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REVIEW
Inferring population size changes with sequence
and SNP data: lessons from human bottlenecks

LM Gattepaille', M Jakobsson? and MGB Blum?

Reconstructing historical variation of population size from sequence and single-nucleotide polymorphism (SNP) data is valuable
for understanding the evolutionary history of species. Changes in the population size of humans have been thoroughly
investigated, and we review different methodologies of demographic reconstruction, specifically focusing on human bottlenecks.
In addition to the classical approaches based on the site-frequency spectrum (SFS) or based on linkage disequilibrium, we also
review more recent approaches that utilize atypical shared genomic fragments, such as identical by descent or homozygous
segments between or within individuals. Compared with methods based on the SFS, these methods are well suited for detecting

recent bottlenecks. In general, all these various methods suffer from bias and dependencies on confounding factors such as
population structure or poor specification of the mutational and recombination processes, which can affect the demographic
reconstruction. With the exception of SFS-based methods, the effects of confounding factors on the inference methods remain
poorly investigated. We conclude that an important step when investigating population size changes rests on validating the
demographic model by investigating to what extent the fitted demographic model can reproduce the main features of the

polymorphism data.
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INTRODUCTION

Making inferences about demographic history is valuable for under-
standing the evolutionary trajectories of species. Recovering the
temporal fluctuations of the population size and understanding their
causes convey information about how species reacted to past events
such as glacial cycles, climate change or human-driven perturbations
(for example, Ruzzante et al, 2008; Mondol et al, 2009). When
deciphering the potential causes of speciation, bottlenecks are also of
primary interest since speciation can result from enhanced genetic
drift that has been caused by bottlenecks and founder effects (Barton
and Charlesworth, 1984). In conservation biology, detecting ongoing
bottlenecks is crucial because reductions in genetic diversity may
reduce the evolutionary potential of species (England et al, 2003).
Indeed, as predicted by population genetic theory, bottlenecks and
founder effects can lead to an increased presence of deleterious alleles,
which has been shown, for example to occur in humans that went
through the out-of-Africa bottleneck (Lohmueller et al, 2008).
Furthermore, the construction of an historical model of demography
provides a statistical null model that can be used to reveal outlier loci.
These outlier loci may display patterns of genetic variation that are at
odds with the null model, and could instead be targets of natural
selection (Nielsen, 2005; Roux et al., 2013).

Population genetic data have the potential to uncover historical
fluctuations of demographic sizes and several approaches to infer
population size changes from genetic information have been devel-
oped. A particularly well-studied example is the population bottle-
neck associated with human migration out-of-Africa some 70000

years ago, when anatomically modern humans colonized the world
outside Africa (for example, Voight et al, 2005; Gutenkunst et al,
2009). The human out-of-Africa bottleneck shaped many properties
of human variation in non-Africans and, since this event has been
extensively investigated, it provides a nice example illustrating the
different methodologies of demographic reconstruction. The fruit fly,
Drosophila melanogaster, also provides additional insights because the
relationship between population size changes and polymorphism data
has been thoroughly investigated in this species (Haddrill ef al., 2005;
Thornton and Andolfatto, 2006). Additionally, the fruit fly’s demo-
graphic history shares a resemblance with human demographic
history because of its African origin and a bottleneck that has left
signatures in the genomes of non-African Drosophila melanogaster
populations (Li and Stephan, 2006). Demographic reconstruction
based on molecular data has also been undertaken for numerous
other species, including Arabidopsis thaliana (Frangois et al., 2008),
maize and rice (Wright et al., 2005; Caicedo et al., 2007) among many
others. Because of the wealth of available data from model organisms,
approaches for demographic reconstruction have often been pio-
neered for these species. In this review, we will use human and fruit
fly demographic reconstruction as case studies, including the well-
studied bottleneck associated with the out-of-Africa migration. Due
to the recent advances in sequencing technologies, these reviewed
approaches are quickly becoming applicable for an increasing number
of species.

Demographic events can leave traces in polymorphism data by
modifying the shape of the genealogical tree of a sample of
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chromosomes. A bottleneck can drastically increase the rate of
coalescence of lineages and cause severe deviations from the expecta-
tions of the standard neutral coalescent with constant population size.
If the bottleneck is strong enough, then all the lineages might coalesce
during the bottleneck, creating a star-shaped genealogy leading to
many rare variants and singletons, usually interpreted as a sign of
demographic expansion (Figure 1b). Such a genealogy has short
internal branch lengths close to the root of the genealogy, and lead to
a lack of common variants when compared with the standard neutral
expectation. However, if the strength of the bottleneck is moderate,
some lineages might escape from the bottleneck leading to an
unexpectedly large proportion of basal lineages, which produces an
excess of intermediate frequency variants (Figure la). In such cases,
the proportion of the time to the most recent common ancestor that
is represented by the last few coalescent events can be much greater
than the proportion expected under a constant size model
In particular, these genealogies can mimic the shapes of gene
genealogies expected in a structured population, although data
from multiple loci should provide enough information for distin-
guishing population bottlenecks from population structure (Peter
et al., 2010).

