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The genealogies of different genetic loci vary in depth. The deeper
the genealogy, the greater the chance that it will include a rare
event, such as the insertion of a mobile element. Therefore, the
genealogy of a region that contains a mobile element is on average
older than that of the rest of the genome. In a simple demographic
model, the expected time tomost recent commonancestor (TMRCA)
is doubled if a rare insertion is present. We test this expectation by
examining single nucleotide polymorphisms around polymorphic
Alu insertions from two completely sequenced human genomes.
The estimated TMRCA for regions containing a polymorphic inser-
tion is two times larger than the genomic average (P < <10−30), as
predicted. Because genealogies that contain polymorphic mobile
elements are old, they are shaped largely by the forces of ancient
population history and are insensitive to recent demographic
events, such as bottlenecks and expansions. Remarkably, the infor-
mation in just two human DNA sequences provides substantial
information about ancient human population size. By comparing
the likelihood of various demographic models, we estimate that
the effective population size of human ancestors living before 1.2
millionyears agowas18,500, andwecan reject allmodelswhere the
ancient effective population size was larger than 26,000. This result
implies anunusually small population for a species spreadacross the
entire Old World, particularly in light of the effective population
sizes of chimpanzees (21,000) and gorillas (25,000), which each
inhabit only one part of a single continent.
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Mobile elements make up about half of the human and
primate genomes (reviewed in refs. 1–3). Despite their

ubiquity in the genome, mobile element insertion events are rare
compared to other types of mutational events. The single
nucleotide mutation rate is ≈2.2 × 10−8 per base pair (bp) per
generation, or about 130 mutations per birth in humans (4). By
comparison, mobile element insertion events are at least three
orders of magnitude rarer, with Alu insertion rates estimated at 1
in 21 to 22 births and LINE1 (L1) rates estimated at 1 in 212
births (5, 6). Because of the rarity of mobile element insertion
events, they are most likely to be observed in genomic regions
that have ancient coalescence times (i.e., deep genealogies).
Consider the coalescent processes for different regions of the

genome, with a distribution of gene trees of various lengths.
When insertion events are very rare, each genealogy contains a
single event with probability proportional to the total length of
the gene tree. The longer the tree, the more likely it is to contain
a polymorphic insertion. Tajima (7) developed theory that
showed that the length of a coalescence interval that contains a
rare event, such as a mobile element insertion, should be
approximately twice as long as a coalescence interval that does
not contain a rare event (see Fig. 1 for details). This is because
an interval that includes a rare insertion event contains two
subintervals, one preceding the insertion and the other following.
The lengths of these subintervals are independent, and given the
rarity of mobile element insertions, each subinterval has an
expected length that approximates that of a random (uncon-
ditioned) coalescent interval.

Here, we use human whole-genome DNA sequence data to
demonstrate that Tajima’s prediction is very accurate. In addi-
tion, we take advantage of the fact that regions that contain
mobile element insertion events provide unique information
about ancient population history because of their deep geneal-
ogies. Surprisingly, the information contained in just two genome
sequences provides sufficient resolution to estimate the effective
population size of human ancestors living more than 1.2 million
years ago (Mya).

Results
The argument outlined above implies that the expected time to
most recent common ancestor (TMRCA) between two samples is
twice as long at a genomic region containing a polymorphicmobile
element than at a typical genomic locus. However, this result
assumes randommating and constant population size. To evaluate
the influence of these assumptions, we measure the pairwise
nucleotide diversity in the haploid human reference genome
(hg18) and the diploid genome of Craig Venter (HuRef). Here,
“pairwise” denotes that diversity is measured as a comparison
between the reference sequence and one HuRef chromosome at
each locus (6). The genome average pairwise nucleotide diversity
between HuRef and the human reference sequence is 8.13 × 10−4,
corresponding to a TMRCA of 462 thousand years ago (kya). For
the 638 HuRef-specific mobile element insertions in our analysis,
we observed 9,609 SNPs in the 10-kb regions surrounding the
insertions, for a mean pairwise nucleotide diversity of 1.51 × 10−3.
This corresponds to a TMRCA of 856 kya, which is 1.85 times the
genome average (see Materials and Methods for details). With a
genome average nucleotide diversity of 8.13 × 10−4, we expect
5,190SNPs in a sequence length of 6,380 kb andweobserved9,609.
The 99% confidence interval (CI) for nucleotide diversity in
regions within 10 kb of an insertion (measured from 100,000
bootstrap samples over 638 loci) was 1.39 × 10−3 to 1.66 × 10−3,
which is well above the point estimate for genome-wide nucleotide
diversity (8.13 × 10−4).
Because we expect about one recombination event per million

