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We present a high-quality genome sequence of a Neanderthal woman from Siberia. We show that her parents were
related at the level of half-siblings and that mating among close relatives was common among her recent ancestors. We
also sequenced the genome of a Neanderthal from the Caucasus to low coverage. An analysis of the relationships and
population history of available archaic genomes and 25 present-day human genomes shows that several gene flow events
occurred among Neanderthals, Denisovans and early modern humans, possibly including gene flow into Denisovans
from an unknown archaic group. Thus, interbreeding, albeit of low magnitude, occurred among many hominin groups
in the Late Pleistocene. In addition, the high-quality Neanderthal genome allows us to establish a definitive list of
substitutions that became fixed in modern humans after their separation from the ancestors of Neanderthals and
Denisovans.

In 2008, a hominin finger phalanx was discovered during excavation
in the east gallery of Denisova Cave in the Altai Mountains. From this
bone, a genome sequence was determined to ,30-fold coverage1.
Analysis showed that it came from a previously unknown group of
archaic humans related to Neanderthals which we named ‘Denisovans’2.
Thus, at least two distinct human groups, Neanderthals and the related
Denisovans, inhabited Eurasia when anatomically modern humans
emerged from Africa. In 2010, another hominin bone, this time a prox-
imal toe phalanx (Fig. 1a), was recovered in the east gallery of Denisova
Cave3. Layer 11, where both the finger and the toe phalanx were found,
is thought to be at least 50,000 years old. The finger was found in sublayer
11.2, which has an absolute date of 50,3006 2,200 years (OxA-V-2359-16),
whereas the toe derives from the lowest sublayer 11.4, and may thus be
older than the finger (Supplementary Information sections 1 and 2a).
The phalanx comes from the fourth or the fifth toe of an adult indi-
vidual and its morphological traits link it with both Neanderthals and
modern humans3.

Genome sequencing
In initial experiments to determine if DNA was preserved in the toe
phalanx, we extracted and sequenced random DNA fragments. This
revealed that about 70% of the DNA fragments present in the specimen
aligned to the human genome. Initial inspection of the fragments with
similarity to the mitochondrial (mt) genome suggested that its mtDNA
was closely related to Neanderthal mtDNAs. We therefore assembled the

full mitochondrial sequence by aligning DNA fragments to a complete
Neanderthal mitochondrial genome4 (Supplementary Information sec-
tion 2b). A phylogenetic tree (Fig. 2a) shows that the toe phalanx mtDNA
shares a common ancestor with six previously published Neanderthal
mtDNAs5 to the exclusion of present-day humans and the Denisova
finger phalanx. Among Neanderthal mtDNAs, the toe mtDNA is most
closely related to the mtDNA from infant 1 from Mezmaiskaya Cave in
the Caucasus6.

1Department of Evolutionary Genetics, Max Planck Institute for Evolutionary Anthropology, 04103 Leipzig, Germany. 2Department of Integrative Biology, University of California, Berkeley, California 94720-
3140, USA. 3Broad Institute of MIT and Harvard, Cambridge, Massachusetts 02142, USA. 4Department of Genetics, Harvard Medical School, Boston, Massachusetts 02115, USA. 5Department of Genome
Sciences, University of Washington, Seattle, Washington 98195, USA. 6Key Laboratory of Vertebrate Evolution and Human Origins of Chinese Academy of Sciences, Institute of Vertebrate Paleontology and
Paleoanthropology, Chinese Academy of Sciences, Beijing 100044, China. 7Genome Technology Branch and NIH Intramural Sequencing Center, National Human Genome Research Institute, National
Institutes of Health, Bethesda, Maryland 20892, USA. 8Department of Biomolecular Engineering, University of California, Santa Cruz, California 95064, USA. 9Max F. Perutz Laboratories, Mathematics
and Bioscience Group, Campus Vienna Biocenter 5, Vienna 1030, Austria. 10Department of Biology, Emory University, Atlanta, Georgia 30322, USA. 11Fondation Jean Dausset, Centre d’Étude du
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Figure 1 | Toe phalanx and location of Neanderthal samples for which
genome-wide data are available. a, The toe phalanx found in the east gallery of
Denisova Cave in 2010. Dorsal view (left image), left view (right image). Total
length of the bone is 26 mm. b, Map of Eurasia showing the location of Vindija
Cave, Mezmaiskaya Cave and Denisova Cave, where Neanderthal samples used
here were found.
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Figure 1 | Toe phalanx and location of Neanderthal samples for which
genome-wide data are available. a, The toe phalanx found in the east gallery of
Denisova Cave in 2010. Dorsal view (left image), left view (right image). Total
length of the bone is 26 mm. b, Map of Eurasia showing the location of Vindija
Cave, Mezmaiskaya Cave and Denisova Cave, where Neanderthal samples used
here were found.
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Figure S10.1 HBD tracts identified in chromosomes 8 and 14 for Papuan (top line, green), Denisova (middle line, black), and Altai 
(bottom line, pink). 