Various types of molecular markers have been employed to infer
population sizes and we review methods that use sequence data from
multiple loci (or for the entire genome) and single-nucleotide
polymorphisms (SNPs), but note that several approaches have also
been developed for inferring population size changes based on
microsatellite data (Williamson-Natesan, 2005) and based on mito-
chondrial markers (Ho and Shapiro, 2011). This review is structured
into three sections that correspond to the different types of genetic
information utilized to recover past population sizes. The first section
reviews how the site-frequency spectrum (SFS), or statistical
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summaries of the SFS, conveys information about past population
sizes. The second section deals with haplotypic and linkage disequili-
brium (LD)-based methods and the third section presents recently
developed methods based on full sequence data. We conclude with a
discussion on the caveats that should be kept in mind when
reconstructing past population sizes from polymorphism data.

SFS SUMMARY STATISTICS

The empirical SES is the distribution of allele frequencies at a large
number of SNPs. If the ancestral allele is known, then it is possible to
reconstruct the SFS that provides the probabilities that an allele/
variant is carried by k individuals py=p(k|n), k=1...(n—1), in a
sample of n sequences (Marth et al., 2004). Numerous statistical
summaries, such as Tajima’s D, have been proposed to provide one-
dimensional summaries of the SFS (Tajima, 1989; Equations (23-26)
in Tajima, 1997). The footprints of salient demographic events such as
bottlenecks may be detected through these statistical summaries of the
SES, sometimes called class I summary statistics (Ramos-Onsins and
Rozas, 2002), and the typical signatures caused by a bottleneck are
outlined below.

Tajima’s D

A well-known consequence of a recent bottleneck involves the
reduction of low-frequency polymorphism (Nei et al., 1975), which
will generate positive Tajima’s D values. During a bottleneck, genetic
drift is enhanced because of the reduced (effective) population size
and low-frequency variants are the most prone to extinction. To show
this pattern, it is convenient to consider the scaled SFS, which
corresponds to the ratio between the observed SFS and the SFS
expected under a panmictic constant-size model (Achaz, 2009). For a
recent moderate bottleneck (reduction in effective population size

b
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Figure 1 Genealogies of a sample under a bottleneck model. (a) Two lineages escape a moderate bottleneck and coalesce further back in the past. (b) All
the remaining lineages coalesce during a severe bottleneck. A full color version of this figure is available at the Heredity journal online.
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by 80% for 1000 generations in a population of 10000 diploid
individuals), the scaled SFS has a ‘tick mark’ pattern (Figure 2a) with
a slight deficit of singletons, a more pronounced deficit of other low-
frequency variants and an excess of high frequency variants. The
deficit of singletons disappears for sufficiently ancient bottlenecks but
the deficit of other low-frequency variants remains long after the end
of the bottleneck (Figure 2a). For stronger bottlenecks (reduction in
effective population by 95% for 1000 generations), the deficit of
singletons is only visible for the most recent bottlenecks (Figure 2b)
and an excess of singletons quickly appears as the bottleneck becomes
more ancient (negative Tajima’s D, see Figure 3).

In humans, a paradox emerged when investigating the pattern
of polymorphism of non-African populations: the average Tajima’s
D of autosomal sequences was found to be positive whereas the
mitochondrial Tajimas’s D values were negative and even smaller than
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—1 (Garrigan and Hammer, 2006). The paradox disappears if we
consider the findings of Fay and Wu (1999) who showed that the out-
of-Africa bottleneck affected the mitochondrial and the autosomal
values of the Tajima’s D differently and the reason is as follows: for a
strong enough bottleneck, no lineage will escape the bottleneck so
that the resulting star-like gene tree (Figure 1b) creates an excess of
rare variants and negative values of Tajima’s D (Figure 3b). In a more
moderate bottleneck, some lineages will escape the bottleneck and the
basal coalescent lineages will constitute an unexpectedly large part of
the coalescent tree (Figure 1a), and generate positive Tajima’s D values
(Figure 3a). The discrepancy can be explained by the fact that effective
population size of autosomes is four times that of the mitochondrion.
The out-of-Africa bottleneck can therefore be considered strong for
the mitochondrion and moderate for the autosomes. Additionally, the
out of-Africa bottleneck is more ancient if scaled in units of the

Bottleneck onset
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Figure 2 Scaled SFS under a bottleneck model. The scaled SFS is the ratio of the SFS and the expected SFS for a model of constant population size.
A sample of 100 chromosome of 50000bp long was simulated for a population of 10000 present-day diploid individuals. (a) Recombination rate of
1.5 x 108 per site and per generation as well as a mutation rate of 1.2 x 108 per site and per generation was used (Scally and Durbin, 2012). Each
curve corresponds to the ratio between the observed SFS under a bottleneck model and the expected SFS under a standard neutral model with constant
population size. The color of the curves indicates the onset of the bottleneck, in units of four times the present-day population size. Each bottleneck lasted
1000 generations and the strength of the bottleneck measures the reduction in population size during the bottleneck: 80% reduction (left panel) or 95%
reduction (right panel). A total of 20000 simulations per model were performed with the software ms (Hudson, 2002).

