Molecular Ecology (2007) 16, 2237—-2245

doi: 10.1111/5.1365-294X.2007.03288.x

Estimating the number of founder lineages from haplotypes
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Abstract

We consider an isolated population founded by a small number of individuals randomly
chosen from a source population of known genetic composition at a known time in the past. We
develop a Monte-Carlo maximum-likelihood method for estimating the number of founding
individuals from the haplotype frequencies at several SNP (single nucleotide polymorphism)
loci in a sample. We assume the isolated population was founded recently enough that that
mutation can be ignored and that haplotype frequencies in the source population have not
changed. We apply the method to simulated data and show that it is unbiased. With a rea-
sonable number of individuals sampled, it is possible to estimate the number of founders
within a factor of 2. We show that the performance of the method is not degraded sub-
stantially if the frequencies of the rare haplotypes in the source are not known precisely
and if there is some recombination. We illustrate the use of our method by applying it to a
previously published data set from a recently founded population of wolves (Canis lupus)
in Scandinavia.
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Introduction

The establishment of a new population by a small number
of founding individuals can result in substantial differences
in allele and haplotype frequencies between the newly
founded population and the source of founders. This episode
of genetic evolution is called a founder effect. In evolutionary
biology, founder effects have been suggested to cause
rapid morphological evolution (Mayr 1954), evolution
across ‘adaptive valleys’ (Wright 1932), and evolution of
reproductive isolation (Carson & Templeton 1984). Further-
more, founder effects are thought to be responsible for
the unusually high incidence of some Mendelian genetic
diseases in isolated human populations (Vogel & Motulsky
1996) and to have created conditions suitable for linkage
disequilibrium mapping (Hastbacka et al. 1992).
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Although founder effects are frequently called upon as
agents of rapid genetic change, most evidence for founder
effects has been circumstantial, except in rare instances
when historical records indicate the number of founders.
In some cases, the circumstantial evidence is very strong.
Populations of plants and animals on remote islands and
archipelagos such as the Galapagos were almost certainly
founded by small numbers of individuals; there is no
plausible way for large numbers of founders to have gotten
there. In other cases, there is less agreement. Although
the cichlid fishes of the African Rift Valley lakes have
undergone rapid morphological divergence and specia-
tion, founder effects may not have played an important
role (Meyer et al. 1990). Individuals of Ashkenazi Jewish
ancestry have numerous monogenic diseases in relatively
high frequency, but there is disagreement over whether
those high frequencies are the result of selection or founder
effects (Slatkin 2004).

Because of the potential importance of founder effects,
it would be desirable to have a method for estimating the
number of founders of an isolated population. That would
allow quantitative assessment of the intensity of a founder
event. In this study, we introduce a method that is applicable
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to data at closely linked single nucleotide polymorphism
(SNP) loci. We assume that an isolated population was
founded at a known time in the past by individuals from
a source population that is still extant. For convenience,
we refer to the isolated population as the island popula-
tion. We assume that individuals from both the island and
source populations have been typed at several closely
linked SNP loci and that haplotype frequencies in both
samples have been estimated. The problem is to esti-
mate the number of founder individuals from the genetic
data.

Our method is similar to one developed by Anderson &
Slatkin (2007). The difference is that Anderson and Slatkin
assumed that data are available from a set of unlinked
multi-allelic loci. Their method is appropriate for the
analysis of data from unlinked allozyme and microsatellite
loci, for which it is reasonable to assume that all or nearly
all alleles in the source population have been identified.
The method presented here focuses on haplotypes at
linked SNP loci, for which the number of haplotypes may
be so large that many of the rarer haplotypes will not be
found in a sample from the source population. Further-
more, low levels of recombination can create haplotypes
found in the isolated population that are not present in the
source population. To account for both of these possibilities,
we group low frequency haplotypes into a single category
and show that making this approximation in the presence
of realistic amounts of recombination does not degrade the
performance of our method.

Other theoretical studies have modelled the effects of
bottlenecks in population size and founder events. Vincek
et al. (1997) estimated the number of founders of the
Darwin’s finches on the Galapagos Islands by analysing
variation at a major histocompatibility (Mhc) locus. Vincek
et al. simulated the effect of a founder on the number of
overdominant alleles in an isolated population and com-
pared their results with observations of the number of
Mhc alleles currently found in Darwin’s finches. Because
the rate of loss of overdominant alleles is very small, their
analysis is appropriate for populations that were founded
in the distant past. Vincek et al. (1997) did not have samples
from the potential source population so instead assumed
that the pattern of variation in the source was similar to
patterns of variation in class II Mhc loci in humans. They
assumed, as we will, that no new mutations occurred
since the founder event. They inferred that the founder
population for the Galapagos finches contained at least
30 individuals.