 
Figure S10.3.  Heterozygosity in HBD tracts detected by the scan for Denisova and Altai Neanderthal as a function of the tract 
length. 
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Figure S10.1 HBD tracts identified in chromosomes 8 and 14 for Papuan (top line, green), Denisova (middle line, black), and Altai 
(bottom line, pink). 
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Figure S10.5: Number (top), and coverage (middle) of HBD tracts longer than 10 cM, and length of the longest HBD tract 

(bottom), for Neanderthal (red line), Denisova (blue dotted line), and simulations under 7 inbreeding scenarios (boxes). * denotes 

scenarios for which gender could be switched (eg. grandfather-granddaughter or grandmother-granddaughter). 

  

To identify the group of inbreeding scenarios (A, B, or C) that best explains the Altai tracts, we focus on 

thresholds larger than 10 cM, but smaller than 30 cM, as it was found that the false discovery rate is smaller for 



those (Figure S10.4). For different length thresholds the probability for the Altai Neanderthal to be from the 7 

different scenarios is shown in Figure S10.6. Group A is clearly the most likely, but depending on the threshold 

used the most likely scenario within group A changes. Thus it is impossible to distinguish between the four 

inbreeding scenarios in group A. According to simulations, the probability of wrongly identifying a scenario as 

group A using tract length thresholds between 10 and 30 CM is 22% (see Table 1), whereas the same probability 

for Group C is 36%. 

  

We then varied the length thresholds to determine whether we can discriminate between scenarios within Group 

A. The false discovery rate within this group is around 68 % which is very high. The grandfather-granddaughter 

and half-siblings scenarios are similar since they both correspond to sharing one common ancestor, with 4 

meioses occurring. However, even ignoring one of those two scenarios only decreases the false discovery rate to 

56%. Figure S10.7 shows how the probability of the inbreeding scenario for the Altai individual depends on the 

length threshold used, and Table 2 specifies the false discovery rates for each scenario. 

 

Conclusion. The inbreeding coefficient of the Altai individual is likely to be 1/8, which implies that her 

parents were double first cousins, grandfather and granddaughter, grandmother and grandson, half 

siblings, uncle and niece, or aunt and nephew, but that we cannot distinguish among these possibilities 

using runs of homozygosity on the autosomes.  This number provides an upper bound for the inbreeding 

coefficient as a smaller false positive rate or unobserved heterozygous sites (due to missing data) might 

decrease the total length of homozygous tracts.  



