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REPORT

Selection and Reduced Population Size Cannot Explain
Higher Amounts of Neandertal Ancestry in East Asian
than in European Human Populations

Bernard Y. Kim! and Kirk E. Lohmueller!.2*

It has been hypothesized that the greater proportion of Neandertal ancestry in Fast Asians than in Europeans is due to the fact that
purifying selection is less effective at removing weakly deleterious Neandertal alleles from East Asian populations. Using simulations
of a broad range of models of selection and demography, we have shown that this hypothesis cannot account for the higher proportion
of Neandertal ancestry in East Asians than in Europeans. Instead, more complex demographic scenarios, most likely involving multiple

pulses of Neandertal admixture, are required to explain the data.

Initial genomic studies found Neandertal ancestry in non-
African populations, suggesting that some ancestral
admixture occurred between Neandertals and the ances-
tors of modern Eurasian populations."” One proposed
explanation for this observation is that there was one pulse
of Neandertal admixture in the Levant before humans
migrated further into Europe and Asia.”* However, more
recent genomic studies”® show that there are higher levels
of Neandertal ancestry in East Asian populations than
in Europeans. Initially, such a finding would appear to
contradict the one-pulse admixture model. Additional
pulses of Neandertal admixture into East Asian popula-
tions would be required to explain the increased Nean-
dertal ancestry in East Asian populations.®™®

Recently, Sankararaman et al.” proposed a provocative
hypothesis that could potentially rescue the one-pulse
admixture model. They hypothesized that Neandertal al-
leles were weakly deleterious in humans. Because current
evidence suggests that East Asian populations experienced
stronger historical bottlenecks and had smaller effective
population sizes,'""'* the ability of purifying selection to
remove weakly deleterious alleles from the population
might have been less effective in East Asians than in Euro-
peans.' The reason for this is that in the smaller East Asian
population, weakly deleterious alleles might have drifted
to higher frequencies. In the larger European population,
however, the effect of drift would be smaller. Thus, there
could have been a single pulse of Neandertal admixture
in the ancestral Eurasian population, but because Euro-
peans were better able than East Asians to remove weakly
deleterious Neandertal alleles, Neandertal ancestry appears
to have increased in East Asians.

Here, we used forward-in-time Wright-Fisher simula-
tions to explicitly test this hypothesis (Figure S1). To do
this, we wrote our own custom Python simulations, called
“Forward_Neanderthal” (see Web Resources). We simu-
lated 1,000,000 ancestry-informative sites as independent

loci, all of which received a single pulse of Neandertal
admixture at t,gmix generations ago. However, each of
these ancestry-informative sites could biologically corre-
spond to a larger segment of Neandertal ancestry.

We assumed that a single admixture event between hu-
mans and Neandertals occurred t,qmix = 1,900 generations
ago. This time corresponds to 47,500 years ago if we as-
sume 25 years/generation. We chose this time to reflect a
plausible time at which admixture could have occurred be-
tween Neandertals and humans.”'® At each locus, at the
start of the simulation (at time t,qmix), we assumed that a
proportion (f) of the chromosomes contained Neandertal
ancestry. In practice, each of the 1,000,000 loci began the
simulation with the Neandertal ancestry at frequency f.
We examined f = {0.02, 0.04}, corresponding to plausible
amounts of Neandertal admixture in human popula-
tions.””? Although we note that there might have been a
distribution of values of initial Neandertal ancestry across
the genome, this variability should not affect our results
unless the initial starting frequency of Neandertal ancestry
were to differ between European and East Asian popula-
tions. Given that our models assume a single pulse of Nean-
dertal admixture in the ancestral Eurasian population,
which itself is randomly mating, there is little reason to
conclude that fshould vary between the populations under
the models we are testing.

