	Brussels,	Belgium	

RMCA	Tervuren,	Belgium	

NHM	London,	UK	



Marker	choice:	

MtDNA	(mitochondrial	DNA)	

•  200	-	2,000	mitochondria/living	cell	

•  Beqer	preserved	due	to	double	
membrane	

•  Target	capture	to	enrich	for	the	en7re	
mitochondrial	genome:	more	sequence	

informa7on	than	most	previous	studies	

Figure 1. Overview of the capture-on-beads method. On the left the production of the immobilized bait from two long range PCR products is
shown; on the right the production of a pool of indexed libraries which are used in the capture (bottom). The eluted molecules can either be
sequenced directly or first amplified and then sequenced. The bait is light red, mitochondrial DNA in the libraries is dark red, indices are shown in
green and pink, adapters in gray. Thicker lines represent double stranded DNA while thinner lines represent single stranded DNA.
doi:10.1371/journal.pone.0014004.g001

Capture-on-Beads Method

PLoS ONE | www.plosone.org 2 November 2010 | Volume 5 | Issue 11 | e14004

Hybridiza7on-based	

enrichment	of	target	

DNA	
(Maricic	et	al.	2010)	



Complete	mtDNA	genomes	of	57	taxa	

successfully	sequenced!	



Specia7on	through	geographic	isola7on	

[10:35 13/4/2013 Sysbio-syt018.tex] Page: 10 1–16

10 SYSTEMATIC BIOLOGY

when it was used as the crown node of macaques. The
strongest effect was on the age of the root (difference of
ca. 0.5 myr) and the relatively older nodes. Differences
diminished toward the tips, so that the age of the ingroup
differed by 0.3 myr, whereas the ages of species group
radiations differed by approximately 0.06 myr.

The split between Colobinae and Cercopithecinae
was dated to approximately 19 Ma (22.9–15.1; 95%
highest posterior density [HPD] interval), the split
between Papionini and Cercopithecini to approximately
12.3 Ma (15.0–9.6 95% HPD). The first radiation
within Cercopithecini was estimated to have occurred
approximately 9.6 Ma (11.7–7.5 95% HPD). We identified
4 radiation events at different taxonomic levels (Fig. 1).
First, between 9.6 and 9.3 Ma (11.7–7.3 95% HPD), major
genera were formed: Miopithecus and Allenopithecus split
from all other guenons. Second, between 7.4 and 6.8 Ma
(9.1–5.3 95% HPD), most species groups originated:
The C. hamlyni species group with the representative
C. hamlyni; the C. aethiops species group—Chlorocebus;
the clade with C. diana, Cercopithecus roloway, C. neglectus,
and the Cercopithecus mona species group; the genus
Erythrocebus; and finally, the clade containing C. mitis
and C. cephus species groups (Fig. 1). Third, between 2.4
and 2.1 Ma (3.0–1.7 95% HPD), diversification occurred
within the species groups. Finally, within the past 1 myr
(1.9–0.1 95% HPD), most subspecies evolved, notably
within Cercopithecus ascanius, the eastern radiation of C.
mitis, and within C. pogonias.

Differential diversification through time.—We used mtDNA
phylogenetic trees to estimate changes in diversification
rates during guenon evolution. Because the results
were consistent for all 3 taxonomic scenarios, we
present here only the results for the complete sampling
at the subspecies level (Supplementary Information,
Results; taxonomic scenario C). The BDL model with
the lowest AIC score was the Yule-3-rate model,
with 2 shifts in diversification rate (Supplementary
Table S7 and Supplementary Fig. S7). This model
also consistently produced the lowest AIC scores
and provided a significantly better fit than the best
rate-constant model (!AICRC =13.75, P<0.01). This
result was not affected by incomplete taxon sampling
(Supplementary Table S7). The ML estimate of the first
shift in diversification rate was 2.77 Ma, which roughly
corresponds to the radiation event within the species
groups. At this point in time, there was a significant
increase of 2.8 times (r2/r1, Supplementary Table S7)
in the rate of diversification. Later on, approximately
0.44 Ma, a strong decrease of over 7-fold was identified
in diversification rate. This apparent slowdown may be
an artifact and due to the presence of young lineages
that are still too similar to be recognized as separate taxa
(Etienne and Rosindell 2012).