 
Figure S10.9. Non-exhaustive illustration of pedigrees that can be excluded (top, A-D) or not excluded (bottom, E-H), using X 
chromosome information. Gray denotes the absence of X sequence coming from the recent common ancestor(s). Other colors 
denote the potential presence of X sequence coming from the common ancestor(s). Dark blue indicates that both parents might 
carry X chunks inherited from the same recent common ancestor, thus the individual might be inbred for X. The pedigrees depict 
cases of the following scenarios: offspring of half-siblings (A,E), grandfather-granddaughter (B, F), aunt-nephew (C,G), 
grandmother-grandson (D), double-first-cousins (H) 

 
Background inbreeding 
Background inbreeding is the additional identity be descent created by common ancestors in the more distant 
past. For example, in Figure S10.9 E, there would be background inbreeding if the two males who mated with 
the female were themselves closely related or if the female were somewhat inbred. Background inbreeding will 
create tracts of IBD but they will be shorter than tracts created by recent inbreeding. We define background 
coverage to be the excess of coverage of HBD tracts that cannot be explained by recent inbreeding. To estimate 
the background coverage, we use tracts longer than 2.5 cM (to reduce false positives) and shorter than 10 cM, 
which is the lower limit of tract length we used to infer recent inbreeding, and calculate the total coverage minus 
the coverage found in simulated data for each inbreeding scenario.  
 
Figure S10.10 shows the background coverage for Neanderthal under the 4 different Group A inbreeding 
scenarios. Values range from 4.9 % to 8.0% with a mean 6.9 %. Note that this is an upper bound because false 
positive HBD tracts would increase artificially the coverage. Assuming any of these inbreeding scenarios, the 
background coverage is significantly larger in Altai than in Denisova (p-value < 2.2e-16), and much higher in 
Denisova than in Papuans. 
 
 



 
Figure S10.10 Background coverage for tracts between 2.5 and 10 cM. 

 
  
Bottleneck scenarios 
Because the heterozygosity is overall quite low in Altai, we investigate the hypothesis of one or successive 
bottlenecks as an alternative for background inbreeding (or an explanation for why inbreeding occurred when the 
bottleneck produce extremely small population sizes). Using MS we simulated sequences under 3 types of 
scenarios: 

(A) Ten successive bottlenecks starting t generations ago and uniformly spaced in time, with an initial 
population size of 15000, and a population size of 3000 at time of sampling (Figure S10.11A). This 
mimics a smooth decrease of the population size. t varies between 1,000 and 200,000 generations. 

(B) Ten successive bottlenecks starting 12000 generations ago and uniformly spaced in time, with an 
initial population size of 8000, and a population size that varies at time of sampling (Figure 
S10.11B). This mimics a smooth decrease of the population size starting right after the split from 
modern humans. Population size at sampling varies between 100 and 2000, results are shown for 
intermediate values. 

(C) Only one very strong and recent bottleneck starting between 5 and 50 generations before sampling; 
the size after bottleneck varies from 0.25% to 10% of the initial size (Figure S10.11C shows results 
for 1%). 

(D) One very strong and recent bottleneck, starting between 5 and 50 generations before sampling, that 
lasts for only 10 or 20 generations (Figure S10.11D). 
 

For each set of parameters we simulated 1000 independent diploid tracts of length 5 cM (assuming the 2 
randomly sampled haploid tracts belong to individuals that mate). We compared the distribution of the 
heterozygosity for simulated tracts to the distribution for tracts randomly chosen in Altai. We removed inbred 
tracts that can be explained by one of the recent inbreeding scenarios.  Figure S10.11 shows that one or several 
bottlenecks can lead to some regions having an heterozygosity as low as the one found in the Altai. For Models 
D this requires extremely drastic bottlenecks (population size reduced to 0.2% of initial size during 10 

0.
02

0.
04

0.
06

0.
08

0.
10

0.
12

Background coverage for tracts in [2.5,10] cM

Offspring of

double
1st cousins

grandfather
granddaughter*

half
siblings

uncle
and niece*

Background coverage for Neanderthal 
 (ie coverage not explained by the recent inbreeding scenarios)
Background coverage for Denisova (assuming no recent inbreeding)

Background coverage for Papuan (assuming no recent inbreeding)



generations) which are too extreme to be likely. Moreover, none of the simulated distributions for scenarios A,C, 
and D(gray) match the observed distribution (pink). Scenarios of type B provide a better fit to the data (eg. 
successive bottlenecks reducing the population size from 8000 individuals 12000 generations ago to ~600 
individuals at time of sampling). However, they are still unable to fit both the lower and the upper tails at the 
same time. The upper tail could potentially be explained by some gene flow from another population, as this 
could create a longer tail by increasing heterozygosity in some part of the genome. 
 
