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ABSTRACT

Recombination is an important evolutionary factor in many organisms, including humans, and under-
standing its effects is an important task facing geneticists. Detecting past recombination events is thus
important; this article introduces statistics that give a lower bound on the number of recombination events
in the history of a sample, on the basis of the patterns of variation in the sample DNA. Such lower bounds
are appropriate, since many recombination events in the history are typically undetectable, so the true
number of historical recombinations is unobtainable. The statistics can be calculated quickly by computer
and improve upon the earlier bound of Hupson and KarLaN (1985). A method is developed to combine
bounds on local regions in the data to produce more powerful improved bounds. The method is flexible
to different models of recombination occurrence. The approach gives recombination event bounds between
all pairs of sites, to help identify regions with more detectable recombinations, and these bounds can be
viewed graphically. Under coalescent simulations, there is a substantial improvement over the earlier
method (of up to a factor of 2) in the expected number of recombination events detected by one of the
new minima, across a wide range of parameter values. The method is applied to data from a region within
the lipoprotein lipase gene and the amount of detected recombination is substantially increased. Further,
there is strong clustering of detected recombination events in an area near the center of the region. A
program implementing these statistics, which was used for this article, is available from http:/www.stats.ox.

ac.uk/mathgen/programs.html.

ECOMBINATION is one of the major influences

on genetic diversity in many organisms. Under-
standing well the part it has to play is crucial to applica-
tions including disease association mapping and to
many population genetic analyses. Of particular interest
in humans is answering the question of how much evolu-
tionary recombination has occurred in different geno-
mic regions; this has major implications for the effort
required, and difficulties involved, in disease-mapping
studies. This question is very difficult to answer through
traditional pedigree-based methods used to estimate re-
combination rates, because we are often interested in
recombination within a relatively short region. For such
aregion the likelihood of a recombination event in any
one generation is likely to be extremely small, although
recombination events over much longer genealogical
timescales can still have a strong influence on the popu-
lation ancestry. In this case, the size of pedigree study
required to observe sufficient recombinations within
the region, to estimate the rate of occurrence of these
events accurately, is often prohibitively large. The rapid
expansion occurring in available sequence data sets en-
ables a different approach based on the analysis of such
data. Although all genetic variation is ultimately created
through mutation, recombination can create new vari-
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ants by combining types already present in the popula-
tion. Detecting such historical recombinations is impor-
tant in understanding the role of recombination in the
creation of the patterns of variability that we observe.
These detections enable us to reconstruct events that
have shaped the history of a present-day sample.

In this article we develop methods that can be applied
to DNA sequence data to obtain lower bounds on the
number of recombination events that have occurred in
the genealogy describing the joint history of a sample.
Such lower bounds are useful since they give a measure
of the extent this genealogy must differ from a tree
structure (which is what we would see in the absence
of recombination). Further, since some recombination
events are fundamentally undetectable (for example,
both parents of the recombinant are of the same type
in the region sequenced) it makes sense to consider
the minimum number that might have occurred in the
history. The new methods also allow us to look at the
pattern of detection across a region, giving an idea of
where more historical recombination events may have
occurred.

The bound R,, introduced by HupsoN and KAPLAN
(1985) already gives a minimum number of recombina-
tion events in the history of a sample. It is based on the
four-gamete test, which infers a recombination event
between pairs of diallelic loci at which all four possible
gametic types are present. Such an event must have
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occurred if both loci have mutated at most once since
the ancestor of the sample. R, is constructed through
testing all pairs of loci in the region sequenced and
using the four-gamete test to construct a collection of
intervals, within each of which recombination is de-
tected. Under the conservative assumption that overlap-
ping intervals signal the same recombination event, the
algorithm of Hupson and KaprLan (1985) finds the
largest subset of nonoverlapping intervals from the origi-
nal collection. R,, is then the number of such intervals
(each of which must indicate a different recombination
event). R,, has the advantage of being very fast to com-
pute, but it is not optimal; there is often no possible
history for the data in which there are R,, recombina-
tions. Further, it is known that R, misses most of the
recombination events in the sample history (Hupson
and KapLAN 1985), particularly where the mutation data
are limited or the rate of recombination is high. Thus
there is reason to hope that an improved minimum
could offer detection of more recombination events.

HriN (1990, 1993) also introduced and developed an
algorithm that can be used to give a minimum number
of recombination events for a set of sequences, using a
dynamic programming algorithm that works along the
polymorphic sites. Unfortunately this method becomes
computationally infeasible for larger numbers of se-
quences, for example, more than eight, due to the fact
that the method must consider a large number of possi-
ble evolutionary trees at each locus. For these cases an
approximating algorithm must be used that no longer
guarantees that the solution is a true minimum. Cur-
rently no known algorithm will rapidly compute the true
minimum number of recombinations thatare needed to
construct a history for a given data set.

Here we develop two new statistics, R, and R, which
give lower bounds on the number of recombination
events in the history of a sample. A computer program
that can calculate both R, and R, upon input of a set
of sequence data has been written. For any given data
set, R, = R, = R,, so both minima offer an improvement
over R,,. Both statistics employ a technique developed
here that enables the combining of local recombination
bounds to create a better overall bound on a larger
region. The difference is on the way these local bounds
are obtained, and indeed future improved methods of
obtaining these bounds could result in further increases
in recombination detection. The first new bound R, is
based on bounding the number of recombination events
by calculating the difference between the number of
observed types in the sample and the number of segre-
gating sites; at least this number of types must have been
created at recombination, rather than mutation, events.
The second statistic R, bounds the number of recombi-
nations by approximating the history of the data using
a simplified version of recombination events, in such a
way that any true history for the data has more recombi-
nation events than one of these approximate histories.

By minimizing the number of such simplified recombi-
nations over all possible approximate histories, a lower
bound on the number of true recombinations is ob-
tained. R, is rapidly computable for large data sets, so
its statistical properties can be estimated by simulation
under different models. For every pair of loci, the mini-
mum number of recombination events between that
pair is easily obtainable, and the collection of such
bounds can be viewed graphically, so regions with more
detectable recombinations can be visually identified.
This can be used in conjunction with similar visual aids,
such as the pairwise linkage disequilibria and incompati-
bility matrix plots.

The statistic Ry, is applied to a real data example, the
lipoprotein lipase (LPL) data set sequenced by NICKER-
SON et al. (1998). For this data we compare the number
of recombinations detected by R;, and R,, and look at
whether the pattern of detections shows clustering of
recombination events along the 10-kb region sequenced
(as suggested by TEMPLETON et al. 2000a using a differ-
ent method). The findings are discussed in the light of
the assumptions under which R, is valid. Readers most
interested in the practical application of the new statis-
tics could go straight to this section.

The following gives a guide to the subsequent sections
in this article; the first few sections detail the method
and its implementation, followed by a section on simula-
tion results under a neutral coalescent model of evolu-
tion. Next is a section devoted to the LPL data set appli-
cation, before the final discussion. Some of the earlier
sections contain results that require proof; the simpler
results are proved within the text, while two longer
proofs are placed in separate appendices.

First, in COMBINING LOCAL RECOMBINATION BOUNDS
we explain the central mathematical concept of the
approach offered here. Given a collection of bounds
on how many recombination events are needed for each
of a collection of continuous subregions of a larger
region, we provide an algorithm (Algorithm 1) whereby
these bounds can be combined in an efficient manner
to give the best possible overall bound for the parent
region. This gives a general method to combine recom-
bination information from different subregions. Within
LOCAL RECOMBINATION EVENT BOUNDS we first consider
an existing method and then derive two new methods
to obtain such subregion bounds, for input into the
algorithm; the first new method results in the statistic
Ry, and the second the improved statistic R, (which is
not so rapid to compute), upon combining the bounds.