Bottleneck strength: 80% Bottleneck strength: 95%
1.0 1.0
0.5 | 05 -
[a] [a]
® 00 T 00
E E
< . e -
k] k]
§ -1.0 § -1.0 -
(] (]
£ £
4 - .
.
—2.0 =20 o -/
T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Bottleneck onset Bottleneck onset

Figure 3 Mean of Tajima's D as a function of the time since the onset of the bottleneck. Average values of Tajima’s D over 20000 replicate simulations of
bottleneck models, for an 80% reduction in population size (left panel) and a 95% reduction in population size (right panel). Different chromosomes are
considered: autosome (A, solid line), X chromosome (X, dashed line) and mitochondrion (mt, dash-dotted line). The bottleneck lasted 1000 generations for
all models, and the onset of the bottleneck varies, as indicated on the x axis (given in units of four times the present-day population size). The simulated
samples are composed of 100 segments of 50000bp (the recombination rate is 1.5 x 108 per site and per generation), with a mutation rate of
1.2 x 108 per site and per generation, and they are randomly sampled from a present-day population of 10000 diploid individuals. mtDNA segments are
also 50000bp long, but they are non-recombining and the mutation rate is 2.5 x 10~°. Time is measured in units of 4 N generations.
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mitochondrial effective population size compared with scaling time in
units of the autosomal effective population size. Tajima’s D is only
positive for the short period of time that follows the bottleneck, and it
becomes negative with the appearance of new mutations (Figure 3).
Note also that bottlenecks impact autosomes and the X-chromosome
differently, which is caused by the different effective population sizes
(see Figure 3).

With sequence data from multiple loci, additional information
arises from the variance of the per-locus Tajima’s D values. Technically
speaking, the variance of Tajima’s D is not an SFS summary
statistic because it measures the among-loci variation of the SFS
and conveys information that is not contained in the SFS. This being
said, moderate bottlenecks lead to large variances in the genealogical
history of samples from different loci along a chromosome
(McVean, 2002). Unexpected large values of the variance of the
Tajima’s D have been used as evidence for the human out-of-Africa
bottleneck (Voight et al., 2005) as well as supporting a bottleneck
affecting a non-African Drosophila population (Haddrill et al., 2005).
By contrast, the observation of small among-locus variation of
Tajima’s D for African populations has shown evidence against a
human ‘speciation bottleneck’ that would have occurred during the
penultimate ice age 190-130kya (Sjodin et al., 2012). Contrasting the
variance of Tajima’s D for different genetic compartments also
conveys relevant information with regard to past population sizes.
The values of Tajima’s D might be difficult to compare between
different loci because of potential differences in the sample size and in
the number of segregating sites, and some authors prefer to scale the
Tajima’s D with its minimum possible value D,;, (Schaeffer, 2002). In
an African population of Drosophila melanogaster, the variance of D/
Dinin, Where Dy is the theoretical minimum value of Tajima’s D, was
found to be reduced for the X chromosome (compared with the
autosomes and accounting for the difference in population size) and
this finding indicated a population expansion for an African
Drosophila population (Hutter et al., 2007).

Combining class I summary statistics: Fisher’s method and
Approximate Bayesian Computation
While Tajima’s D measures departures from neutrality that are
reflected in the difference between low and intermediate-frequency
alleles, there are many other SES-based summary statistics commonly
used to convey information about past demography (Ramos-Onsins
and Rozas, 2002). A typical difficulty arises when considering several
different summary statistics that should be combined into a single
coherent statistical framework.

Fisher’s method combines a number (s) of summary statistics and
computes the one-dimensional summary statistic

C= *zilog(Pval(i)) (1)

i=1

where Py (i) is the estimated P-value of the i-th summary statistic
(Voight et al., 2005). Using C as a test statistic, a P-value for each
demographic model is then reported using simulations. A second
approach consists of minimizing over the range of demographic
parameters a goodness-of-fit criterion that measures the discrepancy
between simulated and observed summary statistics (Schaffner et al.,
2005). A common drawback of these approaches is that they might
favor more complex models because they do not always account for
the different number of parameters in each demographic model.
Because a parametric bottleneck model usually encompasses a
standard constant-size model, it is expected that it would provide a
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better fit to the data and the bottleneck model should be penalized for
its larger complexity. Approximate Bayesian Computation provides a
coherent framework to compare alternative demographic models
(Pritchard et al, 1999). It is based on an acceptance-rejection
algorithm where the simulations of each model that provide the best
fit to the data are accepted. Then, the relative proportions of the
accepted simulations under each model provide the posterior
model probabilities. More advanced statistical approaches to evaluate
the posterior model probabilities are now frequently used to
compare alternative demographic models (Fagundes et al., 2007;
Sjodin et al., 2012). In the following, we will see that comparing
the statistical support of alternative demographic models is also
possible when considering the full SFS without summarizing it
(Gutenkunst et al., 2009).

Considering the entire SFS

We denote the SFS by m=(my,...,m, ) where my denotes the
number of variants/alleles that are carried by k individuals. Condi-
tional on the number of segregating sites and assuming independence
between sites, the vector m follows a multinomial distribution that
provides the likelihood function of the vector of demographic
parameters D