years in a 1.5-kb region (8), not all sites in the 10-kb region will
be in complete linkage disequilibrium with the polymorphic
insertion. Sites closer to the insertion site are linked more tightly
to the insertion and therefore are a better reflection of its
diversity. Therefore, the diversity in the 10-kb region surround-
ing the insertion underestimates the diversity at the insertion
site. Fig. 2 demonstrates this effect by plotting the increase in
nucleotide diversity as a function of distance from the insertion.
Nucleotide diversity increases linearly with proximity to the
insertion (correlation coefficient r = 0.94), so that between 4,500
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and 5,000 bases away the nucleotide diversity is only 166% the
genome average, but between 0 and 500 bases it has increased to
200%. Therefore, despite the well-known deviations from ran-
dom mating and constant population size in human history, the
observed increase in nucleotide diversity near polymorphic
insertions fits the theoretical prediction very well.
Because genomic regions near polymorphic mobile element

insertions have on average twice the nucleotide diversity of a
typical region, the genealogies of these regions are on average
twice as old. So although the mean TMRCA between HuRef and
the reference sequence is 462 kya, the mean TMRCA within
500 bp of a polymorphic mobile element is 924 kya. Because these
genealogies extend back almost 1 million years on average, they

may contain unique insights about ancient human population
history. To explore this possibility, we evaluate a three-parameter
demographic model where modern effective population size
(NM), ancient effective population size (NA), and time of pop-
ulation size change (t) are allowed to vary, incorporating a
recombination rate of 1 cm/Mb. Our test statistic for each
parameter set is the likelihood of the observed distribution of
nucleotide diversity (orange line in Fig. 3). Our maximum like-
lihood estimate for the three-parameter model is NA =18,500
before t=1.2Mya, withNM=8,500 (95%CI 8,100–8,750) for the
last 1.2 million years (Figs. 3 and 4). Holding NM constant, the
95% confidence region for NA and t is bounded by NA = 14,500–
26,000 and t= 0.9–1.5 Mya. The best-fitting model is significantly
more likely than one in which the effective population size has
always been constant (P = 2.5 × 10−16; Fig. 3). Our estimate for
NM is smaller than the worldwide modern human effective pop-
ulation size because it is strongly influenced by the European
ancestry of the HuRef genome. However, because NA is an esti-
mate of population size before the divergence of modern human
populations, the European origin of the genome samples should
have little or no influence on our estimate for NA. Our results
demonstrate that the effective population size of human ancestors
living over 1 million years ago was 1.7 to 2.9 times greater than
it is today.
Implicit in the above analysis is the assumption that mutation

rates in genomic regions containing polymorphic mobile element
insertions are not different from rates in the rest of the genome.
Tian et al. (9) reported a 40% increase in nucleotide divergence
in regions immediately surrounding indels vs. regions far from
indels in a comparison between chimpanzees and humans (see
figure 1a in ref. 9). The pattern of excess substitutions is char-
acterized by a 50% increase in the proportion of transversions
(see figure 3h in ref. 9). The authors hypothesize that the
observed increase in substitution rate is the result of hetero-
zygous indels inducing nucleotide mutations in the surrounding
DNA. If this explanation is correct, then the mechanism should
apply to heterozygous mobile element insertions as well, which
would cause us to underestimate the mutation rate near poly-
morphic mobile elements and, hence, overestimate effective
population size. To test for possible mutagenic effects of mobile
elements, we selected 3,705 genomic regions that contain
human-specific Alu insertions and compared the nucleotide
diversity between the human and the chimpanzee genome in
these regions. For the 100-bp region surrounding these inser-
tions, both the nucleotide divergence and the proportion of
transversions were near the genome average and significantly
lower than the observed values for indels in Tian et al. (9),
demonstrating that the mutagenic properties of indels do not
apply to Alu elements (Table 1).