These two sections give enough for a basic implemen-
tation of the method; the simple example (of a small
constructed data set) of the following section illustrates
this and shows that the bounds R,, R, and R, can
give different numbers of detected events. A section
(IMPLEMENTATION OF THE BOUNDS) that details some
technical results important to implementing the meth-
ods efficiently follows; the reader less interested in this
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aspect could omit this. Following this, in SIMULATED
PROPERTIES we investigate how well all the minima per-
form under coalescent simulations, both to suggest sen-
sible parameter choices in obtaining R, (where we can
choose input values, increasing which improves the
bound but lengthens the time taken by the algorithm)
and to look at how much improvement is possible over
R,,, for different scaled mutation and recombination
rates and using the new statistics.

After the LPL application described above, in the
DISCUSSION we talk about aspects of the results found
and possible future applications of the statistics (for
example, estimating the recombination parameter p)
as well as possible further developments and extensions
to the methods introduced here.

We assume throughout that each mutation observed
in the sample is the result of a single mutation event in
the sample history; this holds, for example, in the so-
called “infinite-sites” model of mutation. Thus the sam-
ple types may be represented in binary form at each
locus. Further, itis assumed that there is no gene conver-
sion in the sample history, all recombination events take
the form of reciprocal crossover events, and the DNA
region that we analyze is sufficiently short that for every
recombination event within it, exactly one endpoint lies
within the region and the other outside. Thus we make
the same assumptions as used in the derivation of R,
by Hudson and Kaplan. If gene conversion is possible,
the statistics R,,, Ry, and R; will each give valid lower
bounds on the number of reciprocal crossover/gene
conversion event endpoints within the region. In the
event of repeat mutation the bounds produced may no
longer be valid; the degree to which this distorts the
results obtained will depend on the amount of repeat
mutation that has occurred.

COMBINING LOCAL RECOMBINATION BOUNDS

In this section we derive an algorithm to combine
sets of local regional bounds on the number of past
recombinations to obtain a bound for a longer stretch;
in the next section we see how such local bounds may
be obtained. The use of this algorithm is central to
obtaining all the minima developed in this article. The
general approach used here is to consider bounding
the number of recombination events as a mathematical
optimization problem. Suppose we have phased haplo-
type data for a sample of size n with S consecutively
labeled segregating sites at s;for (=1, 2, ..., 8. The data
provide information on recombination events between
pairs of segregating sites, in other words on the number
of recombination events 7 in the region (s, s41), for [ =
1,...,S— 1. Now suppose we have some method of
obtaining alocal bound B; on the number of recombina-
tions in the region (s, ) for i < j; possible ways of
obtaining such bounds are discussed in the next section.

Then we may write this bound mathematically in the
form of a constraint on the 7/s:

-1
2n= By (1)
=i

The total number of recombination events in the whole
region is Z{='r,. We wish to find a minimum number of
recombination events, so must choose a vector (7, 7,

., 15—1) giving the inferred recombination events in
each interval, which minimizes this sum while satisfying
all the local bounds. Thus for a collection (B;) of such
nonnegative bounds for the sample (some of which
may be zero), the minimum bound satisfying all the
constraints corresponds to the solution of the optimiza-
tion problem: Minimize =7 over nonnegative integers
{r;} such that

-1
>n=B; forl =i<j=3§. (2)
=i

This is an example of an integer linear programming
(ILP) problem. Various algorithms have been devel-
oped to solve such problems, although these can be
computationally costly for large systems. Fortunately, in
this case, we often have a relatively small set of con-
straints. More importantly, the fact that the constraints
and objective function are of the same form enables a
simple dynamic solution, which means we can easily use
combinations of bounds in this form. In fact, there is
an efficient method of solving (2), which can be used to
give the minimum number of recombinations between
every pair of segregating sites in the sample. This results
in 2 minimum bound matrix R with R, equal to the
minimum number of recombination events between
sites s and ¢ needed to satisfy the bound system. This
can be more informative than reporting a single realiza-
tion of a minimal solution since it incorporates uncer-
tainty as to where the detected recombinations occur
in the region. R may be constructed using the following
algorithm.

ALGORITHM 1. Define a matrix R, where for1 = s < { =
S, Ry is the optimal value for the objective function of the
integer linear programming problem: Minimize Zi=}v; over
nonnegative integers {r;} such that

j—1
2n=B; forl =i<j=S. (3)

=i
Then we may construct R by the following algorithm:

1. Set R=0 and k = 2.
2. (Maximization step) For j

R

-k

1,2,...,k—1 set
=max{R; + By:i=7jj+1,...,k— 1}

3. (Incrementing step) If k < S, increment k by 1 and go to
step 2.

In particular, the minimum for the whole region is given by
R] Se
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Proof. See APPENDIX A. |

This algorithm has been used to investigate the pat-
terns of detectable recombination in a human data set
from the LPL locus; the results from the analysis are
discussed later, in LPL DATA APPLICATION. R may be
viewed graphically, in a similar manner to the incompat-
ibility matrix; this is useful for visualizing the pattern of
detection along a length of sequence.

Thus we have a general solution enabling us to com-
bine different bounds on the number of recombinations
that occur in the history. Algorithm 1 is really a dynami-
cal programming algorithm, which efficiently gives an
optimal bound for every pair of sites. Further, if only
the overall bound is required, this can be obtained easily
by performing the algorithm but fixing j = 1 in the
maximization step. This gives the required bound after
looking at every element B; only once, so is an efficient
solution to the system (2). A particular optimal solution
vector can then be recovered by subtracting consecutive
elements of the row R;. produced. It should be noted
that this particular solution results in the placement of
all recombination events as far to the right along the
sequence as possible; this rightward bias can obviously
mean that the particular solution produced is not neces-
sarily a good indicator of where recombinations actually
occurred along the sequence. By working in the other
direction, we can equally subtract consecutive elements
of the column R to give another (not the same in
general) optimal solution. This will have a correspond-
ing leftward bias.

The optimization approach is also useful if we wish
to include known or model-based information about
the history of the sample, provided this can be phrased
as constraints on the 7’s. For example, if we wish to
impose 7, = 0 then we need only remove the term in 7,
from each constraint. This results in a system of the same
form as before, which may readily be solved through the
same algorithm; the new system will have no solution
if By+1) > 0, corresponding to a known recombination
in the interval (s, s.+1). An extension of this is the case
where recombination is allowed only between a few sites
or even a single adjacent pair of sites; this again results
in the same form for the system of equations, which
may be solved using the method of Algorithm 1. It is
clear that more complicated constraints could also be
introduced.

LOCAL RECOMBINATION EVENT BOUNDS

The usefulness of the approach above is dependent
on the quality of the collection of local bounds obtained.
Here we suggest one existing and two new methods
that give sets of local bounds, with later methods always
improving on the earlier ones. The first method simply
uses the four-gamete test (employed by HupsoN and
KaprLAN 1985 to calculate R,,) and incorporates the re-

sults of this test into the new framework; unsurprisingly,
the minimum this results in is equal to R,,, so with these
conditions Algorithm 1 gives an alternative method of
obtaining this statistic. More interestingly, the two new
methods result in statistics R, and R, respectively, when
Algorithm 1 is employed, and these two offer improved
detection over R,

The first of the two new methods creates a “haplotype
bound” for a local region on the basis of counting the
number of different types in the sample produced by
various subsets of the full collection of segregating sites
in that region and deducing how many of these types
must be created by recombination. The second, de-
scribed in Bounds from simulation of the sample history,
works by evolving the sample back, coalescing, and mu-
tating until a recombination event is needed, and then
choosing the recombinant from the remaining se-
quences. The chosen recombinant is then removed and
the process repeated until a single ancestral sequence
remains. The bound produced is the minimum number
of removals over the different choices of recombinants.
To obtain a local bound for a region, information from
segregating sites outside that region is temporarily disre-
garded in creating the history.