Pim;D) =[]\~ p*(D) 2)

where py is the probability that a variant is carried by k individuals
conditional on being segregating in the sample. Because we assume
that mutations occurred according to a Poisson process, the py’s are
given by the expected ratio between the branches leading to k
individuals and the total length of the coalescent tree, and this
expected ratio can be evaluated with simulations (Adams and
Hudson, 2004). This likelihood framework is very flexible because it
can account any demographic model for which a coalescent approx-
imation is available. In some sufficiently simple situations, closed-
form formulae exist for p; (Polanski and Kimmel, 2003) making the
model-fitting step using a multidimensional grid much more rapid
(Marth et al., 2004). Model checking can be conducted easily in this
setting because chi-square statistics are naturally constructed for
multinomial models (Adams and Hudson, 2004). Similarly to the
posterior probabilities obtained with Approximate Bayesian Compu-
tation, the statistical support of alternative models can be compared
with likelihood-ratio tests keeping in mind that standard chi-square
asymptotic results might fail because the likelihood formula is only a
composite likelihood in the likely presence of LD between SNPs
(Gutenkunst et al., 2009). Instead of estimating the probabilities py
with coalescent simulations, the pys can also be estimated with
diffusion equations using

pi= / (Z)xk(l—x)"‘kf(x)dx

x=0

(3)

where flx) is the solution of a diffusion equation providing the
probability that the derived variant is at frequency x in the
population. Likelihood formulae similar to Equation (2) are known
as the Poisson random field model (Sawyer and Hartl, 1992), which
has been thoroughly used to calibrate models of demography for
humans (Keinan et al, 2007; Gutenkunst et al, 2009) and other
species for which SNP data are available (Caicedo et al., 2007). In
addition, it can be generalized to models of divergence and isolation
between populations by considering the joint or multiple (across
populations) SFS (Gutenkunst et al, 2009). It is also possible to
account for genotyping error in the probabilistic model that provides



the theoretical SFS (Gravel et al, 2011), which can be useful
for new sequence data that may contain many genotyping errors.
An additional advantage of using the full SFS is purely graphical
because we can readily observe why a demographic model is
inadequate: because of the out-of-Africa bottleneck, the non-African
SES is clearly lacking low frequency polymorphisms for instance
(Keinan et al., 2007). Despite its success, the likelihood framework is
nonetheless not a compulsory way for fitting an SFS. Using simula-
tions to minimize a measure of discrepancy between observed and
theoretical SFS is also a fruitful approach (Frangois et al., 2008).

LD AND HAPLOTYPIC SUMMARY STATISTICS

Class II summary statistics

Haplotypic patterns and LD are affected by demographic history
(Pritchard and Przeworski, 2001). Many haplotypic summary
statistics—sometimes called class II statistics by opposition to the
class I SFS statistics—can be used to reconstruct population history
(Ramirez-Soriano et al, 2008) and we provide an admittedly
partial overview of five different approaches here. The first approach
is based on the idea that LD decays more slowly after the occurrence
of a bottleneck. For instance, the LD of European populations
typically extends to 60kb for common alleles whereas the LD of
African populations extends markedly less far and was taken as
evidence for a bottleneck experienced by the European population
(Reich et al, 2001). The second approach considers that simple
haplotypic quantities such as the number of haplotypes, the frequency
of the most common frequent haplotypes or the haplotype hetero-
zygosity are informative about past demography (Depaulis et al,
2003). Lohmueller et al. (2009) used the bivariate histogram of the
number of haplotypes and the frequency of the most common
frequent haplotypes for windows of fixed genetic length and they
fitted a demographic model with an approximate-likelihood method.
For a given number of haplotypes, the signature of a bottleneck would
be an excess of windows where the most common haplotype is at
unusually high frequency (Lohmueller et al., 2009). This signal of a
bottleneck was found for a population of European descent but
not for an admixed population of African origin (Lohmueller et al.,
2009).

Identical by descent (IBD) segments and runs of homozygosity

The third approach capitalizes on that homologous long segments
that are IBD from a common ancestor provide clues about past
population sizes. Compared with identical by state segments, IBD
segments are at the same time more informative about remote
relatedness (Gusev et al, 2012) but also more difficult to detect so
that dedicated algorithms have been devised for this purpose
(Gusev et al, 2009). Between pairs of individuals, the length of
the IBD segments decay exponentially with the size of the segments
(in centimorgans) and the rate of decay depends on the number of
meioses d on the path relating the two individuals (Huff et al., 2011).
The histogram of the sizes of the long IBD segments is typically
used to estimate the degree of relatedness between individuals
(Huff et al., 2011), but it is additionally informative about recent
founder events (or bottlenecks). Using the fact that the distribution of
the size L (in centimorgans) of IBD segments between a pair
of individuals separated by d meioses is an exponential distribution
of rate d/100 (Huff et al., 2011), we can integrate over the number of
meioses and show that in a standard coalescent model with a diploid
constant population size N, the probability distribution function of
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the length of an IBD segment is given by

2 1
)=
p(l) 100x2xN (2L/100 + 1/(2N))?

If a bottleneck occurred G generations ago followed by a strong
expansion that prevented lineages to coalesce during the expansion
phase, then the number of meioses can be approximated by twice the
sum of G and an exponential random variable of rate 1/(2N) where N
is the number of diploid individuals before the bottleneck. The
distribution of the tract length is then given by

2 . ) .
Pro(L) = —e 2GL/100 . .
10 2N(2L/100+1/(2N)) 4NL/100 + 1

(4)

(see Chapman and Thompson 2003) for more accurate formulae for
varying population sizes). Figure 4 shows that when a bottleneck
occurred, there is a linear relationship between the frequency of IBD
tracts (on a log scale) and the length of IBD tracts, and this linear
relationship fails for a constant-size population (Gusev et al, 2012).
This approach provided evidence for a bottleneck in the Ashkenazi
Jewish population that occurred some 23 generations ago and was
followed by a rapid expansion (Atzmon et al, 2010, Gusev et al,
2012). Although valid for sufficiently recent bottlenecks, investigating
the distribution of IBD tract lengths is not adequate for older
bottlenecks such as the out-of-Africa event because of the difficulty,
at least with the 500k SNP chips, of finding IBD segments shorter
than 3 cM (Gusev et al., 2012).