We then allowed the populations to evolve to the pre-
sent day under demographic models with parameters esti-
mated from data (see below). We did this by adjusting the
frequencies of the alleles deterministically according to the
standard selection equations (see below) and by binomial
sampling to model genetic drift. The total number of chro-
mosomes drawn to form the next generation varied over
time to reflect the changes in population size over time.
At the end of the simulation, we examined the remaining
amount of Neandertal ancestry in each population. In
order to have a fair basis of comparison to Sankararaman
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et al.,” for each site we sampled the same number of chro-
mosomes from our simulated populations as in the 1000
Genomes Project'” CEU (Utah residents with ancestry
from northern and western Europe from the CEPH collec-
tion; 174 chromosomes) and CHB (Han Chinese in Beijing,
China; 190 chromosomes) populations. Under the as-
sumption of independence and exchangeability among
sites, a single haplotype can be modeled as a series of Ber-
noulli draws with success p;...px over the k sites in the
genome (p; is the frequency in the sample of the Nean-
dertal allele at the i site). Therefore, the expected Nean-
dertal ancestry per haplotype is equivalent to the mean
frequency of Neandertal alleles (p;...px) in the sample. In
other words, E[Neandertal] = (1 /k)zikﬂpi. Thus, we com-
puted the average Neandertal ancestry per genome (pa))
by averaging the per-site frequencies of Neandertal alleles
in the sample over all 1,000,000 sites. Our approach is
also analogous to that used in Sankararaman et al.,” except
that we assume that Neandertal ancestry is known rather
than inferred (see below for further discussion) and that
all sites are independent. We calculated the ratio of Nean-
dertal ancestry in the East Asian population to that in the
European population (R) by dividing the average ancestry
in the East Asian population by the average in the Euro-
pean population (R = pa_asn / Pan_rur). We also recorded
the proportion of sites still polymorphic for Neandertal
ancestry in the sample (pya,), as well as the frequency of
Neandertal alleles only at those sites where the Neandertal
alleles were still segregating (pscg). We assessed simulation
variance by replicating the entire simulation process for a
given model 20 times. 95% confidence intervals (Cls)
were calculated as CI = p,;; = 1.960, where p,;; and ¢ denote
the mean and SD, respectively, of Neandertal ancestry per
individual over the 20 simulation replicates.

Because the effects that Neandertal alleles have on hu-
man fitness are unclear, we allowed Neandertal alleles to
have a range of effects from neutral to strongly deleterious.
We defined the relative fitness of individuals heterozygous
for Neandertal and human ancestry as 1 + hs and the
fitness of individuals homozygous for Neandertal ancestry
as 1 + s (s is the selection coefficient, and h is the domi-
nance coefficient). First, we used scalar values of s = {0,
-107°%, —10~*, —1073, —107?}. Additionally, we assumed
that the selection coefficients (s) of the Neandertal alleles
were drawn from a negative gamma distribution with pa-
rameters inferred from nonsynonymous SNPs by Boyko
et al.'® In particular, for the population-scaled selection co-
efficient, we used a gamma distribution that had a shape
parameter (o = 0.184) and a scale parameter (B = 8,200).
Because this gamma distribution describes the distribution
of 2Ns, we divided the value of 2Ns by 2 x 25,636 (the
value of N used in Boyko et al.) to obtain the distribution
of the selection coefficient, s. The parameters of this
gamma distribution were estimated for new nonsynony-
mous mutations and might not necessarily reflect the
distribution of fitness effects for Neandertal alleles in hu-
mans. However, given the extremely limited information

regarding the distribution of fitness effects of Neandertal
alleles in humans, this gamma distribution is a reasonable
first approximation because it includes a mixture of nearly
neutral, weakly deleterious, and strongly deleterious
alleles.

We investigated multiple models of dominance (h). We
considered the standard models of codominance (h =
0.5) and recessive effects (h = 0). We also examined models
of underdominance (h = 2) and overdominance, where in-
dividuals who are heterozygous for Neandertal ancestry
have the lowest and highest fitnesses, respectively. Some
special care was needed when we used the gamma distribu-
tion of selective effects. The value of s from the Boyko
et al.'"® gamma distribution refers to the fitness effect of
the heterozygous genotype, and 2s refers to the fitness
of the homozygous genotype. In our simulations, s refers
to the fitness effect of the homozygous genotype. Conse-
quently, for simulations where & = 0.5 and h = 0, we multi-
plied the value of s obtained from the gamma distribution
by 2.