The bound that is possible depends on whether the
ancestral type is known or unknown at each locus; in
the case where we have an outgroup, the type is known
and this lends us extra information. If ancestral types
are known, then for convention we assume that the
ancestral type is designated as a 0 in the binary sequence
data.

Hudson and Kaplan’s R,: The conditions obtained
by Hupson and KaprLaN (1985) can be viewed in this
framework as the set of equations obtained using the
four-gamete test for recombination in the sample his-
tory. This uses the fact that if mutations occur only once
in the sample history, a recombination event can be
inferred in (s, s) provided all four possible gametic
types 00, 01, 10, and 11 are present within the sample
at the respective loci s; and s;. In this case we say that
sites ¢ and j are incompatible. In the form of the system
(2) we can view the result of the four-gamete test in
terms of a bound B, for each pair i < j of sites, where
B; = 1 if sites 7 and j are incompatible (so there must
be at least one recombination between sites ¢ and j)
and B; = 0 otherwise. Thus in this case, viewing the
system of constraints as a matrix, it is just the usual
incompatibility matrix of pairs. The algorithm given in
Hubpson and Karran (1985) that gives the minimum
bound subject to these constraints involves “pruning” of
the set of incompatible pairs and seems rather different
from the solution of Algorithm 1. However, it is clear
on closer inspection that both methods lead to the same
bound R,. In fact, the right endpoints of the disjoint
intervals remaining in Hudson and Kaplan’s method
correspond exactly to the only nonzero values for 7,
obtained in evaluating the particular optimal solution
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from the top row R.. Thus with these bounds the new
approach gives a new algorithm that will obtain the
same bound as the older method.

The bounding method above holds whether ancestral
types are known or unknown. However, in the case of
known types the bound can be improved slightly through
a refinement of the test. In this case, a recombination
can be inferred whenever the three types 01, 10, and 11
are present in the sample (GusriELD 1991, for exam-
ple). This is because we can effectively infer the exis-
tence of the ancestor type 00. Thus we can obtain a
lypes known incompatibility matrix and corresponding
equation system, the solution of which improves the
bound in certain cases; both the types-known and the
types-unknown bounds are referred to as R,, from here
on. The knowledge of ancestral types is not expected
to improve R,, much in practice, since for large sample
sizes the ancestral type 00 will be present for most pairs
of sites considered. Note that the improved set of equa-
tions obtained when types are known corresponds to
adding an all-zero type to the top of our list of sequences
and then proceeding as if types were unknown.

Haplotype bounds: The method above clearly throws
away information in the data about the recombination
history, since it considers only pairwise comparisons.
This results in a nonoptimality of the bound; it is not
always possible to construct a history for the sample
with only R,, recombinations. In fact, the incompatibility
bound can be viewed as a special case of a wider class
of bounds. Suppose that there are H = n distinct haplo-
types in our sample of size n. Consider any possible
history describing the evolution of the sample backward
in time. The ancestors of our sample may undergo re-
combination, mutation, or coalescence events in the
history, before all lineages eventually coalesce to a single
ancestor of the whole segment of DNA being studied
(GrrrriTHS and MARJORAM 1996b, for example), called
the most recent common ancestor (MRCA). At a time
¢t back from the present, let H, be the number of types
present in these ancestors, so H, = H. We can make
the following observations:

1. H, eventually declines to 1.

2. H, remains unchanged by a coalescence of two lines
(they must be identical types to coalesce).

3. H, decreases by at most 1 at each mutation or recom-
bination event in the history.

Looking forward in time from the ancestor to the
present, this means that each recombination or muta-
tion event in the ancestry creates at most one new type
of the H that must be created altogether to make up
the present-day sample. The original ancestor makes up
at most one of these types depending on whether or
not it is present in the sample. Then the total number
E of recombination or mutation events in the sample
history must satisfy £ = H — 1 to create the observed
number of types. Further, if the number of such events

equals A — 1, then one of the sample members is of
the same type as the sample MRCA. But we know the
number of mutations in the sample history; this is just
S as each segregating site is assumed to have mutated
exactly once since the MRCA. Hence, if Ris the number
of recombinations in the history, we have R = E — §
and this gives the bound

H — S — 1: Ancestor type present in the sample (4)

R= H-—S: Otherwise.

This may seem like a very weak bound, since whenever
there are more segregating sites than distinct haplotypes
it will give a negative answer, leading to a zero bound
on the number of recombinations. However, it becomes
much more powerful when we note that there is no
reason why we may not apply it to any subset of sites in
the data, not merely the full set of sites. Thus from the
original Ssites we may choose any §' = Ssay (for exam-
ple, the first, third, and fourth sites), consider the types
at these sites only, and obtain a corresponding local
bound that holds for the region between the endpoint
sites in our set (sites one and four in our example).
Examining many subsets will typically give a much-
improved bound collection! For a given local region,
the best “haplotype bound” is the maximum bound
obtained from applying (4) to subsets with the same
endpoint sites as that region. This collection of local
bounds gives the overall bound R, when Algorithm 1
is applied.

If we do not know ancestral types in the history, we
must use the first bound of (4) since the ancestral type
may or may not be present. If types are known, we know
which set of conditions in (4) is satisfied, depending
on whether or not there is an all-zero (ancestral) type
within the sample. Then if we always add an all-zero
type (before any other analysis) to the front of the list
of types in this case, as before it is clear that applying
the type’s unknown bound will always give the correct
lower bound here. Finally, if we consider only the subsets
consisting of pairs of elements (i.e., the endpoint pairs)
the haplotype bound is equivalent to the three- or four-
gamete test, and so the incompatibility test can be
viewed as a special case of (4).

If there are Ssites then there are a total of 2% subset
collections of these S. For large Sit is thus impractical
to consider all subsets of the original site collection,
particularly since we need to count types for each such
collection. The approach taken to address this problem
by the current implementation of the minimum is to
introduce parameters that reduce the set of site collec-
tions considered in producing R;,. There are two param-
eters, and these set (1) the maximal subset size S’ that
is to be considered and (2) the maximal distance apart
of the endpoint sites (after removing compatible sites).

Increasing either parameter will increase the number
of subsets used to give local bounds and can thus in-
crease the minimum produced. This improvement is at
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the cost of more computation time. The second parame-
ter sets the maximal width after removing sites compati-
ble with all others (which cannot affect Ry) from the
data set; further details of why this is done are given in
IMPLEMENTATION OF THE BOUNDS. Note that setting a
low value for this parameter means that local bounds
are computed only for the number of recombination
events between site pairs that are close together. Choos-
ing sensible values for these parameters often means
the bound obtained is as good as if all subsets were
considered; sample sizes of 1000 with hundreds of segre-
gating sites can easily be analyzed on an average Pen-
tium PC. In practice the best approach for a given data
setis to start with reasonable small values for the parame-
ters and then increase these until either the bound no
longer improves or (for a very large data set) the run
time of the program becomes too long. The implemen-
tation also performs further steps that reduce computa-
tion time; some of these are described further in the
section IMPLEMENTATION OF THE BOUNDS.

Bounds from simulation of the sample history: The
previous two bounds have had a somewhat loose genea-
logical interpretation in that they do not attempt to
directly reconstruct the history of the sample in any way.
Improvements to the bounds they offer can be made
through searching over such histories; this, however,
comes at a time cost relative to the previous bounding
techniques. The idea is to search over possible histories
of the sample.