Discussion
Because genomic regions with polymorphic mobile elements are
among the oldest in the genome, these regions provide windows
into ancient population history that are unavailable in other
comparably sized samples. For these loci, the distribution of
nucleotide diversity is highly reflective of ancient population size,
as shown in Fig. 3. One consequence of a larger ancient effective
population size is a decrease in the rate of coalescence during the
time when the population is large, which is evidenced by an
increase in nucleotide diversity. This is visible in Fig. 3A as a
decrease in the proportion of genomic regions with intermediate
levels of nucleotide diversity. The distributions under the con-
stant population-size model and the observed data clearly
diverge where the nucleotide diversity is between 0.002 and
0.004, with 99% of the distribution below 0.004 in the constant
population-size model vs. only 94% in the observed data (Fig.
3A). This change in nucleotide diversity can be explained by an
increase in ancient effective population size, demonstrated by
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Fig. 1. Genealogies conditioned on the presence of a rare polymorphic
insertion. In a genealogy of two gene copies from a randomly mating
haploid population with a constant size of 2N individuals, a coalescent event
occurs with probability 1/2N per generation, and an insertion event with
probability 2μ, where μ is the insertion rate at the locus. The probability of
an event of either type is 1/2N + 2μ, which is ≈1/2N if μ is small. The mean
waiting time until the first event (of either type) is thus ≈ 2N. We are con-
sidering only those genealogies in which this first event is an insertion.
Consequently, there is a second subinterval to consider. By an identical
argument, its expected length is also ≈2N. Therefore, the total length of a
genealogy conditioned on the presence of a rare mutation is ≈4N, twice the
unconditional expectation of 2N. So in the simple case of two samples in a
population of constant size, the presence of a rare polymorphic insertion
doubles the expected length of the genealogy.
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Fig. 2. Increase in nucleotide diversity between HuRef and the reference
assembly in regions near a polymorphic insertion. Nucleotide diversity
measurements are from 500-bp regions. Diversity decreases linearly as the
region moves away from the insertion as a result of recombination (corre-
lation coefficient r = 0.94). At 4,500 to 5,000 bases from the insertion, the
diversity is 1.72 times the genome average, while at 0 to 500 bases the
diversity is 1.99 times the genome average.
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the best-fitting model in Fig. 3A. From this model, we estimate
that ancient human effective population size (NA) was 18,500
before 1.2 Mya, which is roughly twice as large as the modern
human effective population size.
Previous studies have suggested that human effective pop-

ulation size has been ≈10,000 for the last 2 million years (10, 11).
Our results demonstrate that the effective population size of
human ancestors living before 0.9 to 1.5 Mya was between 14,500
and 26,000. Interestingly, our point estimate of an ancient pop-
ulation size of 18,500 is strikingly similar to a previous estimate of
modern effective population size from Sherry et al. of 17,500,
measured from fixed and polymorphic Alu insertions (12). How-
ever, the similarity is coincidental, as the latter estimate was a
measure of more recent population size (12). As we have dem-
onstrated here, genomic regions that contain polymorphic mobile
elements are on average older than other regions of the genome,
and this effect introduced a bias in the previously published
analysis, inflating the estimate of recent human effective pop-
ulation size (12).
A model of constant population size is significantly less likely

than any of the models in our 95% confidence region; still, the
expected 100% increase in nucleotide diversity under the constant