All simulated bottleneck scenarios failed to explain the whole pattern of heterozygosity observed in Altai. We 
additionally investigated scenarios with one very strong bottleneck after the split from modern humans, and 
scenarios roughly mimicking the demography inferred by PSMC (only 4 different phases). They did not provide 
a good fit to the data. Scenarios with more complex changes in population size were not investigated.  

 
 
Figure S10.11 Magenta: Distribution of heterozygosity from 1000 tracts 5 cM long randomly chosen from the Altai sequence 
(after removing recently inbred tracts). Gray: Distribution of heterozygosity from 1000 tracts simulated under different 
bottleneck scenarios. A: 10 successive bottlenecks starting t generations ago. B: 10 successive bottlenecks starting 12k generations 
ago; population size at time of sampling varies. C: One recent bottleneck. t generations before sampling the population size is 
reduced to 1/100th. D: One recent and short bottleneck; Start and End denote the starting and ending times of the bottleneck in 
generations, factor denotes the reduction percentage (ie for factor = 0.005 the population size after bottleneck is 0.005 * 5000 =  25).    

 
Conclusion: The observed background coverage of HBD tracts could be explained by the presence of 
background inbreeding in the population. Alternatively, a demographic scenario of random mating with 
successive bottlenecks starting after the split from modern humans that induce a very small population 
size at time of sampling (~600 individuals) also provides a reasonable fit to the data. Note that when a 
population is very small for a long time the chance of mating between distant cousins is not negligible even 
in case of random mating. 
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Abstract

Though the recent sequencing of the high-coverage Denisovan and Neanderthal genomes has allowed us

to find the genetic differences that set modern humans apart from archaic humans, the subset of such

changes that rose to fixation due to selection is currently unknown. In this study, we look for patterns of

positive selection on the modern human lineage at various classes of putatively functional changes using

diversity scaled by divergence, as has been done previously on the human lineage since the split from

chimpanzees. We also develop an approximate Bayesian computation (ABC) approach incorporating

various statistics aimed at identifying ancient patterns consistent with selection around a candidate site.

We fail to find an enrichment for signals of positive selection around nonsynymous changes relative to

synonymous changes. It has been argued that the failure to detect this difference in changes on the

human lineage may be due to varying levels of background selection which occlude the signal of positive

selection. Indeed, when we control for the intensity of background selection (BS), we observe a significant

difference between nonsynonymous changes in regions of low BS and matching regions of the genome,

lending support to this hypothesis. We also identify a slight enrichment for positive selection at splice

site changes. Finally, we list candidate sites that show the highest probability of having undergone a

classic selective sweep in the modern human lineage since the split from Neanderthals and Denisovans.

Key words: Selective Sweeps. Modern Humans. Neanderthal. Denisova. Approximate Bayesian
Computation.

Introduction

The sequencing of high-coverage archaic human

genomes (Meyer et al., 2012; Prüfer et al., 2014)

has permitted the identification of nearly all

single-nucleotide changes (SNCs) that are fixed

derived in present-day humans but ancestral

in Denisovans and Neanderthals. However, the

question of which of these changes have been

driven to fixation by natural selection remains

unresolved. 109 of them were identified as leading

to amino acid changes in Ensembl genes. However,

a change need not have fixed due to selection,

and could have instead risen in frequency due to

genetic drift. Here, we investigate whether any of

the genic or high-information regulatory changes

c© The Author 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved.
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on 1000 bootstraps of presumably neutral

changes (synonymous or intergenic) tested against

putatively functional classes of changes, as

described in Hernandez et al. (2011), in a 0.02

cM region centered on the candidate site. These

p-values are computed on the raw signal and do

not rely on any LOESS smoothing. Because we

expect only a small proportion of sites within each

category to be positively selected, we also repeated

these tests after filtering for different quantiles of

scaled diversity in each of the two categories under

comparison (Figure S2).