The following proposition gives us a general condi-
tion under which we may simplify our sequence data to
produce a smaller data set, which requires the same
number of recombination events in the sample history.

PROPOSITION 2. For a sample S of size n, the minimum
number Ry of recombinations in the sample history until the
MRCA is equal to Ry, where the new sample S' is formed from
S by either of the following two events: (1) coalescence of two
sample members of the same type and (2) removal of a noninfor-
mative site. If the ancestral type at a segregating site is known,
it is defined as noninformative if and only if exactly one member
of the sample is of the mutant type. If the ancestral type is
unknown, the site is noninformative if and only if all but one
of the sample members are of the same type at that site.

Proof. See APPENDIX B. |

The proposition above enables us to produce data
set §', a smaller data set than S, which nevertheless
requires the same number of recombinations in its his-
tory, under certain conditions; in other words, to sim-
plify the problem of finding a minimum. More impor-
tantly it motivates the following algorithm, which gives
a lower bound for the number of recombinations needed
in a region to explain the history of a data set S consist-
ing of a list of sequence types at segregating sites.

ALGORITHM 3. A lower bound for the number of recombina-
tion events in the history of a data set S is given by the following
algorithm:

1. Initially put B = o and set R = 0.

2. If two sequences in S are of the same haplotype, coalesce
them. If a site s is noninformative, remove the data corre-
sponding to s from S. Repeat while it is still possible to
perform such an event and more than one sequence remains
n S.

3. If only one sequence remains at this point, record the number
of removal events R in the current history and if R < B
put B= R.

Otherwise more than one sequence remains; choose one
of the remaining sequences and remove it from the list S.
Add 1 to R and go to step 2.

4. If there remains some possible sequence of removal events
not yet tried, start a new history, set R = 0, and return to
step 2 with the original data set S. Otherwise return B as
the required bound.

Proof. The algorithm returns the minimum number
of removal events over possible histories of S, which
consist of coalescence, mutation, and removal events.
We use induction on the number of sequences n. Now
the algorithm is valid for n = 2 since no recombinations
are ever needed to construct a history for a sample size
of 2 or less. Supposing it gives a true lower bound up
to a sample size of n — 1, for a data set S with a sample
size of nlet Dgbe the frue minimum number of recombi-
nations required to construct a history for S. We need
to show that when applied to S, the algorithm returns
a number that is no larger than D

Considering beginning the algorithm, we know by
Proposition 2 that performing the second step of the
algorithm does not change the number of required
recombinations in the history. This step then produces
a modified data set ' say, which also requires Dy recom-
binations in its history. If §’ has n» — 1 sequences or less,
the algorithm then obtains a valid bound by assumption.
Otherwise, note that the first event back in time must
be a recombination to an ancestor of the sample, since
no other event type is possible. Letting H be some opti-
mal history of the data set §', with Dy recombination
events in total, this first recombination occurs to the
ancestor of sample member a say. Define a set §” as §'
with @ removed from the list. Then $” isasetof n — 1
sequences. Further, if we follow the evolution of the
ancestors of the members of S” using H, we obtain a
history for this modified data set. This history cannot
contain the first recombination event, so has at most
D; — 1 recombination events. Now our inductive hypoth-
esis tells us that applying the algorithm to S” will give
a bound of at most Dy — 1.

Since the algorithm tries all possible chains of removal
events, at some point sequence a will be chosen as the
first removal. The resulting data set is then S”. Because
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the algorithm gives a bound of at most Dy — 1 for this
data set, some chain of removals for §” then includes
at most Dy — 1 removals before step 4 of the algorithm
is reached. But adding « to the front of this chain gives
a list of removals for the original § with at most Dy —
1 + 1 = Dsremovals altogether, and as the bound given
is the minimum over such chains, the bound returned
by the algorithm is at most D, the true minimum. N

The basic idea of the algorithm is to look over possible
histories, using the proposition to perform events that
do not change the minimum number of recombina-
tions, where this is possible. If at some point before a
single ancestor is reached we must stop, it is necessary
to have a recombination event; we choose a member of
the current ancestor set to “recombine.” However, to
simplify things instead of recombining this sequence we
simply remove it from the list and continue. This results
in a simpler data set (which then needs no more recom-
binations) than the one we should have if we included
ancestors of the recombinant. It also speeds things up
since there is no need to look over possible breakpoint
positions. After enough removal, coalescence, and mu-
tation events have been performed, it is clear the data
set will evolve to a single ancestor state. Minimizing
removals over every possible such “history” then ensures
the bound obtained is valid; however, it may not be
optimal because of the incomplete consideration of re-
combination events. Although the proposition greatly
reduces the class of histories that need be considered,
the number of such histories can become prohibitively
large if there are many types and little simplification is
possible.

To obtain a local bound for the region between sites
i and j, we can construct a data set corresponding to
the types of all the sample members at just the sites
within that region. A bound B; will correspond to the
subset {s; Si+1, . . ., s} of mutant loci. Unlike for the
haplotype bounds there is no point in taking further
subsets of this set, since the bound obtained is obviously
increasing in the number of segregating sites in the
sample. Thus there is a total of S(S — 1)/2 subsets to
be tried in general. Further, the bound obtained
through this method is easily seen to always equal or
increase the haplotype bound for the corresponding
region; it models the history more carefully. Using Algo-
rithm 1 on the local bounds results in the statistic R,,
which often improves the minimum, through incorpo-
rating information about the positions of recombina-
tion events along the sequence. For large data sets it is
not always possible to calculate R,, due to a very long
computation time, and in this case using the haplotype
bound R, is the only option. This is more likely to be
necessary if the number of recombinations required for
a history is large. The best approach in practice might
be to calculate the (quick) haplotype bound and then

try to improve this by using R; if the original local
bounds obtained from this are not too large, certainly
no larger than about nine.

We now have a sequence of increasing bounds; for
any given data set R, = R, = R,,; as we might expect,
there seems to be a trade-off between the quality of the
bound obtained and the computational time to acquire
the bound.

EXAMPLE

The three methods of obtaining local bounds above
result in three different bounds, R,, R, and R,, on
inputting these local bounds into Algorithm 1. The fol-
lowing example illustrates the bounds and shows that
they are all different in general. Consider a sample of
only eight sequences, where the two types at each site
are expressed in binary notation and with known ances-
tral type at each site, denoted by 0:

Site 1 2 3 4
a 0000

0101
c 1100
d 0110
e 1111
f 1101
g 1110
A 1001

The incompatible site pairs are (1, 2), (1, 3), (1, 4), (2,
4), and (3, 4). This gives an incompatibility matrix B,
as below, and using Algorithm 1 or the original algo-
rithm of HubsoN and Karran (1985) gives R, = 2,
with a solution vector of (1, 0, 1) for the number of
recombinations between adjacent sites. Looking at
counting types, sites (1, 2, 3) considered together give
six distinct types and so a bound of 6 — 3 — 1 = 2
recombinations in this region; the same is true for sites
(2, 3, 4). Sites (1, 2, 3, 4) give eight types and thus a
bound of 8 — 4 — 1 = 3 recombinations, and no subset
containing both endpoints 1 and 4 improves this bound.
At this point we have obtained a set of local bounds
that can be expressed as a matrix By, shown alongside
the incompatibility matrix B;:

0111
0001
B, = OOOI’B”: (5)
0000
Now we can again use Algorithm 1 to find R,, the mini-
mal number of recombinations subject to the haplotype
bounds. This results in a value of R;, = 3 recombinations

for the whole region, with a minimal solution vector
(1, 1, 1) for the number of recombinations between
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successive sites. Note that even if we restricted our subset
search so the endpoints were separated by at most one
site [so the local bound for site pair (1, 4) drops to
zero], Algorithm 1 still recovers the same solution since
B + By, = 3, and R, = 3 still. This illustrates how
the algorithm can improve over using the local bounds
alone.