Gaggiotti ef al. (2004) considered a slightly different problem
than we do. They used multilocus genetic data to estimate
the relative contributions of different source populations
to an island population and to evaluate the relative impor-
tance of other factors, such as geographical distance and
size of the source population, in affecting the contributions

of each source population. Gaggioti ef al. (2004) used
simulated data to show that their method performed well
under a wide variety of assumptions. Foll & Gaggiotti (2005)
described an improved program, COLONISE, that implements
this method.

A closely related problem is finding genetic evidence
for a past bottleneck in population size. This problem is
more difficult because the population before the bottle-
neck, which corresponds to the source population, is not
available for study. The pattern of pairwise differences
in the DNA sequences of nonrecombining genes such as
mitochondrial DNA can indicate multiple episodes of popu-
lation growth, which can be interpreted as evidence of one
or more bottlenecks (Rogers & Harpending 1992). Several
studies have shown that allele frequencies following a
bottleneck will tend to be more even than expected in a
population of constant size (Nei et al. 1975; Watterson 1984;
Maruyama & Fuerst 1985; Cornuet & Luikart 1996; Luikart
& Cornuet 1998). Cornuet & Luikart (1996) and Luikart
& Cornuet (1998) evaluated the power of two tests for past
bottlenecks based on difference between the observed
heterozygosity and the heterozygosity expected for the
observed number of alleles. They found that these tests
have some power but only if the bottleneck was quite recent.
These tests are unable to estimate the population size
during the bottleneck, which corresponds to the number
of founders in our analysis.

Approximate Bayesian computation (ABC) methods
(Beaumont et al. 2002; Chan et al. 2006) have been used to
estimate the numbers of founders. Estoup et al. (2001)
estimated founder population sizes and other parameters
of a complex demographic model of several island popu-
lations of cane toads, and Estoup & Clegg (2003) estimated
founder and current population sizes of the bird species
Zosterops lateralis in New Zealand, Tasmania and nearby
islands. In both cases, as well as in the recent study by
Chan et al. (2006), prior information was needed for the
analysis.

Hey (2005) adapted the program M (Nielsen & Wakeley
2001) to estimate of the number of founders of the Native
American populations. IM implements a Bayesian method
that simultaneously estimates the time of divergence of
populations, the sizes at the time of divergence, the extent
of gene flow since divergence, and mutation rates. Hey
(2005) estimated the founder size of Native Americans to
be approximately 80 individuals. He performed extensive
simulations showing that the method performed well
on data simulated under a model embodying essential
features of the history.

Our analysis is similar to that of Estoup et al. (2001),
Estoup & Clegg (2003), and Hey (2005) but is based on a
much simpler model. We assume that the history of the
island population and its extent of isolation are known and
that only the founder size is to be inferred. By focusing
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on a more narrowly defined problem, we can examine the
ability to infer a population genetic parameter under the best
possible conditions. The method was tested on an SNP data set
from a recently founded population of wolves in Scandinavia.

Method

The problem is to estimate the number of founding
chromosomes for an island population established T
generations in the past. The island population was established
by a group of individuals randomly sampled from a single
source population which still exists and is available for
study. The time T is assumed to be small enough that
mutation is not important, and the source population is
assumed to be large enough that the allele and haplotype
frequencies observed today represent the frequencies
when the island population was established. In other
words, we allow for genetic drift acting between found-
ation event and current time on the island but not in the
source.

Exact method

We assume that haplotypes at L loci can be determined
in a sample from the isolated population. Our focus will
be on single nucleotide polymorphisms (SNPs), which are
diallelic; the total number of possible haplotypes is k = 2L.
We begin by assuming no recombination, in which case
our model is equivalent to a model with k alleles at a single
locus. With that restriction, the theory is equivalent to that
of Anderson & Slatkin (2007). The data consists of the
numbers of each of the k distinct haplotypes in a sample
from the island population today (t = 0), represented as a
vector, n=[n,, .., m]. The number of chromosomes
sampled is n = Xk, n,. The haplotype frequencies in the
source population are p=I[p;, .., pl. Although those
frequencies have to be estimated from other data, we
assume initially they are known without error; we discuss
later the effects of error in estimates of p. Part of the goal
of our analysis is to establish whether it is possible in
principle to estimate the number of founders in the highly
idealized model we examine. Then we can consider how
good an estimate can be obtained when various complicating
factors are taken into account.