population-sizemodel provides an excellent approximation for the
observed increase in average nucleotide diversity near poly-
morphic insertions (Fig. 2). An expected 100% increase in diver-
sity is also a good approximation for the best-fitting three-
parametermodel, with a 97% increase in expected diversity within
2,500 bp of an insertion. Therefore, for genomic regions contain-
ing polymorphic insertions, a 2-fold increase in expected nucleo-
tide diversity in a sample size of two is a prediction that appears
robust to changes in population size, at least for the types of
fluctuations that are relevant to human evolutionary history.
The applicability of a model of constant population size to

human demographic history may at first seem surprising, given the
ubiquitous genetic signature throughout the human genome of
population decline and subsequent expansion between 40,000 and
90,000 years ago (13–15). However, because of the age of
genealogies with polymorphic mobile elements, they are not
heavily influenced by relatively recent population history. Because
a mobile element insertion is unlikely to have occurred in shorter
genealogies that coalescedduring a population bottleneck,most of
the genealogies with polymorphic insertions should be unaffected
by the bottleneck. This theory is demonstrated in Fig. 5, which
models a bottleneck that reduced the population size bymore than
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Fig. 3. Cumulative probability distribution of SNP nucleotide diversity between HuRef and the reference sequence in 5,000-bp regions. (A) The distributions
from simulated demographic models conditioned on the presence of a polymorphic insertion (demographic models shown in blue). (B) The unconditional
distributions of the demographic models (show in gray). The orange line is the observed distribution in regions surrounding polymorphic insertions, while the
red line is the observed distribution of 2,432 randomly chosen genomic regions. The best-fitting demographic model is the maximum likelihood estimate
among all three-parameter demographic models considered, with a large ancient population size of NA = 18,500 starting t = 1.2 Mya (see Materials and
Methods). Because genealogies that contain polymorphic mobile elements are ancient, the best-fitting model is clearly differentiated from the constant
population size model in A. In contrast, the two models are nearly indistinguishable in B, demonstrating that the unconditional distribution of nucleotide
diversity contains relatively little information about ancient population history, with only very large changes in ancient population size producing a
noticeable effect (NA = 50,000). For the constant population-size model, the effective population size is n = 9,244, which is the effective population size for
HuRef and the reference sequence based on genome-wide estimates of nucleotide diversity (23). The best-fitting model is significantly more likely than the
constant population-size model (P = 2.5 × 10−16, likelihood-ratio test). The differences in the observed distributions for regions surrounding polymorphic
insertions and regions chosen at random are highly significant (P < <10−30, χ2; Table S1). Nucleotide diversity is also stochastically greater in regions sur-
rounding polymorphic insertions compared to regions chosen at random (P < <10−30, Mann-Whitney U).
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99% for one generation around 90,000 years ago. As shown, this
severe bottleneck has little effect on the distribution of nucleotide
diversity near a polymorphic insertion.
Our observation that the nucleotide divergence between chim-

panzees and humans in regions within 100 bp of a new Alu inser-
tion is not greater than the genome-wide average contrasts with
the increased indel-associated divergence observed by Tian et al.
(9). Both observations could be accounted for if the mutations
associated with small (1–100 bp) indels were generated during the
same biochemical events that created the indels themselves,
instead of being induced later by some property of heterozygous
indels. The processes that result in small indels are probably het-
erogeneous, ranging from strand slippage (reviewed in ref. 16) to
nonhomologous end-joining following double-strand breakage
triggered by any of a variety of DNA lesions (reviewed in ref. 17).
These processes sometimes involve strand resection and error-
prone DNA synthesis or DNA repair, which could occasionally
cause a nearby nucleotidemutation. Indeed, nonhomologous end-
joining is adaptively used for the purpose of generating such var-
iation during the maturation of the mammalian immune system
(reviewed in ref. 18).Alu insertions, on the other hand, are created
by a specific, evolved retroposition process that relies on the
endonuclease and reverse transcriptase functions encoded by
LINE-1 retrotransposons (19). Under this “messy repair”
hypothesis, the difference between Alu insertions and the small
indels studied by Tian et al. (9) lies in the mechanism of their
creation, not in their properties in heterozygotes.
Although our results clearly indicate that the effective pop-