If we use the improved local bounds from searching
over sample histories (which will give R;) the bound
matrix becomes

(6)

4

2
By = 1l
0

SO O
SO O
SOO N

For an illustration, the top right bound of 4 (corre-
sponding to the local bound between sites 1 and 4) may
be attained by removing sequences b, f, & (viewed as
“recombinants” by the algorithm) and then removing
the mutation at site 4 (which is a singleton after these
three sequences are removed). No further simplifica-
tion is possible at this point, so sequence e is removed
from the list. At this point mutations and coalescences
can be performed until a single ancestor is reached,
so no further recombinations are needed. All other
possible simulated histories require at least four recom-
binations so this is the local bound given for the number
of recombinations between sites 1 and 4. Using Algo-
rithm 1 with the bounds of Bs gives a minimum bound
of Ry = 4 and an optimal solution vector (1, 1, 2) in
this case.

In this example we then have 2 = R, < R, < R, =
4, so the three bounds are all different, and the new
methods improve the detection over R,,. In fact, we can
easily construct a history with exactly four recombina-
tions in this case, so four is the true minimum. No other
algorithm could detect more than four past recombina-
tion events.

IMPLEMENTATION OF THE BOUNDS

We describe here some technical aspects of how the
bounds derived in COMBINING LOCAL RECOMBINATION
BOUNDS and LOCAL RECOMBINATION EVENT BOUNDS are
actuallyimplemented. The methods given in this section
give ways to reduce the time taken to obtain the corre-
sponding bounds, particularly Ry,

With the haplotype bounds, the number of subsets
of the set of sites is very large for a reasonably large
number of segregating sites. However, the implementa-
tion is aided by the following fact about the number of
haplotypes added by a given mutation:

LEMMA 4. For mutation data S for a sample of size n, define
Hy as the number of different types in the sample. For a given
mulation labeled s, construct data S' by removing the mutation
data corresponding to site s from the data S. Then

Hy = H;. (7)

Further, iof the mutation s is compatible with all other segregat-
ing sites in the region, S’ is such that

Hs'sz_ 1. (8)

Proof. Suppose the total set of sites is C. Then the
mutation data over C — s (i.e., without site s) partitions
the set of n sequences into a set of Hy equivalence
classes according to which type each belongs to. Adding
the mutation at s to form the list Cresults in a refinement
of these equivalence classes since if two sequences are
the same type for every mutation in C, they are certainly
of the same type for every mutation in C — s. The new
total number of classes is Hy by definition. Then trivially
H = Hy, the first inequality.

To obtain the second, for a contradiction suppose
H; = Hy + 2. Then at least two classes, F, and FE; say,
are split through adding the extra mutation; this follows
since the mutation data are binary and so when the list
of equivalence classes is refined through adding data at
asingle mutation site, each previous class is divided into
at most two disjoint classes corresponding to types 0
and 1 at the added site. Now since E, and E; are different
classes initially, without loss of generality there exists
some segregating site ¢ at which all members of I, are
type 0 and all members of F; are type 1; in the reverse
case we can simply swap the labels of the classes.

Since the mutation at s splits both E, and E,, there
exist members of both types 0 and 1 at s in each set.
But then all types 00, 01, 10, and 11 are present in
the sample at ¢, s, respectively, and these sites form an
incompatible pair. This contradicts the assumption of
s being compatible with all other sites, so Hy = Hy +
1, giving the lemma. |

COROLLARY b. For any given list C of segregating siles,
define R as the haplotype-based bound (4) obtained using the
mutation data from all sites in C. Now form a new list C' by
removing from C those sites that are not incompatible with any
others. Then

Re = Re (9)
so the set C' leads to an improved bound compared to C.

Proof. Consider taking the list C and removing the
nonincompatible sites one ata time. Then from Lemma
4, each successive removal reduces the number of types
by either one or zero. However, since each removal
reduces the number of segregating sites in the list by
exactly one, the haplotype bound 4 is either unchanged
or increased by one after each removal, giving the
corollary. |

Thus we need look only at incompatible sites to obtain
the best bound for a region; so the incompatibility ma-
trix itself is still very valuable in this case. This means
we can often greatly reduce the number of site subsets
that need considering to obtain local haplotype bounds,
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since many sites need never be considered for such
subsets. Our implementation calculates R, by first con-
structing the incompatibility matrix (and R,,) and then
removing those sites that are compatible with all others,
before obtaining bounds using subset search over the
reduced set. Further use of the condition is made by
choosing viable subsets; for example, checking the end-
points is not compatible with the whole of the set. The
algorithm also saves time, using a “branch-and-bound”
method; only subsets of a size up to the maximum that
could improve the current bound obtained for the sec-
tion are considered, and this maximal size is updated
as the current bound increases.

The bounds from simulation of the sample history
have also been implemented. Using Algorithm 3, the
implementation tries all possible histories, coalescing
or removing mutations from lines whenever possible (at
removal events the program first tries removing the first
remaining sequence, and then the second, and so on
until all possibilities are exhausted). It, too, uses a
branch-and-bound approach, simulating histories only
to the previous best recombination depth for a region.

SIMULATED PROPERTIES

Having developed methods that can potentially detect
more recombinations than the existing statistic R, a
question that is of obvious interest is how much improve-
ment we can expect to see. Another question is the
effect of different parameter choices on the value of R,
we obtain. Here we investigate both of these questions
under the simple neutral population genetic model of
evolution.

The properties of the various statistics giving a mini-
mum number of recombinations are difficult to calcu-
late analytically under even simple models. However,
they may be estimated under different population ge-
netic models through simulation. To do this for the
neutral model of evolution, standard coalescent simula-
tions (Hubpson 1983) were run with various recombina-
tion and mutation rates and different sample sizes. A
constant population size and no population subdivision
were assumed. Data sets were produced using R. R.
Hudson’s program ms, which simulates mutation data
under this model (among others), and the statistical
properties of the new minima were estimated. The effect
of known or unknown ancestor types was also tested.
Under this model, the evolution of a sample of n se-
quences back in time is governed by a stochastic process,
with rates dependent only on the scaled mutation and
recombination rates 6 = 4Nw and p = 4Nr. Here N is
the effective population size and ., rare the per gene,
per generation mutation and recombination rates, re-
spectively.

Figure 1 gives three charts showing the effect of differ-
ent choices of maximal subset size and maximal number
of sites spanned on the new haplotype-based minimum,

compared to Hudson’s minimum, for the particular
parameter choice 6 = p = 10 and sample sizes n = 25,
50, 100. Each number is based on a single data set
containing 10,000 simulated samples, with ancestral
types assumed unknown. It is clear that increasing the
subset size has a diminishing-returns effect; the increase
in number of recombination events detected diminishes
as the subset size gets bigger. The effect of increasing
this subset size on the average minimum obtained ap-
pears to be stronger than the effect of increasing the
maximal width considered; changing the latter parame-
ter can greatly increase the run time of the program.
As might be expected, using larger and wider spanning
subsets of the data yields the most benefit for large
sample sizes, where more information about the recom-
bination history of the data is available. The run times
for all 10,000 data sets were typically of the order of 10
min for subsets of size at most five, spanning at most
12 inconsistent sites. Thus for a single data set the pro-
gram will run very fast with much less conservative set-
tings; however, to learn properties of the distribution
of the statistic for different parameters (and so examine
different models in the light of the data, for example),
a fast run time is important. Obviously, to get the best
bound for a single data set one should use the largest
width and subset size possible.