Simulations

We explored how well different statistics,

including an improved version of the statistic

used in Hernandez et al. (2011), perform in

detecting signatures of ancient hard selective

sweeps. We used msms (Ewing and Hermisson,

2010) to simulate a history of two populations

(A and B) with a selective sweep event exclusive

to population A, conditioned on the time of

completion of the sweep (Figure 5). The mutation

rate was set to µ at 2.5∗10−8 per base-pair

per generation and the recombination rate to ρ

at 10−8 per base-pair per generation. We also

assumed that:

a) the split time between the two populations is

known.

b) the selected site is fixed derived in population

A.

FIG. 5. Tree representing msms runs to simulate a change
in a site that is homozygous ancestral in an archaic human
(Pop. B) and rises to fixation in modern humans (Pop. A).
tAB=modern-archaic split time. tS=derived allele fixation
time.

c) two copies of the candidate site have been

sampled from population B and they are both

ancestral.

These conditions are meant to reflect a situation

in which a candidate site of interest is fixed

derived in a population with a large number of

sequenced individuals - e.g. present-day humans

- but also is homozygous ancestral in a closely

related population from which only one high-

quality (unphased) genome is available - e.g.

Neanderthals. Both populations are of constant

size, Ne =10,000, and the number of sampled

individuals from population A is equal to 200.

Because msms does not allow for backward

simulations containing both a population split and

a selective sweep conditioned on the time the

sweep ends, we used a combination of simulations

to generate the desired gene genealogies. First,

we produced a trajectory under selection in

population A, specifying the magnitude of the

selection coefficient (s) and on the time the

selected allele reaches fixation (tS) in units of

9



Test	  statistics	  for	  sets	  of	  4	  adjacent	  segregating	  sites	  
	  

HE,	  = 2pi (1− pi )
i=1

4

∑ (i.	  e.	  not	  π).	  

	  
HM,	  the	  frequency	  of	  the	  most	  common	  haplotype.	  
	  
HS,	  evenness	  of	  haplotype	  frequency	  distribution	  
	  
HI,	  the	  inconsistency	  of	  the	  majority	  haplotype	  with	  the	  outgroup	  genotype.	  
	  



Figure S3. The mean values of the HE , HM , HS and HI statistics from 200 simulations run under the same parameters were calculated
along windows of 100 kb (=0.1 cM) in a 5 Mb region and divided by their mean value along the entire region.

3
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Equivalent transformations were made to HM ,

HS and HI to obtain H ′′M , H ′′S and H ′′I .

We also took simple ratios of Int[X] over

Ext[X] for each statistic, controlling for

Neanderthal-chimpanzee divergence in the

internal region (by either multiplying or dividing

by the divergence ratio, depending on the

statistic), but without accounting for the

standard deviation of these values in the external

region. We labeled this simple ratio as H ′X , for a

given statistic X. For example:

H ′E =
Mean(Int[HE])

Mean(Ext[HE])
/
Int[DNC ]

Ext[DNC ]
(2)

All H ′ and H ′′ statistics and their expected

behavior under positive selection are listed in

Table 1.

Performance in rejecting neutrality

We tested the power of each of the statistics

to reject neutrality at p<0.05, using simulations.