We examined several different demographic models that
have been fit to the East Asian and European populations
(Tables S1 and S2). We first used the bottleneck models fit
by Keinan et al.'' (Table S1). The Keinan et al. bottleneck
model assumes an ancestral human population size of N
that then experienced two different bottlenecks, one of
which was at approximately the same time in the Euro-
pean and East Asian populations (about 4,000 generations
ago). However, this first bottleneck was older than the
pulse of Neandertal admixture (f,amix = 1,900 generations
ago). Because this earlier bottleneck was completed prior to
the start of the simulations, we did not include it in the
model. Rather, we assumed that the population remained
at a constant size (N) until fz generations ago, when a
bottleneck occurred. The duration of the bottleneck is
described by tpien, and the population size during the
bottleneck is Ny individuals. After the bottleneck, the pop-
ulation recovered to N individuals and remained that size
until the simulation finished. Note that the Keinan
et al.'' model considers the Furopean and Fast Asian pop-
ulations separately from each other. As such, we also simu-
lated the two populations separately (Figure S1).

The degree to which the different models matched the
observed proportion of Neandertal ancestry in either pop-
ulation was quite variable (Figure 1A). In models where the
observed present-day Neandertal ancestry was approxi-
mately compatible with the amounts observed in empir-
ical data (between 0.5% and 5%), the ratio of Neandertal
ancestry in East Asians to Neandertal ancestry in Euro-
peans (R) was close to 1 (Figure 1B). It never matched the
R values estimated from empirical data’ (R = 1.14-1.31).
This same result held regardless of the dominance coeffi-
cient, strength of selection, or initial proportion of Nean-
dertal ancestry in the ancestral population (f = 4%; Figures
S2 and S3).

In order to investigate the sensitivity of our results to
the precise demographic model assumed, we performed
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Figure 1.
f=2%

Predicted Neandertal Ancestry in East Asian and European Populations under the Keinan et al. Demographic Model when

Each column depicts results for a different dominance coefficient (h). I' denotes a gamma distribution of fitness effects. Error bars denote

approximate 95% confidence intervals on our simulations.

(A) The fraction of Neandertal ancestry in East Asian (ASN) and European (EUR) populations.

(B) Ratio of Neandertal ancestry in East Asians to Neandertal ancestry in Europeans (R). Horizontal lines indicate the ratios of mean
Neandertal ancestry observed in empirical comparisons of an East Asian and a European population.” Models where the final proportion
of Neandertal ancestry is concordant with the empirical data (between 0.5% and 5% in A) are colored black. Otherwise, they are colored
gray. Note that across these models, the maximum value of R is only slightly higher than 1.0. However, the lowest observed value of R in
the empirical data’ (in a comparison of IBS [Iberian population in Spain] and CHS [Southern Han Chinese]) is 1.14. Thus, demography
differences combined with purifying selection cannot generate an excess amount of Neandertal ancestry in East Asians relative to

Europeans as large as that seen in the empirical data.

additional simulations where we varied some of the bottle-
neck parameters. First, we investigated whether changing
the duration of the bottleneck (tze,) Would affect our
results. In the initial model, we assumed that fgje, = 100
generations. We conducted additional simulations with
tglen = S0 generations and g, = 200 generations. Impor-
tantly, in both cases, we kept the overall severity of the
bottleneck (F = tgen / 2Np) the same as in the original
Keinan et al. study.'' In order to do this, we changed the
number of individuals in the bottleneck (Table S1). We
found that the length of the bottleneck had little impact
on our results (Figures S4 and S5). For the models where
the observed present-day Neandertal ancestry was approx-
imately similar to the amount observed in empirical data
(between 0.5% and 5%), the ratio of Neandertal ancestry
in East Asians to Neandertal ancestry in Europeans (R) re-
mained close to 1 and did not match the R values estimated
from empirical data,” regardless of the dominance coeffi-
cient or strength of selection (Figures S4 and S5).

Second, we wanted to determine whether our results
would be qualitatively different if the bottleneck in East

Asia was actually more severe than estimated by Keinan
et al."! We investigated models with bottlenecks 2- and
5-fold more severe than that estimated by Keinan et al."!
Here, we kept the length of the bottleneck fixed at 100 gen-
erations (Table S1). Importantly, we did not change the
severity of the bottleneck in the European population;
we kept it at the original severity as estimated by Keinan
et al. When Neandertal sites were weakly deleterious,
nearly neutral, or recessive, increasing the severity of the
bottleneck had little effect on our results (Figures S6 and
S7). These models predicted R values close to 1, which is
too low to be compatible with the observed ratio of East
Asian to European Neandertal ancestry.” When h > 0.5
and s < —0.001, some R values were in the range of, or
even greater than, those seen in the empirical data (Figures
S6 and S7). However, the predicted proportion of Nean-
dertal ancestry in modern humans was too low in these
models (<0.5%; Figures S6A and S7A) to be compatible
with the observed data (>1%).” Thus, although the more
severe bottleneck might allow for some strongly selected
Neandertal sites to drift to higher frequency in East Asians
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Figure 2. The Smaller Effective Popula-
tion Size in East Asians Than in Europeans
Has Two Competing Effects on Patterns of
Neandertal Ancestry