The remaining simulations (except those for Table 2)
were run with a maximal subset size of five and maximal
width of 12 sites, which seems to be a reasonable com-
promise for speed and quality. This produces a mini-
mum, which is referred to as R, from here on. Figure
2 shows two histograms of the distribution of the two
statistics with 8 = 10, p = 10, 20 and n = 50, on the basis
of 100,000 simulated samples and unknown ancestral
types. It is clear that the new statistic R, often detects
substantially more recombination than does R,,. In fact,
from these runs the statistics coincided 0.33 of the time
for p = 5 (not shown on histogram), 0.09 of the time
for p = 10, and only 0.01 of the time for p = 20. While
both distributions are shifted to the right through in-
creasing p, the distribution corresponding to the haplo-
type minimum shows a more pronounced separation of
the peaks of the two distributions across the range of
recombination parameters considered. Thus it may be
that the new minimum carries more information about
the true amount of recombination in the history than
does the old.

To investigate the difference between the minima for
a wider range of parameter values, Table 1 shows the
mean and coefficient of variation (standard deviation
divided by the mean) of the two estimates for different
values of 6 and p, for n = 25, n = 100, respectively, and
all ancestral types known (types were assumed unknown
for the previous two simulations). Each data point is
based on 10,000 samples from the neutral distribution.
Run times for the program were strongly dependent on
the parameters used and varied from just a few tens of
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FiGure 1.—The effect of parameter choice on the expected minimum for 6 = p =

10. The three lines on each graph

correspond to maximal widths for subsets of 10 (bottom line), 12 (middle line), and 15 (top line) incompatible sites; the
horizontal axis gives the maximal number of members of each subset. For each graph, the point corresponding to a subset size

of 2 shows the expectation of R,,.

seconds for the = 1 values to several hours for the
0 = 100, p = 100 case to complete all 10,000 runs
(corresponding to a couple of seconds on average for
each simulated data set in the latter case). For a given
0 and p pair the n = 25 simulations took around one-
quarter of the time of the n = 100 simulations. Compar-
ing the expectation of R, for 6 = p = 10 with the types-
unknown case gives an increase in expectation from
4.21 to 5.28 and a change in scaled relative error from
0.46 to 0.43, for n = 25. For n = 100 the types-unknown,
types-known values are 7.60, 8.70 for expectation and
0.34, 0.33 for scaled relative error. Finally, for the estima-
tor R, the types-unknown numbers are 2.96, 0.46 (n =
25) and 4.45, 0.37 (n = 100), which compare to mean
and standard errors in the types-known case of 3.65,
0.44 (n = 25) and 5.08, 0.36 (n = 100). Thus, using
information about the ancestral types where it is avail-
able can lead to significant improvements in terms of the
number of recombinations detected by either statistic,
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particularly for small sample sizes (where the original
ancestral type is less likely to be present).

The most striking point is that the expectation of the
new minimum R, is much more sensitive than R, to
changes in recombination rate; so for a given value of
0 and increasing p, the gap between the two increases on
average. The coefficient of variation, though, remains
broadly similar between the two estimates across a wide
range of parameter values, with R, having a slightly
smaller relative error compared to R,,. For increasing
0 and fixed p, n, the expectations of R,, and R, will
converge to the same limiting value; for a given history
this corresponds to the number of different tree topolo-
gies across the stretch of DNA and the expectation is
the expected number of such topologies. This value can
be calculated; it is ~2.04 for p = 1 and n = 25, the only
case for which the limit is approached over the range
of 0 values considered, and in this case there is clear
convergence of Ry, and R,, for large 6. The limiting value

Ry

Ficure 2.—Histograms of R,,
and R, for 6 = 10, n = 50.
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F1Gure 3.—The effect of sample size on the expected min-
ima for three values of 6 = p. Each point is estimated from
10,000 simulated samples. The dotted lines with circles give
values for FE(R,), and the solid lines with crosses give values
for [E(Ry). The three pairs then correspond to 6 = p =5
(bottom pair), 10 (middle pair), and 20 (top pair).

here corresponds to detection of ~54% of the expected
total number of recombination events in the sample
history and is in fact the true minimum given the collec-
tion of ancestral tree topologies along the sequence;
this is more data than we can possess in practice, so
many recombination events will inevitably go unde-
tected. Although the minimum can give a guide to the
amount of recombination in the history, any minimum
will miss the greater proportion of recombination events
that have occurred and thus should not be used directly
to estimate the recombination parameter.

For bigger values of p, it is clear that 6 needs to be
very large indeed for the two estimators to become close
to one another, and the improvement from using R,
over R,, is greater for the larger sample size of 100 for
given parameter values. Increasing the length of DNA
sequence for which data exist corresponds, for uniform
per base rates of recombination and mutation, to in-
creasing p and 0 in proportion. For such increases, the
expected values of both minima increase approximately
linearly with the parameters, and the ratio of the two
remains approximately constant (though dependent on
the ratio of recombination to mutation rates).

The effect of increasing the sample size on the statis-
tics is also of interest; Figure 3 shows the expected value
of each statistic as a function of » for different values
of p = 0, and ancestral types are assumed known. Each
data point is based on 10,000 samples. The expected
number of recombinations detected increases slowly
with sample size in both cases, with the new minimum

TABLE 2

Estimates of the means of the different minima
for samples of size 10

0 Statistic 1 ) 10 20 50 100

5 E (R 027 097 148 209 297 3.64
E (Ry) 028 1.10 1.76 2.64 397 5.01
E (R 029 1.13 183 274 4.08 5.1
10 E (R, 0.43 158 245 354 524 —
E (R 045 1.79 292 445 7.00 —
E (Ry) 0.46 1.89 3.10 470 7.30 —

Dashes indicate where data were not generated due to a very
long expected run time. The data were generated assuming
known types with » = 10 and a maximal subset size of 12 and
width 12 for the R, estimates. For each set of parameters, all
three expectations are estimated from the same simulated
data set.

seeming to perform better relative to R,, as n increases;
the ratio of the two expectations is increasing with the
sample size. The increase in detection is, however, slow
in both cases; this reflects the fact that the total number
of recombination events in the sample history increases
only as plogn with sample size n and that mutations in
the correct portions of the ancestry are needed to detect
these few extra recombinations.

The statistical properties of the history-based bound
are much more difficult to estimate, since the bound is
impossible to compute in the current implementation
when the number of detected recombinations is large,
although for smaller obtained bounds, it may be rapidly
computed. This means that the algorithm tends to
“freeze” on occasional data sets, even when the simula-
tion parameters are quite moderate. Thus unfortunately
the simulation results of Table 2 correspond to only
10 sequences and varying rates of recombination and
mutation. They compare the means of all three types
of bounds, with types known, across this range of param-
eters in the model. The maximal subset size and widths
for the R, algorithm were both chosen here to be 12,
to observe as many recombinations as possible through
number of haplotypes only, for the purposes of the
comparison. The mean is a reasonable summary of the
difference between the minima since for any sample,
R, = R, = R,. The bounds from generation of the
history always took much longer to obtain than the
haplotype-based bounds (typically many hours for R,
compared to <5 min for Ry, for the full 10,000 simulated
samples). It appears from the simulations that the mini-
mum based on simulating histories offers little improve-
ment over the haplotype-based bound; however, this
may be misleading since the improvement offered is
probably much greater for larger sample sizes, where
there is more information about the unobserved history.
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TABLE 3

The expectation and coefficient of variation for R, for amodel
with a recombination hotspot in the center of the region (for
details see text) and uniform mutation rates of 5, 10, and 20

Subset size

0 Statistic 2 3 5 12
5 E (Ry) 1.48 2.20 2.93 3.00
5 Coeff. var. 0.55 0.51 0.55 0.57

10 E (Ry) 2.21 3.17 4.24 4.40

10 Coeff. var. 0.49 0.42 0.39 0.41

20 E (Ry) 3.35 4.46 5.55 5.70

20 Coeff. var. 0.45 0.39 0.35 0.35

The sample size is fixed at 50 and the ancestral type is
assumed known at each locus. The columns correspond to
different subset parameters for the bound; thus the first col-
umn actually refers to R,,; for the other columns, a maximal
subset width of 12 was used. For each parameter set, 10,000
simulated samples were created and the estimates for the
different widths are all based on this same data set.