We calculated the fraction of selective sweep

simulations (out of 200) where the statistic of

interest reaches more extreme values than 95% of

the values reached by the same statistic in 200

simulations under neutrality (Figure 6). H ′′M , H ′′I ,

H ′′S and H ′′E do generally better than H ′M , H ′S

and H ′E. Furthermore, H ′′I appears to be the best

performing statistic when the sweep is old, and

so might be useful in distinguishing ancient from

recent sweeps, as it reaches its maximum value at

an intermediate value of tS.

FIG. 6. Power to reject neutrality for different statistics
under two different selection coefficients and a range
of times since fixation, estimated by calculating the
proportion of simulations (out of 200) that have a value
more extreme than 95% of 200 neutral simulations.

We also calculated receiving operator

characteristic (ROC) curves to compare the

specificity and sensitivity of the statistics under

different parameters. Figure S4 shows that, for

recent sweeps, H ′′M , H ′′E and H ′E perform best, but

their performance is lower than that of H ′′I and

H ′I when the sweep is ancient (approx. >5,000

generations).

Parameter estimation using ABC

We wanted to estimate two parameters of interest:

the time since fixation in population A in

coalescent units (tS) and the logarithm base

10 of the selection coefficient of the favored

allele (log(s)). We implemented an ABC method

of parameter estimation and model testing,

similar to Peter et al. (2012) and Garud

et al. (2013), using msms and the package

ABCtoolbox (Wegmann et al., 2010). We assumed

a human-chimpanzee population split time tHC =

5 coalescent units and a modern-archaic human

population split time tHN =0.5 coalescent units.

12
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the Neanderthal and Denisovan genomes in

Prüfer et al. (2014). Under this model, we observe

qualitatively similar trends to the constant-size

model, but focus on results from the latter in the

Results and Discussion sections.

We applied the ABC method developed above

to the modern-human-specific SNCs in each

category. We excluded from our analysis any

changes that were:

a) within centromeres or telomeres or within less

than 5 cM from their boundaries

b) in regions of extremely low constraint

(Int[DNC ]/Ext[DNC ]>2), as they artificially

inflate the magnitude of our statistics beyond the

values simulated in our ABC method

c) bad fits to both the selection and the neutral

models (i.e. changes with P < 0.05 for both

models).

Evaluation of ABC performance

We evaluated the performance of the ABC method

by generating sets of 100 simulations under known

parameters, in all cases with θ fixed at 0.00074∗

4N0 per bp (=3700∗4N0 for entire 5 Mb region),

and then running the ABC pipeline to both

obtain Bayes factors in favor of selection and

infer parameters of interest: s and tS. Predictably,

Bayes factors are generally >1 when s is large and

tS is small and then decrease for weaker selection

and older sweeps (Figure 7). Importantly, the

proportion of simulations with large Bayes factors

is very small in the case of neutrality (<0.1),

meaning that the proportion of neutral false

FIG. 7. Sets of 100 simulations were run through the ABC
pipeline to obtain Bayes factors in favor of selection (versus
neutrality) under different known parameters. The lines
show the proportion of the simulations that have a Bayes
factor larger than the specified cutoffs. BF = Bayes factor,
s=selection coefficient, t=time since derived allele fixation,
in generations.

positives should also be small. The accuracy of

inferred parameters is similarly dependent on the

strength and recency of selection, as can be seen

in Figure S8 for log10(s) and in Figure S9 for tS.

We also wished to verify we were picking up

similar signatures of selection as in Prüfer et al.

(2014)’s HMM selective sweep screen. To do so,

we obtained the 100 most disruptive modern-

human-specific SNCs in the HMM regions and the

100 most disruptive modern-human-specific SNCs

genome-wide. Diruptiveness was determined using

a combined annotation score developed in Kircher

et al. (in press) and used in Prüfer et al. (2014).

As expected, when comparing the two lists of

highly disruptive changes, our ABC method infers

significantly larger log(s) (WRT P = 1.06∗10−10)

as well as significantly larger Bayes factors in favor

of positive selection (P = 2.02∗10−5) in the HMM

15



Numbers of sites fixed derived in humans (p>0.99) and fixed 
ancestral in the high-coverage Neanderthal and Denisovan genomes. 
 