ulation size of human ancestors was once larger than it is in
modern humans, the difference is surprisingly modest: With 95%
confidence, the effective population size of human ancestors was
no greater than 26,000 before 0.9 to 1.5 million years ago. This
finding implies an unusually small population size for a species
spread across the entire Old World (20), particularly in light of
the estimated effective population sizes of chimpanzees (21,000)
and gorillas (25,000), which together inhabit only one part of a
single continent (21). Possible explanations may include repea-
ted population bottlenecks or periodic replacement events from
competing subspecies of Homo. Exploring this problem in
greater detail may provide important clues about the evolu-

tionary history of Homo ergaster, Homo erectus, and archaic
Homo sapiens.

Materials and Methods
Our analysis is based on a comparison between the human reference genome
(hg18) and Craig Venter’s genome (HuRef). Because HuRef is diploid but the
reference genome is haploid, our initial sample size was three. This com-
plicates the comparison, as the shape of the gene tree at any given locus is
unknown: at some loci both alleles of the HuRef genome share a common
ancestor before coalescing with the reference genome; at other loci one
allele of the HuRef genome shares a common ancestor with the reference
genome before coalescing with the other allele. To simplify the problem, we
restrict our attention to haploid contigs in HuRef that contain an insertion
not present in the reference genome, so that our sample size is always two.

In previous work, we identified 639 autosomal HuRef-specific retro-
transposition insertions, including 574 Alu, 51 L1, and 14 SVA insertions (6).
We estimated the TMRCA from SNP data using the pairwise nucleotide
diversity between the reference genome and the HuRef genome, with a per
nucleotide mutation rate of 2.2 × 10−8 per generation and a 25-year gen-
eration time (4). Here, “pairwise” denotes that diversity is measured as a
comparison between the reference sequence and one HuRef chromosome at
each locus. Using a three-step process to filter out sequencing errors, Levy
et al. (22) identified 3,074,686 SNPs between HuRef and the reference
sequence out of a total of 2,782,357,138 nucleotides. Of those, 1,450,860
were homozygous in HuRef and 1,623,826 were heterozygous. Thus, the
number of SNPs between the reference genome and the average haploid
HuRef genome is 2,262,773, for a genome average pairwise nucleotide
diversity of 8.13 × 10−4.

To estimate the pairwise nucleotide diversity for the 639 regions with
HuRef-specific retrotransposon insertions, we aligned the reference sequence
with the HuRef haploid contigs used to identify the insertions, including 5 kb
of sequence on each side of an insertion. One contig did not contain enough
sequence for the full 10-kb alignment and was excluded from subsequent
analysis. We restricted our attention to those SNPs that met the filtering
criteria in Levy et al. (22). For SNPs previously identified as heterozygous in
HuRef and polymorphic between the reference sequence and HuRef, we
evaluated the allelic state of each SNP from the HuRef-reference alignments.
For SNPs previously identified as homozygous in HuRef, we used the allelic
states reported in Levy et al. (22).

For the comparison between chimpanzee and human, we downloaded
full genome alignments from University of California Santa Cruz (UCSC)
(http://hgdownload.cse.ucsc.edu) (23). We identified human-specific Alu
insertions from RepeatMasker table available from UCSC (http://hgdown-
load.cse.ucsc.edu) (24).

Table 1. Nucleotide divergence and proportion of transversions between chimpanzees and
humans in 100-bp regions around lineage specific Alus and indels

Alus Genome average Indels* P(Alus=Indels)
†

Nucleotide divergence 0.01346 0.01430 0.0154 P < <10−30

Proportion of transversions 0.3476 0.3452 0.47 P < <10−30

*From Tian et al. (9)
†χ2 goodness of fit, two-sided.