This is reflected in the fact that the improvement in
detection over R,, is only moderate for n = 10.

The theoretical behavior of the different bounds rela-
tive to one another depends on the number S of segre-
gating sites in the sample. If S = 2, Hudson and Kaplan’s
minimum R, is obviously the optimal lower bound for
the number of recombinations. If § = 3, this is no longer
true (R, = 2 but R, = 4 here); however, a search over
all possible sets of genes with this number of segregating
sites reveals that the haplotype bound Ry, is in fact always
equal to the bound R;; though a history for the sample
requiring exactly R, recombinations cannot necessarily
be constructed. This does not hold for S = 4, since the
history-based bound R;is not equal to R), in some cases
here; it is not clear whether R, is optimal for these four
sites (there are many possible sets of genes to look at
in this case).

The next simulations here briefly consider what can
happen under a different model of recombination.
They give the means for the bound R,, of Hudson and
Kaplan and the new haplotype bound R, in a model
where there is variability in the recombination rate
across the region: a hotspot of recombination with an
otherwise uniform recombination rate. In fact, the simu-
lations use a model where the central 10% of the region
has a recombination rate of 100 times the average else-
where (having a cumulative recombination rate p =
10), and the overall recombination rate is 10.9 for the
whole length of the sequence. Uniform mutation rates
of 5, 10, and 20 across the sequence were then used,
with a sample size of 50. Table 3 gives the results under
this model for different subset sizes. It shows that with
these parameters, the improvement in expected mini-
mum over R, (the first column) of the new method is
about a factor of two, corresponding to detection of

twice as many recombinations within the region, using
the largest subset size of 12. This larger-than-usual im-
provement (compared with a flat recombination rate)
corresponds to the fact that the new minimum often
detects multiple recombinations within the hotspot, by
looking across it. The coefficients of variation seem fairly
similar except for the case where the mutation rate is
20; here the coefficient of variation of the new minimum
is somewhat lower. The fact that looking across the
hotspot leads to increased detection is also confirmed
by the increase in detection that occurs as the maximal
subset size increases through 3, 5, and 12.

Finally, one unexplored question is the effect of de-
partures from the given assumptions on the results ob-
tained for the minimum. All the statistics here will give
a true minimum under any model of selection, recombi-
nation rates, or population structure (although their
properties will be strongly dependent on the particular
model chosen), provided the two assumptions of no
gene conversion and no repeat mutations hold. How-
ever, if these are violated, then such events in the history
can be mistaken for recombinations by the algorithms,
and so the sensitivity to departures from the given as-
sumptions is important. Here we look only briefly at
the repeat mutation case. Data were simulated under a
neutral model, for 50 sequences with a uniform recom-
bination rate of 0 and 10 across the region, in a finite-
sites model with 10,000 sites. The scaled mutation rate
was chosen to be 10 across the region; however, on top
of this underlying rate 5 or 10 randomly selected sites
were chosen to be hypermutable with mutation rates
200 times the regional average. This corresponds to an
expected number of 0.90 mutations per hypermutable
site; so a proportion of such sites will undergo repeat
mutation. The results of Table 4 demonstrate that under
this moderate amount of repeat mutation, some multi-
ple mutation contributes to the minimum number of
recombinations, so that even if p = 0 there is some
false “detection.” We can measure the number of such
erroneous detections by the increase over the (in paren-
theses) expected number of recombinations detected
with no repeat mutations but the same rates. It seems
that the erroneous detections are almost as great for a
subset size of 2 (i.e., R,,) as for R}, with a subset size of 12.
Thus the relative contribution of the repeat mutations is
reduced slightly with the new minima. The relative er-
rors seem almost unaffected by the hypermutable sites
in the p = 10 case.

Although this is encouraging, it should be noted that
in theory the absolute contribution of such sites can be
worse for the new minimum than for R, if they have
mutated more than twice. This means that sites with
extremely high mutation rates could have serious bias-
ing effects on R,; however, these may be visible in prac-
tice through alack of linkage disequilibrium with nearby
sites, or more than two types may be present at these
sites. If such a site is strongly suspected to be hypermuta-
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TABLE 4

The expectation and coefficient of variation for R, for a model with 5 or 10 hypermutable sites in the region

(for details see text) and an otherwise uniform mutation rate of 10, with p = 0 or 10

Subset size

No.
p hypermutable Statistic 2 3 5 12
0 5 E (R,) 1.87 (0.00) 1.51 (0.00) 1.5% (0.00) 1.5 (0.00)
Coeff. var. 1.07 (0.00) 1.10 (0.00) 1.11 (0.00) 1.11 (0.00)
10 E (Rw) 2.43 (0.00) 2.70 (0.00) 2.77 (0.00) 2.77 (0.00)
Coeff. var. 0.80 (0.00) 0.82 (0.00) 0.82 (0.00) 0.82 (0.00)
10 5 E (Ry) 5.30 (4.64) 6.92 (6.12) 8.21 (7.33) 8.38 (7.49)
Coeff. var. 0.39 (0.38) 0.87 (0.87) 0.36 (0.35) 0.35 (0.35)
10 E (Ry) 6.14 (4.89) 7.93 (6.44) 9.28 (7.67) 9.46 (7.81)
Coeff. var. 0.39 (0.37) 0.37 (0.36) 0.36 (0.35) 0.35 (0.35)

The sample size is fixed at 50 and the ancestral type is assumed known at each locus. The columns again
correspond to different subset parameters for the bound; thus the first column actually refers to R,,; for the
other columns, a maximal subset width of 12 was used. For each parameter set, 10,000 simulated samples were
created and the estimates for the different widths are all based on this same data set. The term in parentheses
in each column gives the estimated number under an infinite-sites model with the same recombination rate

and the same overall mutation rate (including the contribution from the hypermutable sites).

ble, the best course might be to remove it before calcu-
lating the minimum.

LPL DATA APPLICATION

As an application of the new minimum, we examined
data corresponding to 9.7 kb of genomic DNA sequence
from the human LPL gene. For this data, we calculated
two lower bounds on the number of recombinations in
the sample history: R,, of HupsoNn and KaprLaN (1985)
and one of the new statistics, R, derived in this article.
R, was calculated using the methods described in com-
BINING LOCAL RECOMBINATION BOUNDS and LOCAL RE-
COMBINATION EVENT BOUNDS, and the associated bound
matrix R for the data was also calculated. Algorithm 1
was used to give R, which for every pair of sites gives a
lower bound for the number of recombination events
in the sample history that occurred between those two
sites. R, is the bound for the whole region, correspond-
ing to the endpoint sites.