Nonsynonymous: 109 
Synonymous: 120 
Splice: 45 
3' UTR: 364 
5' UTR: 93 
Regulatory motif: 26 
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filtering for certain quantiles. When comparing

nonsynonymous changes that occurred after and

before the split, we observe a significant reduction

in scaled diversity in the ”after” category when

filtering for the lowest 75% and 50% quantiles.

We developed an ABC approach using a variety

of statistics that are indicative of a selective

sweep around a candidate site (see Materials

and Methods). We plot the density of estimated

posterior modes of the log of the selection

coefficient (log(s)) and the time of fixation of the

derived allele (tS) for different classes of fixed

modern-human specific derived SNCs in Figure 2.

We observe a slight enrichment for strong selection

(large s) in splice site changes. Figure 2 also

suggests the majority of fixed changes appear to

be neutral or weakly advantageous (Ns<100),

regardless of their genomic category.

We tested for significantly higher Bayes factors

at putatively functional changes (nonsynonymous,

splice site, UTR and high-information regulatory

changes) relative to putatively neutral changes

(synonymous and intergenic changes), using a

one-tailed Wilcoxon rank-sum test (WRT). As

before, because we do not necessarily expect to see

differences in the entire distribution of changes,

we also partitioned the data within each category

by different quantiles and compared the same

quantiles for each of the two categories under

comparison (Figure 3). We find no significant

increase in Bayes factors in favor of positive

selection for nonsynonymous changes relative

FIG. 2. Density of estimated posterior modes from ABC
analyses under the positive selection model, across different
genomic classes. The grey bars represent the prior used for
each parameter.

to synonymous changes that are far from any

nonsynonymous change (P > 0.05 for all quantile

partitions). In fact, the only category that appears

to show elevated signatures of positive selection

relative to synonymous changes is changes in

splice sites. In general, UTR and nonsynonymous

changes show elevated signatures of selection at

specific quantiles when testing against intergenic

changes, but we caution that the patterns of

background selection in these regions may differ

from those in genic regions. In contrast, high-

information regulatory changes do not show

significant differences to intergenic or synonymous

changes at any quantile.

We explored whether we could see a

significant enrichment in high Bayes factors

at nonsynonymous changes when comparing

their surrounding regions to regions sampled to

resemble them in a variety of genomic properties

(see Materials and Methods), and then filtering

for regions of low background selection (Enard

et al., 2013) (Figure 4). When comparing

4
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Table 1. Modern-human specific changes that lead to an amino acid replacement, affect a splice site or are located in a
UTR, and that: 1) have Bayes factors >5 in favor of selection and 2) are a good fit (P >0.05) to the selection model.

Position Bayes factor log(s) tS (generations) P neutral P selection Class Gene

chr1:27425606 18.48 -1.79286 3111 0.08 0.4 3’ UTR SLC9A1
chr1:27426756 11.65 -1.83326 4101 0.1 0.42 3’ UTR SLC9A1