(Left) The average Neandertal allele fre-
quency at the end of the simulation given
that the site segregates for the Neandertal
and human allele (psg). Note that here,
the average allele frequency in East Asia is
higher than that seen in Europe as a result
of the greater effects of genetic drift in East
Asia than in Europe.

(Center) The percentage of sites (out of a
total of 1,000,000 sites) where a Nean-
dertal allele and a human allele are both
still segregating at the end of the simula-
tion (pvar)- Note that fewer sites are segre-
gating in the East Asian population
because more were lost by genetic drift in
this population.
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(Right) The mean Neandertal ancestry per individual (p,;) is the product of both the mean frequency of alleles given that they are segre-
gating and the percentage of sites that are segregating. Note that these two effects cancel each other out. These results suggest that East
Asian and European individuals will have similar amounts of Neandertal ancestry under this model of demography and selection.

than in Europeans, such a model does not fit all aspects of
the data. In summary, even if the East Asian bottleneck
was 2- to 5-fold more severe than estimated, if we assume
that the severity of the bottleneck in Europe was accurately
estimated, purifying selection combined with the greater
effect of genetic drift in the East Asian population cannot
explain the higher proportion of Neandertal ancestry in
East Asians than in Europeans.

Our findings suggest that reduced efficacy of purifying
selection, due to greater genetic drift, in East Asians relative
to Europeans cannot explain the observed increase in the
proportion of Neandertal ancestry in East Asians. The
reason for this is that greater drift in East Asians had two
competing effects on Neandertal ancestry (Figure 2). For
sites where both the Neandertal and human alleles were
segregating at the end of the simulation, the Neandertal al-
leles tended to be at higher frequency in East Asians than
in Europeans (Figure 2; Table S3). However, greater drift
in Fast Asians also means that Neandertal alleles are lost
from the population at a faster rate. Our simulations pre-
dicted that East Asian populations should have fewer sites
with segregating Neandertal alleles than European popula-
tions (Figure 2; Table S3). These two competing effects of
drift canceled each other out, yielding R values close to 1.
For neutral alleles, this cancellation followed exactly
from the mathematical formulation of the Wright-Fisher
model. The expected value of the frequency of an allele
at initial frequency f does not change after a generation
of genetic drift, regardless of the population size.'?*°

To examine the mechanism of allele-frequency change
with selection, we conducted additional simulations in
which the population was set to the size of the bottlenecks
estimated in Keinan et al.'' We ran these simulations for
100 generations and recorded the average frequency of
the Neandertal alleles at the end of the simulation (which
would correspond to the end of the population bottlenecks
in the full demographic model). For the bottlenecks esti-

mated by Keinan et al.,'’ the average Neandertal allele fre-
quencies were essentially the same in both populations
(Figure 3A; Figure S8). The nearly neutral theory predicts
that mutations where —1 < Ns < 0 (according to our
scaling of the relative fitnesses) are nearly neutral and are
primarily affected by drift rather than selection.'®?"??
Thus, Neandertal alleles where s > —0.0018 are predicted
to be nearly neutral and primarily affected by drift in
both populations, suggesting that the analytical predic-
tions for neutral alleles approximately hold here as well.
More strongly deleterious alleles also showed similar fre-
quencies between the two populations, indicating that
the subtle difference in the population size during the
East Asian and European bottlenecks is too small to show
a change in the effect of selection between the two popu-
lations in such a short time period. Because the bottleneck
was estimated to be only slightly more severe in East
Asia, the threshold at which alleles were nearly neutral
was fairly similar between the populations (bottom panel
of Figure 3A).