In the exact method, we assume all elements of n and
p are known. An isolated population is founded by m/2
diploid individuals T generations in the past and has grown
according to a function N(t) between f = 0 (the present) and
t = T[N(T) = m]. We assume exponential growth at rate
r: N(t) = merT-b /2. Given r and m, the current population
size is determined, N(0) = merT/2. The sample of n chromo-
somes is drawn from the island population at ¢ =0. At a
locus, those 11 chromosomes are descended from j ancestors
at time T in the past when the population was founded;
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j is a random variable which has a known distribution,
given by equation 6.1 of Tavaré (1984) with ¢ replaced by
time rescaled to account for population growth

T
dt’
T= 1
J 2N eqn 1
(Griffiths & Tavaré 1994):
" Qi - D=1, 0
Pr(jln,r) _ Z (2i Y1) Ji-p™i e-iti-Dt/2 (eqn 2)

i JWG = Ping,

where ag=a@a+1) ..(a+i-1) and g =a@-1) ..
(a—i+1). The parameter r is added to the left hand side
to emphasize the dependence on it. All the dependence
on r is through its effect on 7, which can itself be regarded
as the free parameter of the model. Equation 2 assumes
that only one coalescent event occurs at a time, which
is equivalent to assuming a diffusion approximation for
allele frequency evolution on the island. This equation
represents the coalescent process with drift driven by the
exponential growth rate in the island population between
foundation event and time of sampling.

Given j, the allelic composition at the locus, the con-
figuration of the sample, j = {jj, ..., j,}, has a multinomial
distribution with frequencies p = {p,, ..., p;} and sample
size j:

1] . .
Pr(jl p) = [ z I' 'Jp{l... il
JI

To find the probability of data, n={n;, ..., n,} given j,
we use the fact that under the assumptions of the neutral
coalescent (Kingman 1982), all configurations of the
descendants are equally probable, meaning

i)
)

To find the overall probability of the data, we sum over all
j and all configurations of alleles in the founders:

Pr(nlj) =

Pr(nlr) = z Pr(jlr) ZPr(j lp)Pr(nlj)

j=2 Jit et i=i

This probability is the likelihood of 7, as a function of the
data.

For small j, this sum can be evaluated exactly. For larger
j, the exact calculation is impractical, but the sum can be
approximated by using the Monte Carlo procedure. To
approximate the inner sum for each j, we generated repli-
cate sets of {j;, ..., ji} from the appropriate multinomial
distribution, and then took the numerical average over
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replicates. We then summed over j. If data are available for
independent loci, the likelihoods computed for each locus
are multiplied. From the likelihood, the maximum like-
lihood estimate (MLE) of r is found. In the analysis of
simulated data, we present results in terms of 1 under the
assumption that the current population size is known.

Approximate method

The exact method breaks down if there are a large number
of possible haplotypes because the elements of the vector
p=1py, ..., p;} cannot be estimated accurately. It is quite
likely that when a sample from the source population is
taken for the purpose of estimating {p,, ..., p;}, some rare
haplotypes that are present in the island population will
not be found in the sample from the source population.
In that case, the exact method fails because the likelihood
of ris 0 if a haplotype found on the island has a 0 frequency
in the source.

To avoid this problem, the approximate method uses
only those haplotypes that are relatively common in the
source population. We choose a threshold value of haplo-
type frequency, Q, and keep track of only those haplotypes
for which p, = Q. We assume there are K such haplotypes
and that the haplotypes are numbered so that p;>Q for
1=i=Kandp, <Qfori> K. The value of Q is arbitrary and can
be adjusted to suit the available data. All other haplotypes
are put in a single category, for which the net frequency
is py = X, x p; The approximate method is the same as the
exact method described above with the difference that the
low frequency haplotypes are treated as a single haplo-
type regardless of their identity. In the equations for exact
method, k is set to K + 1 and p, is set to p,,.