The fourth method interrogates two homologous chromosomes
within the same individual and computes the runs of homozygosity
(ROHEs) for different length classes (Kirin et al., 2010; Howrigan et al.,
2011). Long ROHs provide information on recent ancestry such as
recent effective population size but also on individual inbreeding
occurring because of marriage between relatives (Kirin et al., 2010).
For instance, the Oceanian populations have a very large numbers of
shorter ROHs (1-2Mb), but few long ROHs (>16 Mb), and it was
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Figure 4 Probability density function of the length of IBD segments.
A model of a bottleneck that occurred 20 generations ago with N=1000
founding diploid individuals, mimicking the Ashkenazy Jewish bottleneck
(Gusev et al., 2012). The model assumes a constant size with N=1000
diploid individuals followed by a strong expansion 20 generations ago that
prevented coalescence events. The two other models correspond to
constant-size populations with 500 or 1000 individuals.
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interpreted as the result of little inbreeding in recent times (large
recent effective population size) but reduced effective population size
in the past (Kirin et al, 2010). Unlike class II haplotypic summary
statistics, ROH is individual-based measures and provides a record of
the demographic history of an individual’s ancestors (Kirin et al,
2010). The outlier individuals who show significantly higher levels of
autozygosity are likely offspring of consanguineous unions (Auton
et al., 2009). However, a large number of genomic regions that are
homozygous across a high proportion of individuals, belonging to a
given population, rather provide an indication of a recent founding
bottleneck, which was suggested for East Asian and Mexican popula-
tions (Auton et al., 2009). Demographic history additionally affects
the fraction of the genome that is in ROHs (fROHs) (Henn et al.,
2011). The large fROH of 8% found in the Hadza population of
Tanzania, which contrasts with the standard 1-3% found for the
populations of the Human Genome Diversity Panel, was suggestive of
a recent and severe bottleneck in that population (Henn et al., 2011).

LD at different genetic distances

The fifth and last method based on LD uses analytic relationships
between measures of LD and the effective population size to
reconstruct ancient demographic history. For biallelic loci, denoted
as locus A and locus B, a common statistic used to compute LD is the
correlation between alleles at pairs of loci that can be expressed as

r= Das (6)
V/Pa(1 = pa)ps(1=ps)

where py and pp are the allele frequencies of one (say the most
frequent) of the alleles at the first and second locus and Djg=pap—
papp where pyp is the proportion of chromosomes carrying the most
frequent alleles at both loci. Providing an analytic formula for the
expectation of r or 2 has proven difficult (McVean, 2002); however,
Ohta and Kimura (1971) showed that ¢, the ‘standard linkage
deviation, which is the ratio of the expectation of D%,z and the
expectation of the product of allele frequencies (the denominator of
Equation (6)), is a function of the scaled recombination rate p = 4Nc
and ¢ denotes the recombination distance in morgans (McVean,
2002):

104 p

—_— 7
22+ 13p + p? @)

o2 =

Approximating the right-hand side of Equation (7) and considering
that the expectation of 7 can be approximated by o, the ratio of
expected values, McEvoy et al (2011) estimated N using the
approximation E[r?] =1/(2+ p). However, the approximation of
the expectation of 7 by the ratio o4 of the expectations
(Equation (7)) is rather poor for small genetic distances between
markers (Figure 5; Maruyama, 1982). Moreover, under a scenario of
recurrent bottlenecks, analytic approximations for 7 showed that
this measure failed to capture the long-range LD that was generated
by the successive bottlenecks (Schaper et al., 2012).

Hayes et al. (2003) argued that LD over different genetic distances
could be used to reconstruct the change in effective population size
over time if it has evolved at a constant linear rate. Their main idea,
first introduced by Hill (1981), is that LD over long genetic distances
should reflect the recent effective population size, whereas LD over
short genetic distances should reflect effective population size further
back in time. In particular, Hayes et al. (2003) and McEvoy et al.
(2011) argued that r* (or a related measure) between markers at a
genetic distance of ¢ can be used to infer the effective population size
1/(2c¢) generations ago. To infer the effective population size using this
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Figure 5 LD measures and analytic approximations. A sample of 100
chromosomes (of length 500 kb) was simulated for a constant population
size model of 10000 diploid individuals assuming a recombination rate of
1.5 x 108 per site and per generation, and a mutation rate of 1.2 x 108
per site and per generation. Only pairs of segregating sites with genetic
distance <0.25cM were considered. At least 10 million simulated pairs of
segregating sites were grouped into 500 equally spaced bins according to
their genetic distance between O and 0.25cM. The product of allele
frequencies, D? values and r2 values were averaged across all pairs of
segregating sites in each bin. The Ohta and Kimura (1971) expectation was
computed following Equation (7). The McEvoy et al. (2011) approximation
corresponds to 1/(2 + p).

approximation, an accurate genetic map is needed. Additionally, the
method rests on the approximation E[r?] =1/(2+ p), which can be
rather crude (see Figure 5). Nevertheless, this LD-based approach has
been used to re-confirm a substantial reduction of the effective
population size accompanying the out-of-Africa event as well as a
dramatic re-expansion of the non-African populations (McEvoy et al.,
2011).