Geography of Speciation
Range overlap increased with time for both

mitochondrial and nuclear data, which is consistent
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FIGURE 4. Geography of speciation based on mtDNA data. Range
overlap plotted against divergence time shows the pattern predicted
when species splits are driven by geographic isolation (see text for
details). The regression line is plotted in black. See Supplementary
Figure S8 for the corresponding analyses on nuclear data.

with a scenario of allopatric speciation (Fig. 4 and
Supplementary Fig. S8). Based on mtDNA, the
Y-intercept of the regression between range overlap and
node age for the entire group of Cercopithecini was
−0.05 and not significantly different from 0 (P=0.25),
while the slope was positive and significantly different
from 0 (adjusted R2 =0.53, P=4.7×10−10).

The reconstruction of ancestral geographic ranges
along the phylogenetic tree indicated that guenons
most likely originated in western Africa (Fig. 1 and
Supplementary Information, Results). Although several
lineages, notably the C. cephus group, remained in this
region, others dispersed eastward toward the Albertine
Rift Valley and westward to the upper Guinean forests
(SI Results). The Lower and Upper Guinean regions
repeatedly played a role in guenon diversification
at different points in time. Our reconstructions also
indicated that most dispersal events to the east went
around the Congo basin. This supports the idea that the
Congo basin served as a barrier for forest-dwelling taxa
during the past 10 myr.

The species groups show group-specific dispersal
patterns across the African continent. The dispersal
pattern of the C. cephus and C. mona groups are similar.
Both originated between Upper and Lower Guinea
(Fig. 1). In each case, some taxa went westward across
the Dahomey Gap and dispersed further west in a
stepwise manner. Other taxa went eastward, first taking
the northern route around the Congo River. Upon
entering the Congo basin they diversified within it (e.g.,
subspecies of C. ascanius less than 1 Ma).

The C. mitis group originated further east compared
with the C. cephus and C. mona groups. Some taxa
dispersed to the west but not further than Lower Guinea.
Another lineage went south around the Congo basin
toward Zambia. The Albertine Rift Valley split this
lineage into 2, one confined to the west of the Rift and the
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 Allopatry	as	the	main	mode	of	

specia7on	in	guenons	

Prevalence	of	grass	pollen	=	aridifica7on	(Bonnefille	2010)		 Guschanski	et	al.	2013,	Syst	Biol	



The	mystery	of	Cercopithecus	dryas	

C.	dryas	

Remnant	popula7on	of	the	Diana	species	group?	

C.	diana	

Chl.	tantalus	

Member	of	the	Aethiops	species	group?	

	



The	mystery	of	Cercopithecus	dryas	

Type specimen C. dryas at RMCA  



Mul7ple	transi7ons	to	terrestrial	

locomo7on	

Three	independent	transi7ons	to	terrestriality	
supported	by	morphological	data	

Guschanski	et	al.	2013,	Syst	Biol	



Contras7ng	nuclear	and	mitochondrial	

phylogene7c	trees	
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Possible	contributors	to	disparity	in	

species	richness	

4	species	

10	taxa	
36	species	

80	taxa	

Guenons	African	great	

apes	

Credit:	Ed	Yong	

•  Sexual	selec7on	

•  Chromosomal	evolu7on	

•  (Ancient)	hybridiza7on	

•  …	



Summary	and	outlook	

•  Natural	history	collec7on	are	an	invaluable	
resource!	

•  New	(extrac7on	and	capture)	methods	

facilitate	the	work	with	museum	specimens	

•  The	evolu7onary	history	of	guenons	is	
complex,	requires	integra7ve	analyses	

•  Evidence	for	ancient	hybridiza7on:	whole	
genome	data	needed		
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