chr1:27430334 8.46 -1.87366 3960 0.11 0.38 5’ UTR SLC9A1

chr1:78183739 6.98 -0.702133 10181 0.92 0.97 Splice USP33

chr3:28476768 9.17 -0.702133 10181 0.88 0.98 Splice ZCWPW2

chr3:28503157 8.6 -0.702133 9757 0.84 0.99 3’ UTR ZCWPW2

chr3:52009091 5.58 -0.823325 11878 1 1 5’ UTR ABHD14B

chr7:73113999 13.74 -1.1465 8202 0.69 1 3’ UTR STX1A

chr8:133771663 5.21 -3.16638 12444 0.04 0.18 5’ UTR TMEM71

chr10:50820543 21.58 -0.984915 9474 0.99 1 3’ UTR SLC18A3

chr11:117778820 11.6 -2.8028 6222 0.05 0.32 3’ UTR TMPRSS13

chr11:129769974 10.11 -2.8432 4667 0.07 0.1 3’ UTR TMPRSS13

chr11:129771185 13.44 -2.8028 4667 0.16 0.39 3’ UTR PRDM10

chr11:129771376 14.2 -2.8432 4667 0.17 0.42 3’ UTR PRDM10

chr11:129771773 16.55 -0.90412 10181 0.11 0.22 3’ UTR PRDM10

chr11:129772293 16.99 -0.90412 9757 0.2 0.53 NonSyn PRDM10

chr11:64813918 6.53 -1.2273 11878 0.99 1 NonSyn NAALADL1

chr11:64889467 5.38 -2.7624 11030 0.76 0.71 5’ UTR FAU

chr11:64889626 5.19 -2.7624 11030 0.76 0.69 5’ UTR FAU

chr11:64889767 6.72 -2.8028 11171 0.7 0.71 5’ UTR MRPL49

chr11:64893151 12.41 -2.92399 11312 0.11 0.3 NonSyn MRPL49

chr11:64900743 10.19 -0.984915 11454 0.74 0.8 5’ UTR SYVN1

chr12:73058827 19.19 -3.44916 3253 0 0.2 3’ UTR TRHDE

chr12:73058885 7.05 -3.44916 3253 0.01 0.2 3’ UTR TRHDE

chr14:76249759 61.22 -1.2273 6081 0.05 0.15 NonSyn TTLL5

chr17:47867139 5.17 -1.59088 11030 1 1 5’ UTR KAT7

chr19:42731306 20.65 -1.79286 3535 0.28 0.87 3’ UTR ZNF526

chr19:42732059 15.95 -1.79286 3535 0.39 0.91 3’ UTR ZNF526

NOTE.—Parameters listed are the posterior modes inferred using ABC. We also list the P-values for the fit to the neutral and selection models.

We do not detect a significant difference

in patterns of positive selection between

nonsynonymous and synonymous changes.

There are three possible reasons for this: (a) hard

selective sweeps at nonsynonymous sites were not

a predominant adaptive process in the modern

human lineage, as has been argued with respect

to the entire human lineage since the human-

chimpanzee ancestor (Hernandez et al., 2011); (b)

hard sweeps were common but selection was too

weak to be detectable with our method; or (c)

strong variation in the intensity of background

selection along the genome is occluding the

signal. Enard et al. (Enard et al., 2013) argues

a comparison between regions centered on

nonsynonymous and synonymous changes will

be biased against finding evidence for positive

selection, because regions with synonymous

changes will be enriched for background selection.

We found this to be the case for modern-

human-specific SNCs: when controlling for

functional density and restricting to regions

of low background selection, an enrichment

for positive selection at nonsynonymous sites

becomes more apparent. This result echoes

observations made in Enard et al. (2013) when
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Projection	  analysis	  (Melinda	  Yang)	  
	  
x	  is	  the	  derived	  allele	  frequency	  in	  the	  reference	  population.	  
	  
At	  each	  segregating	  site	  in	  the	  reference	  population,	  assign	  a	  weight	  
to	  that	  site	  in	  the	  test	  genome	  
	  
w = 0 if	  the	  test	  genome	  is	  homozygous	  ancestral	  
	  

w = 1
2x
	  if	  the	  test	  genome	  is	  heterozygous	  

	  

w = 1
x
	  if	  the	  test	  genome	  is	  homozygous	  derived	  

	  
w(x) 	  is	  the	  projection	  of	  the	  test	  genome	  on	  the	  reference	  population.	  



If	  the	  test	  genome	  is	  a	  random	  sample	  	  
from	  the	  reference	  population	  w(x) = 1	  
	  

	  

Reference	   Test	  

τ 

w(x) = e−τ /(2N )

	  

Chen	  et	  al.	  (2007,	  Genetics)	  
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