FULL SEQUENCE METHODS

Skyline plots

For all methods discussed so far, the demographic history has to be
specified with a parametric model. A simple bottleneck model can for
instance involve four parameters: the ancestral effective population
size equal to the present-day population size, the time at the onset of
the bottleneck, the duration of the bottleneck and the effective
population size during the bottleneck. Because population history is
much more complex than those described by parametric models, it
motivated the development of semi- and non-parametric methods of
demographic reconstruction (see Ho and Shapiro, 2011 for a review).
Pybus et al. (2000) introduced the ‘skyline plot’ framework that
provides a very flexible estimation framework of population history.
Assuming that the genealogy of the sequence data is known, the
coalescence time #; during which there are 7 lineages in the coalescent
tree is exponentially distributed with a mean of (2 x 2N;)/i(i —1)
generations where Nj is the diploid effective population size during
this time period. The skyline plot is therefore given by the trajectory
of the estimated effective population N;=i(i —1)t;/4 during the time
when there are i lineages in the coalescent tree. Because the obtained
trajectories were rugged, more sophisticated methods have been
implemented in the BEAST software and in the ape R package



(Ho and Shapiro, 2011). These improvements include the integration
over different possible gene genealogies to account for multi-loci data,
and the smoothing of the trajectory of the effective population size
(Ho and Shapiro, 2011).

Scaling to whole-genome sequences

With the development of new sequencing technologies, future
methods of demographic inference would have to scale with the
dimension of full genomes. Skyline-plot methodologies typically
require the reconstruction of the genealogy of each non-recombining
segment (Heled and Drummond, 2008), and it might become
computationally prohibitive as the number of segments grows. Recent
progress in reconstructing demographic history with large-scale
whole-genome sequence data was achieved by Li and Durbin
(2011). With a single diploid genome sequence, the principle is to
reconstruct the TMRCAs (Times since the Most Recent Common
Ancestor) along the genome. Using a hidden Markov model where
the TMRCA values are the hidden states, the TMRCAs are recon-
structed based on the local density of heterozygotes. Because the
transition probability of the hidden Markov chain (conditional
distribution of TMRCAs) depends on the temporal variation of the
effective population size, estimates of the change of the effective
population size over time are provided when fitting the hidden
Markov model. Although this approach confirmed the signature of a
bottleneck in non-African populations, it also revealed an unforeseen
bottleneck in African populations ~50kya that requires additional
confirmation (Li and Durbin, 2011).

CAVEATS

The sensitivity of the SFS-summary statistics to demographic and
genetic assumptions has been thoroughly investigated (Thornton,
2005; Ramirez-Soriano et al., 2008; Stidler et al., 2009). One of the
most prominent confounding effect is population structure that is
known to have a profound effect on the SFS (De and Durrett, 2007;
Stadler et al., 2009). Most other recent statistical methodologies for
inferring past population sizes—ROH, IBD tracts, Skyline plots, LD at
different genetic distances, and whole-genome sequence methods—
are also likely to be affected by many confounding factors including
population structure, but their impact on these methods have not yet
been thoroughly investigated.

Confounding and biasing factors: genetic factors

Confounding factors can lead to false positive results: a bottleneck can
be incorrectly inferred because population structure was not
accounted for. Biasing factors are slightly different because they bias
the estimates of the demographic parameters, such as the time at
which a bottleneck starts. Confounding and biasing factors consist of
at least two types: genetic factors that arise from a poor specification
of the molecular properties of genetic change over time, and
demographic factors, which involve particular events (for example,
migration or stratification) that are not accounted for. A straightfor-
ward biasing genetic factor concerns the mutation rate. For example,
for humans where high-quality genetic data are abundant, estimated
mutation rates differ by a factor of 2-3: the rate estimated using
mother-father-child trios (or quartet) (The 1000 Genomes Project
Consortium, 2010) is 2-3 times lower (10 ~#/bp/generation) com-
pared with estimates from human-chimpanzee comparisons
(2.5 x 10*8/bp/generati0n; Nachman and Crowell, 2000) but a
consensus is emerging for a mutation rate around 1.2 x 10 ~8/bp/
generation (Scally and Durbin, 2012). For most other organisms, the
uncertainty about mutation rates is much greater. Another important
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genetic effect arises from a poor specification of the recombination
process. For instance, the mean of Tajima’s D depends on the value of
the recombination rate and incorrect assumptions about the recom-
bination rate can lead to substantial biases in estimates of bottleneck
parameters (Thornton, 2005). Class II statistics are even more
sensitive to the recombination process (Ramirez-Soriano et al.,
2008). Lohmueller et al. (2009) acknowledged that one of the major
disadvantages of their haplotypic summary statistic method to infer
bottleneck parameters is its dependence on accurately modeling the
distribution of recombination rates across the genome. They sug-
gested that their method should only be used in combination with an
accurate genetic map. Ramirez-Soriano et al. (2008) also warned that
class IT summary statistics should not be used if recombination levels
are unknown because tests of demographic expansion based on class
II summary statistics were too liberal for poorly specified recombina-
tion processes. This sensitivity is unfortunate because class II
summary statistics based on haplotypic summaries are generally more
powerful than class I SFS summary statistics to detect demographic
expansions (Ramirez-Soriano et al., 2008) and bottlenecks (Depaulis
et al., 2003).