To examine whether the pattern seen in Figure 3A would
hold with a stronger bottleneck in East Asia, we made the
East Asian population size 5-fold smaller than that esti-
mated by Keinan et al.'! while keeping the European pop-
ulation size the same as originally estimated (Table S1).
Again, nearly neutral alleles (s > —0.0018) were primarily
affected by drift. As such, the Neandertal frequencies in
East Asian and Europeans were predicted to be the same
for the reasons discussed above (Figure 3B; Figure S8).
Only when the selection coefficients for Neandertal alleles
became more deleterious did we see a difference in allele
frequency. When s < —0.0018, we saw that East Asians
had a slightly higher frequency of Neandertal alleles than
did Europeans (Figure 3B). Here, Neandertal alleles were
predicted to be nearly neutral in East Asians but more
affected by selection in Europeans (bottom panel of
Figure 3B). This is the effect that Sankararaman et al.’
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hypothesized could explain the higher Neandertal
ancestry in East Asians. But, our simulations suggest that
this effect is unlikely to occur in practice because it requires
a stronger bottleneck than that estimated for East Asia and
a selection too strong to be compatible with observed
amounts of Neandertal ancestry (see below).

Next, we wanted to assess whether other demographic
features not included in the Keinan et al."' bottleneck
model would influence our conclusions. Specifically, the
Keinan et al.'' model does not consider shared ancestry be-
tween the East Asian and European populations, migration
between populations, or recent population growth. Thus,
we performed additional simulations under a different
human demographic model fit to the site-frequency spec-
trum of East Asian, European, and African populations.”’
This model jointly considers both the European and East
Asian populations with migration between them and in-
cludes recent exponential population growth in both pop-
ulations. This model also includes an unsampled African
population that exchanges migrants with the European
and East Asian populations. We included the African pop-
ulation because we wanted to investigate whether a higher
migration rate between Africa and Europe than between
Africa and East Asia could increase the values of R. Because
the African population does not start with any Neandertal
ancestry, migrants from Africa would be unlikely to carry
Neandertal ancestry and would thus decrease the overall
proportion of Neandertal ancestry in the population into
which they migrate.

As before, we assumed that the Neandertal admixture
occurred at time t,gmix = 1,900 generations ago. In the
Gravel et al.?® model, this time occurred during the
Eurasian population bottleneck, after the ancestral African
population split from the ancestral Eurasian population.
Thus, we started our simulation by introducing Neandertal

-107

the EUR population are more strongly
selected. Here, = 2%.

2
10 ancestry at f = {0.02, 0.04} into the

ancestral Eurasian population, which

had size Ny,. After t; generations, this
population split into European and East Asian populations
with initial population sizes Nryro and Nasno, respectively,
and growth rates rgyr and rasy, respectively. The probabil-
ities of migration, m, were assumed to be symmetric and
were set to the previously estimated values.”> Migration
was assumed to be conservative, meaning that it does
not change the populations sizes.”* The frequency of the
Neandertal allele in the European population after migra-
tion (fgur) Was fgur = feur(l — Mpur_asn — MEur_ArR) +
fasn(meur_asn) + farr(gur_arr), Where fyug is the fre-
quency in the European population before migration.
These populations continued to grow exponentially for £,
generations, at which time the simulation was concluded.
Table S2 shows the parameter values used for these
simulations.

This more complex demographic model*® showed re-
sults similar to those from the Keinan et al."" model. The
ratio of Neandertal ancestry in East Asians to Neandertal
ancestry in Europeans (R) remained close to 1 (Figure 4;
Figure S9) for the models where the observed present-day
Neandertal ancestry was approximately similar to that
observed in empirical data (between 0.5% and 5%). Again,
the observed R values estimated from the empirical data
fell outside the range predicted by our models. Impor-
tantly, our implementation of the multi-population demo-
graphic model*® included a higher migration rate between
Africa and Europe than between Africa and East Asia. Thus,
the fact that this model did not yield R values consistent
with the observed data (Figure 4B) suggests that the previ-
ously estimated”” rates of differential migration between
African and non-African populations are insufficient to
dilute the Neandertal ancestry in Europeans in relation
to the Neandertal ancestry East Asians.

Our analyses are predicated on the assumption that the
amount of Neandertal ancestry in present-day East Asia is

458 The American Journal of Human Genetics 96, 454-461, March 5, 2015
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Figure 4. Predicted Neandertal Ancestry in East Asian and European Populations under the Gravel et al. Complex Demographic
Model when f = 2%

Each column depicts results for a different dominance coefficient (h). I denotes a gamma distribution of fitness effects. Error bars denote
approximate 95% confidence intervals on our simulations.