0 

5000 

10000 

15000 

20000 

25000 

30000 

NM NA prior to         
1.2 mya             

(0.9-1.5 mya) 

Chimpanzees  Gorillas 

Ef
fe

ct
iv

e 
po

pu
la

tio
n 

si
ze

 

Fig. 4. Maximum likelihood estimate and confidence region
for ancient human effective population size (NA) under a
three-parameter demographic model. Estimates for chimpan-
zee and gorilla effective population size are from ref. 21. The
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parameter 95% confidence region (with NM fixed at 8,500
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The test statistic for the three-parameter demographic model is the
likelihood of the observed distribution of nucleotide diversity conditioned on
the presence of a polymorphic insertion (this distribution is shown as the
orange line in Fig. 3). Although our data include 10 kb surrounding each Alu
insertion, we used only half of each region in our likelihood calculations: 2.5
kb on either side of each insertion. This allows us to use 5-kb regions in
simulations, reducing the computational burden. We simulated a set of
genealogies conditioned on the presence of a polymorphic insertion under
each three-parameter model to obtain the expected nucleotide diversity
distribution for each model. We then estimated the likelihood of the
observed distribution of nucleotide diversity for each model from the
simulated genealogies, as described below.

To simulate genealogies conditioned on the presence of a polymorphic
insertion, we first generated a set of unconditional genealogies using
standard coalescence algorithms (25). We then applied importance sampling
to these genealogies, with the sampling weight for the ith simulation, Wi,
equal to the probability that a single insertion event occurs in genealogy
i (26, 27). The log likelihood, gx, that there are x segregating sites in a given
mobile element region is estimated by:

g x ¼ ln
�
∑iWi·IxðSiÞ

∑ iWi

�
;

where Si is the number of segregating sites in the ith simulation, and Ix is the
indicator function for x, with Ix(Si) = 1 if the simulated number Si of segre-
gating sites equals x, and Ix(Si) = 0 otherwise. Because mobile element
insertion events are exceedingly rare, Wi is approximately proportional to Ti,
the total number of generations in the genealogy at the insertion site.
Therefore, we replace Wi with Ti in the above equation. We estimated g
with at least 100,000 simulations for each three-parameter model (Tables
S2–S4). We calculated the log likelihood of each three-parameter model, L,
by summing over g for all observed mobile element polymorphism regions:

L ¼ ∑j gkj;

where kj is the number of nucleotide differences at the jth locus. This cal-
culation assumes that polymorphic insertions are unlinked. To accommodate

this assumption, we identified all pairs of insertions that were within 0.05 cm
of each other and removed one member of each pair (genome recombina-
tion map from ref. 28). We chose 0.05 cm as our cutoff because it corre-
sponds to an r2≤0.2 in human populations (29). In this pruning procedure,
we removed 28 insertions, resulting in a dataset of 610 mobile elements for
the likelihood calculations.

We established the initial confidence region by comprehensive explora-
tion of the parameter space on a coarse three-dimensional grid. One
dimension, representing time, ranged from 0.1 to 2.5 Mya, with grid points
separated by 100,000 years. The other two dimensions, representing NA and
NM, each ranged from 5,000 to 50,000 individuals, with grid points separated
by 5,000 individuals. After establishing the confidence region on this coarse
grid, we then refined it by simulating around its edges on a finer grid. On
this finer grid, points on the two population size axes were separated by 500
individuals, while points on the time axis were still separated by 100,000
years. In this process, we performed more than 350 million simulations to
evaluate more than 2,200 models (see Tables S2–S4 for the estimated like-
lihood of each model). We derived point estimates for NM, t, and NA, from
the model with the maximum likelihood among all models considered. We
estimated the 95% confidence region for t and NA from a 2-parameter
likelihood-ratio (LR) test between the maximum likelihood model and all
other models, which includes all models with LR less than 20 (χ2α=0.05,df = 2<
−2ln[LR]). Because of the strong statistical support for NM = 8,500, we could
not derive a meaningful confidence interval for NM at a resolution of 500
individuals. Therefore, we separately estimated this confidence interval by
evaluating NM in units of 25 individuals, holding NA and t constant at their
maximum likelihood estimates of NA = 18,500 and t = 1.2 mya. For all sim-
ulation results, the mutation rate was 2.2 × 10−8 per site per generation and
the recombination rate was 1 cm/Mb, with a 25-year generation time (4).
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