Although class I summary statistics are more robust with respect to
the recombination process, reconstructing an unbiased SFS involves
several difficulties. First, there is the recurring ascertainment bias with
SNP data that is difficult to account for except if the ascertainment
strategy is known precisely (Nielsen et al, 2004). With the new
sequencing technologies, the ascertainment bias will no longer be a
problem but reconstructing the SES is still challenging; for example,
the conjugate effect of sequencing errors and random sampling of
alleles at heterozygous sites affect the SFS, in particular for low- to
medium-coverage data. To address these issues, Keightley and
Halligan (2011) developed a maximum likelihood approach to
reconstruct the SFS from error-prone medium-coverage sequence
data.

Confounding and biasing factors: population structure and
sampling
The second type of problematic factors is the demographic processes
that are not accounted for when fitting simple demographic models
to empirical data, such as panmictic models of population size
changes. Population structure is a notable confounding factor for
demographic expansion: pooling samples from different populations
skews the SFS toward low-frequency polymorphism (for example,
negative Tajima’s D) mimicking the pattern generated by population
expansion (Ptak and Przeworski, 2002). Figure 6 illustrates this
‘pooling effect’ (Stadler et al., 2009); under a scenario of recent range
fragmentation, the mitochondrial Tajima’s D decreases as a function
of the number of sub-populations in the fragmented habitat. More
ancient range fragmentation will additionally affect the autosomal
values of Tajima’s D (Sjodin et al., 2012). Adding to the confusion,
population structure can also mimic the SFS of a bottleneck (Nielsen
and Beaumont, 2009; Chikhi et al, 2010). Both a deficit of singletons
and an excess of high-frequency polymorphisms (positive Tajima’s D)
can be generated under island and stepping-stone models (De and
Durrett, 2007) when the sampling is performed locally (no pooling,
see Figure 6). More generally, the sampling scheme affects the SES: the
SES of pooled samples (multiple individuals from multiple demes)
being intermediate between the SFS of local samples (multiple
individuals from one deme) and the SFS of scattered samples (one
individual per deme) (Stadler et al., 2009).

Besides the SFS, the confounding effects of population structure
have also been investigated for other summaries of polymorphism

Heredity



o

Inferring population size changes with sequence and SNP data
LM Gattepaille et al

416

Local sampling
/ of 100 genes

Global sampling
/ of 100 genes

< nN »
'.O.o:."’ N ;ooo"‘.l\l..
/
N 1doN N, 1 doN
N N N NN ™
(XX Y] 0000 ccc 0000 } 100 (XXX}

a 08
©
£ 0.6
@
= 04
o
c
8§ 02
£
0.0 -
T T T T - I I I I I I
5 10 15 20 5 10 15 20 5 10 15 20
Nb of subpopulations n Nb of subpopulations n Nb of subpopulations n

Figure 6 Effect of different models of population structure and different sampling strategies on Tajima's D. Average values of Tajima’s D over 100000
replicate simulations of divergence models with global sampling (left panel), island models with local sampling (central panel) and island models with
global sampling (right panel), as function of the number of demes. The simulated samples are composed of 100 chromosomes (of length 50 000 bp), with
a mutation rate of 1.2 x 108 per site and per generation and a recombination rate of 1.5 x 108 per site and per generation. In all models, the demes are
of size 10000 present-day diploid individuals, and n represents the number of demes. In the local sampling scheme, all chromosomes are sampled from
one deme only. In the global sampling schemes, however, the chromosomes are sampled from all the demes, with an almost equal number of chromosomes
within each deme (plus or minus one chromosome). No migration is allowed in the divergence model, whereas a migration rate of 1 x 103 migrants/

generation is assumed in the island model.

data. Under the stepping-stone model and the island model, De and
Durrett (2007) also showed that LD decays more slowly with genetic
distance than expected for a panmictic population mimicking the LD
decay of a bottleneck. Another potential biasing factor for haplotypic
summary statistics is recent admixture. It biases the estimates of
demographic parameters based on class II statistics whereas the SFS
summary statistics are more robust (Lohmueller et al, 2010). For
example, Lohmueller et al. (2010) managed to recover the demo-
graphic history of West African populations with SFS summaries of
SNPs from African-American individuals whereas the haplotypic
statistics did not provide consistent estimates of past African
population sizes.

Providing a demographic reconstruction based on the SFS or based
on haplotypic measures has consequently numerous caveats that
should be addressed. Fortunately, some of these caveats are known
and their impact on the inference can be tested. For the ROH, length
of IBD tracts, methods based on LD at different distances, Skyline
plots and whole-genome sequence methods, we currently lack
extensive investigations about the potential confounding and biasing
factors, partly because some of these methods have recently been
introduced.

Interpreting a signal for a bottleneck

Having controlled for all of these potential caveats, the genetic
signature for a bottleneck may be found to be robust. The remaining
question is then to provide an explanation or interpretation of the
bottleneck. Sensu stricto, a bottleneck is the situation in which a
population goes through a severe but temporary population restric-
tion (Maruyama and Fuerst, 1984). A naive interpretation of the
bottleneck signature found in the human European population would
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then be that this population experienced a bottleneck of ~60kya
within Europe, although we know that this bottleneck should rather
be interpreted in a spatial context under a scenario of serial founder
effects connected with the out-of-Africa migration (DeGiorgio et al.,
2011). The bottleneck signal in non-Africans is caused by the
relatively small number of individuals migrating out of Africa some
60kya carrying a subsample of the much greater genetic diversity
present among African populations. Quoting the psychologist Wil-
liam James ‘we must be careful not to confuse data with the
abstractions we use to analyze them’. This problem of interpretation
can be particularly acute for non-model organisms for which we may
lack knowledge about past demography.