(A) The fraction of Neandertal ancestry in East Asian (ASN) and European (EUR) populations.

(B) Ratio of Neandertal ancestry in East Asians to Neandertal ancestry in Europeans (R). Horizontal lines indicate the ratios of mean
Neandertal ancestry observed in empirical comparisons of an East Asian and a European population.’ Models where the final proportion
of Neandertal ancestry is concordant with the empirical data (between 0.5% and 5% in A) are colored black. Otherwise, they are colored
gray. Note that across these models, the maximum value of R is only slightly higher than 1.0. However, the lowest observed value of R in
the empirical data’ (in a comparison of IBS and CHS) is 1.14. Thus, demography differences combined with purifying selection cannot

generate an excess amount of Neandertal ancestry in East Asians relative to Europeans as large as that seen in the empirical data.

truly higher than that in Europe. Our study did not assess
whether there is differential performance of the statistical
approaches to identifying Neandertal ancestry across dif-
ferent human populations. Multiple statistical approa-
ches—including D statistics,>’ a conditional-random-field
approach based on multiple summary statistics,” and
methods based on linkage disequilibrium®®**—all suggest
that East Asians have 15%-30% more Neandertal ancestry
than European populations. These statistical methods
measure different features of the data and have distinct un-
derlying assumptions. Thus, the fact that they provide
concordant results suggests that differential power is un-
likely to explain the higher amount of Neandertal ancestry
in East Asia. However, to better address whether the
increased Neandertal ancestry in East Asia as inferred by
the D statistic could be an artifact of complex demography,
we conducted neutral coalescent simulations®® under the
Gravel et al.”’ demographic model, in which we included
zero, one, or two pulses of Neandertal admixture® (Tables
S4 and S5). Importantly, unlike our previous results that
assumed that Neandertal ancestry could be unambigu-
ously identified, the D statistics were applied to simulated

genetic-variation data as done in practice. We found that
higher migration rates between Europe and Africa than be-
tween East Asia and Africa in a model with one pulse of
Neandertal admixture are not sufficient to generate the
observed increase in Neandertal ancestry in Fast Asian
populations (Table S4).

However, there are two possible ways a simple demo-
graphic model with one pulse of Neandertal admixture
could still explain the patterns seen in the data. First,
Neandertal alleles could have differential fitness effects in
European and East Asian populations (i.e., s is different be-
tween Europeans and East Asians). Second, if all Nean-
dertal sites are co-dominant or under-dominant and tend
to be moderately to strongly deleterious (s < —0.001), R
becomes larger (Figures 1 and 4; Figures S2 and S9 and
Table S3). Yet, as discussed previously, R only matched
the empirical data when the bottleneck in East Asia was
2- to 5-fold more severe than estimated (Figures S6 and
S7). However, for such a model to be compatible with the
amount of Neandertal ancestry observed in human popu-
lations,” the initial admixture proportion (f) would have
to be substantially greater than 10% (Figure S10). Without
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additional support, both of these models seem biologically
less plausible than alternative demographic models.

In sum, our simulations suggest that across a wide range
of biologically realistic models, a single pulse of Neandertal
admixture, combined with the reduced efficacy of purifying
selection against weakly deleterious alleles in East Asians,
cannot explain the R values observed in empirical data.
Instead, more complex demographic scenarios, possibly
including an additional pulse or wave of Neandertal ad-
mixture into East Asian populations, must be invoked.
Such two-pulse models have been shown to fit the ob-
served data>®® better than the single-pulse-with-migration
model,° even when only the genomic regions most likely to
be neutrally evolving are considered.”” In our simulations,
across a range of different values for the strength of selec-
tion acting on Neandertal ancestry, a two-pulse model
with realistic admixture proportions®*® could generate
the R values observed in the actual data (Figures S11 and
S12 and Table S3), suggesting that such a model is one
viable explanation for differential patterns of Neandertal
ancestry between East Asian and European populations.

Supplemental Data

Supplemental Data include 12 figures and S tables and can be
found with this article online at http://dx.doi.org/10.1016/j.
ajhg.2014.12.029.
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