Simulation tests

We carried out a series of simulation tests of the performance
of the two methods described above. We assumed that
source population was of constant size and adjusted the
parameters so that a specified number of haplotypes were
present in source population. Haplotypes frequencies in
the source population were simulated using the program
ms (Hudson 2002). We used a very large sample (10 000
chromosomes) in order to have a good indication of the
haplotypes frequencies in the entire population. For each
simulated data set, we computed the number of SNPs,
the number of haplotypes and the frequencies of each
haplotypes in the sample. The different haplotypes of each
simulated data set and their frequencies were then assigned
toa given ‘class’ depending on the number of SNPs and the
number of haplotypes (for example, eight SNPs and nine
haplotypes). By running s for a large number of independent
loci, we could thus obtain a specified number of replicates
with the right number of SNPs and haplotypes. The parameter
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Fig. 1 Effects of varying the sample size. Results were obtained by
combining information from 10 loci in each of 100 replicate data
sets. In part A, m = 20; in part B, m = 200.

0 (= 4Np) was set to 0.2, 0.8 and 1.0 for 4, 8 and 12 SNPs,
respectively, in order to maximize the number of samples
in the target class. For each set of parameter values, we
chose randomly 100 samples in a given class and used
them to estimate the frequencies of the source population.
For each set of parameter values, we estimated m for
each of 100 replicate data sets. The figures show the mean
estimate and approximate 95% confidence intervals obtained
by dropping the lowest and highest two estimates (of 100).

Figures 1, 2 and 3 show the performance of the exact
method on simulated data. In all cases, the final population
size is 2 x 106. In all figures the true value is indicated a
grey line and the results from analysing the simulations are
connected by black lines. Figure 1 shows the effect of
varying the sample size (11). For smaller m (20), there is little
effect of increasing sample size. For larger m the confidence
interval becomes smaller for larger sample size. In both
cases, the estimator appears to be nearly unbiased and the
extent of bias is only weakly dependent on sample size.
Figure 2 shows the effect of varying the number of inde-
pendent loci. In these cases and others not shown, increas-
ing sample size reduces the range of estimates obtained.
Figure 3 shows the effect of varying the number of haplo-
types in the source population. The performance improves
as the number of haplotypes increases.
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Fig. 2 Effects of varying the number of loci. In part A, m = 20;
in part B, m = 200 and n = 20; in part C, m = 20 and n = 50.

Figures 4 and 5 show the performance of the approxi-
mate method. Figure 4 shows the effect of varying Q, the
threshold values of haplotype frequencies. The case with
Q =0 corresponds to the exact method. For the smaller
value of m, estimates of m are surprisingly insensitive
to variation in Q. The approximate method remains
nearly unbiased. For larger m. however, the bias increases
substantially with Q. For Q = 0.2, the average estimate of
m is approximately half the true value.

Figure 5 shows the effect of applying the approximate
method (with Q = 0.05) on data simulated with recombina-
tion. The eight loci were assumed to be evenly spaced on
the chromosome; the recombination rate ¢ is frequency of
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Fig. 3 Effects of varying the number of haplotypes. In part A,
m = 20; in part B, m = 200 and n = 20; in part C, m = 20 and n = 50.

recombination between the SNPs at each end. Recombina-
tion has a relatively small effect on the performance of the
approximate method under the conditions we considered.
The reason is that, because the isolated population was
assumed to have been founded recently, T = 100, recom-
bination did not have time to erode the linkage disequi-
librium created at the time of the founder event and alter
substantially the frequencies of the common haplotypes.
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The maximum recombination rate, 0.5, corresponds to a
rate of 0.5/770.071 between adjacent sites. Recombination
will of course create new rare haplotypes but those are
not distinguished when implementing the approximate
method.

Errors in estimating haplotype frequencies

Haplotype frequencies in the source population, the elements
of p, are not known exactly; they are estimated from
samples from the source population. To assess the effects
of errors in the estimates of p and also to indicate the effects
of changes in p after the population was founded, we
modified our method slightly. For a given data set, n,
and set of source frequencies, p, we drew a multinomial
sample of size S. In the sample, the haplotype frequencies
are indicated by the vector p’. In implementing our exact
method, we used p” instead of p. Figure 6 shows the effect
of varying S.

Application

To illustrate the use of our method, we analysed a data set
published by Seddon et al. (2005) who studied populations
of Scandinavian and Finnish wolves (Canis lupus). After a
dramatic decline, the Scandinavian wolf population was
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considered extinct by the 1960s (Wabakken et al. 2001).
However, in 1983, a breeding wolf pack, for which a micro-
satellite study indicated a Finnish/Russian origin, was
unexpectedly discovered in southern Scandinavia. This
newly established population started to grow exponentially
in the early 1990s after the arrival of a male immigrant
from the same Finnish population (Wabakken et al. 2001;
Vila et al. 2003).