Another challenge is to interpret the fluctuations of the effective
population size. The fluctuation of census size is not the only factor
affecting the effective population size. For instance, the very long
ROHs found in the South and West Asiatic populations were
interpreted as the result of inbreeding occurring because of con-
sanguineous marriages, that is, non-random mating (Kirin et al,
2010). Similar patterns were rather interpreted as evidence for
founding bottlenecks in the East Asian and Mexican populations
(Auton et al., 2009). Distinguishing between the two potential
explanations (which are not mutually exclusive) might be difficult
because the two scenarios involve a reduction in the effective
population size.

PERSPECTIVES

There is a large spectrum of methods to infer historical changes in
population size. An emerging class of techniques, which was not
addressed in this review, concerns the use of ancient DNA for
demographic reconstruction. The ability to infer population histories
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Data Species Statistics Simulations Bottleneck Ref.

SNPs Homo sapiens LD decay Coal.-1 pop Non-African bott. Reich et al. (2001)

SNPs Homo sapiens SFS-LD-Fst Coal.-IM model Out-of-Africa Schaffner et al. (2005)

SNPs Homo sapiens SFS Coal. 1 pop Out-of-Africa Adams and Hudson (2004),
Marth et al. (2004) and
Keinan et al. (2007)

50 10-kb sequences Homo sapiens Class I-LD decay Coal. 1 pop Out-of-Africa Voight et al. (2005)

50 500-bp sequences

24 1-kb sequences

Homo sapiens

Homo sapiens

Class I-Fst

Class I-Fst-Stats based
on Multipop-SFS

Coal.-IM model

Coal.-IM model

Coal. 1 pop
Diffusion IM model

No simulations

Out-of-Africa + Toward
America
Pygmies

European bott.
Out-of-Africa

Out-of-Africa

Fagundes et al. (2007)

Patin et al. (2009)

Lohmueller et al. (2009)
Gutenkunst et al. (2009);
Gravel et al. (2011)
McEvoy et al. (2011)

SNPs Homo sapiens Class Il

SNPs Homo sapiens Joint-SFS

SNPs Homo sapiens 2 measure of LD

SNPs Homo sapiens IBD segments

SNPs Homo sapiens ROH

Whole genome Homo sapiens Local density of

heterozygotes

61 20-kb sequences Homo sapiens Class |

X-linked and autosomal Drosophila Class | and II-LD

sequences melanogaster

X-linked and autosomal Drosophila SFS

sequences melanogaster

~300 500-kb sequences Drosophila Class | and Il
melanogaster

Coal. 1 pop Ashkenazy Jewish Atzmon et al. (2010) and
Gusev et al. (2012)

Coal. 1 pop Hadza Henn et al. (2011)

Coal. 1 pop Bott. in all continents Li and Durbin (2011)

Coal. 1 pop No speciation bott. Sjédin et al. (2012)

during ice age

Coal. 1 pop Non-African bott. Haddrill et al. (2005) and
Thornton and Andolfatto
(2006)

Coal.-2pop IM European bott. Hutter et al. (2007)

model

Coal.-IM model Southeast Asia Laurent et al. (2011)

Abbreviations: bott., bottleneck; Coal., coalescent; IBD, identical by descent; IM model, Isolation and Migration model; LD, linkage disequilibrium; ROHs, runs of homozygosity; SFS, site-

frequency spectrum.

can be enhanced by including ancient DNA because it adds the
temporal information to the DNA data (Mourier et al., 2012). Among
the different methods reviewed here, the ones based on haplotypes
and on shared genomic segments (ROH, IBD tracts) have been shown
to provide information about more recent demographic event (see
Table 1; Atzmon et al., 2010; Henn et al., 2011; Gusev et al., 2012).
Aside from the specific nature of statistical summaries, we believe that
contrasting statistical summaries for different genomic compartments
(Fay and Wu, 1999, Blum and Jakobsson, 2011) and different
sampling strategies (Stadler et al., 2009) can be very powerful because
it can provide additional information about demography for the
study species/population.

In addition to the classical methods that fit statistical summaries
with numerical simulations of polymorphism data, more sophisti-
cated methods (Heled and Drummond, 2008; Li and Durbin, 2011)
have been developed that add to the current toolbox of population
geneticists. These methods considerably facilitate the fitting of
demographic processes because the user does not need to specify a
parametric model of demographic changes. However, little is known
about the effects of confounding and biasing factors on these methods
and interpreting the result in terms of demography is often difficult
since many factors can affect effective population sizes. In addition, a
recommended practice would be to investigate the predictions
obtained with the calibrated demographic models. Based on SFS,
LD or haplotypic statistical measures for example, simulations can
readily be used to check if the fitted demographic model can
reproduce the main features of the polymorphism data (see for

example, Thornton and Andolfatto, 2006; Sjodin et al., 2012). In the
end, proposing the model of population size changes that best fits the
data will give us an idea of the demographic scenario that can have
generated the patterns of variation and it will help us to advance our
understanding of the evolutionary history of the population or
species, at least by producing models that future inference methods
can be tested against.
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