Seddon et al. (2005) typed 24 unlinked SNPs from the
Scandinavian and Finnish populations. We reanalysed their
data set to determine whether our results are consistent
with the known history of the Scandinavian population.
We used the following parameter values. Wabakken &
Ronning 2003) estimated the total population size to be
76-96 individuals in the winter 2002/2003. Assuming
that the ratio of effective to census population size (N,/N,)
is between 0.26 and 0.42, we assumed that the current
effective size is estimated 20-40 individuals (Vila et al.
2003; Aspi et al. 2006; Liberg 2006). Finally, based on a
generation time of 3-6 years (Aspi et al. 2006; Mech & Seal
1987; Liberg 2006), we assumed the Scandinavian population
was founded four to six generations ago.

Seddon et al. (2005) genotyped 108 wolves that had been
sampled between 1983 and 2003. However, as our method
assumes only a single sample, we reanalysed data from
each sampling year between 1998 and 2003 separately. The
results are presented in Table 1. Our method indicates
that the number of founders for this wolf population was
small (four to eight individuals), as is consistent with the
historical record. The approximate 95% confidence inter-
vals, based on the log-likelihood curve, are large enough
that there may indeed have been only two founders of
the Scandinavian population.

This SNP data set is not optimal because each locus is
composed of only one SNP. As a consequence, variability
at each locus is low and the full power of our method
cannot be utilized. Also, the sample sizes are small and
the model on which our method is based does not account
for immigration after the founding event. Nevertheless,
our results are approximately consistent with the known
historical record.

Discussion and conclusions

Our results show that it is possible to estimate the number
of founders of an isolated population by examining variation
in haplotype frequencies in that population and the source
of founders. Although the conditions we have assumed are
restrictive, namely that both the source of founders and
the time at which the population was founded are known,
those conditions are met in some situations. Many new
populations have been established or re-established both
accidentally and intentionally. Even when the historical
record indicates the number of founding individuals, as in
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Table 1 Application of the method described in the text to the
data set of Seddon et al. (2005). MLE indicates the maximum
likelihood estimate of the number of founders; 95% CI is 95%
support interval of the MLE, defined to be the largest and smallest
values of the number of founders for which the log-likelihood of
the number of founders decreases by 2

Current Generations
Sampling Sample population since
year size size establishment MLE 95% CI
1998 8 20 4 4 [2-9]
40 4 5 [3-8]
20 6 6 [2-17]
1999 6 20 4 7 [2-19]
40 4 5 [2-16]
20 6 15 [4-20]
2000 18 20 4 6 [3-11]
40 4 7 [5-10]
20 6 10 [3-17]
2001 26 30 4 7 [5-10]
40 4 8 [5-10]
30 6 7 [3-15]
2002 21 30 4 7 [4-11]
40 4 7 [5-11]
30 6 12 [4-17]
2003 9 20 4 6 [3-15]
40 4 5 [3-11]
20 6 13 [4-18]

the example of the Scandinavian wolf population, the
analysis of genetic variation in those populations can either
confirm what is known or imply that additional, previously
unknown founder individuals have contributed to the
population of interest.

Although our method estimates the number of founding
lineages when explicit assumptions are made about the
time of founding and subsequent population growth,
it actually estimates the net extent of genetic drift since
the population was founded, which is summarized by
the derived quantity 1, defined in equation 1. For some
purposes, it is better to estimate 7 directly, thus dispensing
with the need to make explicit assumptions about the
history of the isolated population. That would be appro-
priate, for example, when testing for selection on one locus
in the isolated population.

Our results show that under the conditions we consid-
ered, it is possible to estimate the number of founders of an
isolated population with some confidence. We recognize,
however, that the assumptions underlying our analysis are
quite restrictive. The time of founding, the subsequent
history of growth, and the identity and composition of
the source population are assumed known. Under these
conditions, it is possible to isolate and quantify the net
effect of genetic drift because genetic drift is the principal
source of randomness. That is not likely to be true under
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all conditions. In other cases, genetic drift may have effects
that are of the same order of magnitude as the uncertainty
in other components of the model, thus making it very
difficult to separately quantify the effect of genetic drift
and accurately estimate the number of founders. Part of the
purpose of a model like ours is to make explicit the various
sources of randomness and their role in affecting estimates
of parameter values.

Electronic resources

The source code of a ¢ program that implements the
method described in this study and the data files that were
analysed to produce the results in Table 1 are available at
http: //ib.berkeley.edu/labs/slatkin/software.html.
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