The 9.7-kb region was sequenced by NICKERSON el al.
(1998) in 71 individuals from Jackson, Mississippi; North
Karelia, Finland; and Rochester, Minnesota. Here we
look at the data for each location in turn, as well as the
combined data set. Sites where phase was not deter-
mined (at frequencies of 1 or 2 in the whole sample)
were excluded, as were sites where the type was not
determined for every individual in the sample. It should
be possible to modify the algorithms so that missing
data of the latter type can be handled, but this has not
yet been implemented.

The amount of recombination detectable for this data
set has previously been analyzed by CLARK et al. (1998),
using Hudson and Kaplan’s R, and TEMPLETON et al.
(2000a), who used a parsimony-based method to infer

likely recombinations. Their method is not based on
finding a minimal number of recombinations, but on
identifying sample members who seem likely to be re-
combinants through a statistical approach. This method
suggested that 29 recombination events were detectable
in the history of the larger sample, which includes all
three populations. Further, TEMPLETON et al. (2000a,b)
concluded that repeat mutation might have a significant
role to play in the ancestry of the region. In particular,
they suggested that repeat mutations were likely to be
common in CpG base pairs. This conclusion was ques-
tioned by Przeworskr and WaLL (2001), who found
that with plausible higher mutation rates at CG dinucle-
otides, the prior expectation was that there should be
only around one repeat mutation event at the CpG sites
in the sample. This issue is of interest here, since such
repeat mutations can be misinterpreted as recombina-
tion events. Recent work by FEARNHEAD and DONNELLY
(2002) again suggests that repeat mutations are unlikely
to have played a major role in the evolution of the
sample and specifically thatit was likely that only around
one to five repeat mutations were in the sample history.

TeEMPLETON et al. (20002) found that the 29 recombi-
nation events found by their method were clustered
strongly near the center of the region, approximately
between sites 2987 and 4872, and suggested that this
was due to an elevated rate of recombination in this area.
If this is the case, we would expect a similar clustering
of the recombination events detected using the new
methods between sites 2987 and 4872. Of the recombi-
nation events suggested by TEMPLETON et al. (2000a),
21 of them fell within the suggested hotspot and only
8 outside. CLARK et al. (1998) looked at the spread of
recombination events detected using the algorithm of
HubpsoN and KapraN (1985) and did not find any such
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TABLE 5

The number of detected recombination events for the three data sets in the different site ranges,
calculated using R, and Algorithm 1

Site range
Region 106-2987 2987-4872 4872-9721 Full region
Jackson 10 (0.00347) 9 (0.00477) 13 (0.00268) 36 (0.00374)
Finland 2 (0.00069) 13 (0.00690) 11 (0.00227) 27 (0.00281)
Rochester 1 (0.00035) 13 (0.00690) 7 (0.00144) 21 (0.00218)
Combined 12 (0.00417) 99 (0.01167) 98 (0.00577) 70 (0.00728)

Pairs of entries give the number of detections and (in parentheses) the detections divided by the relevant
distance. The middle interval (sites 2987-4872) corresponds to the suggested recombination hotspot.

clustering. Although TEMPLETON et al. (2000a) argued
that this was due to false positives caused by repeat
mutations, an alternative explanation is that R,, simply
could not pick up the increased amount of recombina-
tion within a hotspot by looking only at incompatible
pairs.

The minimum number of recombination events found
using Ry, for each geographic location and the distribu-
tion of detections within the region sequenced are sum-
marized in Table 5. The statistic was calculated using a
maximal set width and subset size of 25 each (see Haplo-
lype bounds in LOCAL RECOMBINATION EVENT BOUNDS for
details on these parameters, the increasing of which
improves the quality of the bound produced). Table 5
also shows the number of detections per site for the
different regions for each location and the combined
data, calculated by simply dividing the number of detec-
tions by the distance between sites. For every region the
density of detection is higher in the suggested hotspot,
although the signal is weaker for the Jackson data set
(for which a number of sites within the hotspot were
removed due to missing data). For the Finland and
Rochester data, this increase in detection is very substan-
tial, and for the overall data there is support for more
recombination in the central region.

The new minima are all much higher than the corre-
sponding R,’s, which vary between 13 and 17 for the
three data sets, with an overall R, of 22 for the combined
data. This compares to R, = 70 when the data from all
three regions are taken into account, so the increase
in detection for this data set is very substantial. One
important proviso is that this could be an overestimate
of the minimum number if there has been repeat muta-
tion; however, each repeat mutation event could be
mistaken for only two recombinations at most. The Jack-
son data differ by having more detection at the 3" end
of the sequence and less within the hotspot than the
other areas. However, there is an additional signal for
more detectable recombination within the central re-
gion when we consider pairs of sites spanning sites 2987—
4872.

In fact, Figure 4 shows the number of detections be-
tween all pairs of sites, scaled by the distance between
sites, for all three regions and for the combined data.
This is a scaled version of the matrix R calculated as in
Algorithm 1. There is a clear tendency for increased
density of detection between pairs of sites where at least
one site is within the central zone (between the white
and black pairs of lines) or the sites span this region
(above and to the right of the black lines). This increase
is sustained even for sites some distance either side of
the central region. If there were an overwhelming
amount of repeat mutation (unless this was clustered
in certain regions) it would probably be expected to
cloud rather than enhance any signal of increased detec-
tion in certain regions, by causing false detections
throughout the region; thus the results here may be a
conservative estimate.

DISCUSSION

Assuming no repeat mutation, and with no gene con-
version, the new minima R, and R, presented here can
give substantially improved bounds over the incompati-
bility-based measure R, of the minimum number of
recombinations in the history of a sample. The bounds
developed here use more information about the sample
history than does the pattern of pairwise incompatibili-
ties. Moreover, with appropriate parameter choices the
bound R, is extremely fast to compute, while still giving
a good quality of bound; R, always gives an equal or
improved bound, for data sets sufficiently small for it
to be used. Compared to Hudson and Kaplan’s R,, statis-
tic the improvement is greatest when there is a substan-
tial amount of recombination in the history of a sample
or a large sample size. The new bounds are not the best
that might be theoretically obtained since itis not always
possible to construct a data history with R, or R, recom-
binations; however, they may come close to this opti-
mum for real data samples.

These minima can be used to obtain an instant visual
impression of where and how much recombination is
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F1GURE 4.—Density of detected recombinations for the different regions. For each plot, the incompatibility matrix is shown
below the diagonal. Above the diagonal the matrix Ris shown as calculated by Algorithm 1, with each entry scaled by the distance
between sites. Thus the color at the point (x, y) shows the number of recombinations detected between sites x and y divided by
the distance between x and y. The black and white lines show the boundaries of the suggested hotspot region (colors chosen
for contrast). Points above and to the right of these lines correspond to pairs of sites within or across the central region.

occurring in a given region. The pairwise incompatibil-
ity matrix is still important in this respect; it gives a set
of intervals in which we must put recombination events
to construct any history of the data. Viewing any system
of bounding Equations 2 as a generalized incompatibil-
ity matrix, recombination hotspots may be indicated by
large recombination bounds across the hotspot location
itself compared to neighboring regions. This picture is
enhanced when Algorithm 1 is employed to give a ma-
trix bounding the number of recombination events be-
tween every pair of segregating sites. Scaling each entry
by the distance between sites gives the number of de-
tected events per site, and the resulting matrix can be
viewed graphically (Figure 4). The idea of this scaling
is that the number of detections should increase approx-
imately linearly with distance if the recombination rate
is constant across a region. Although this is obviously
not perfect, the amount of visible recombination is sub-

ject to stochastic variation, and the distribution of segre-
gating sites within the region will also affect the pattern
of detection; we would on the whole expect the detec-
tions per site to be increased both within and across
any hotspot region. This should provide a clearer signal
than incompatibilities alone would give, before the use
of more sophisticated methods (for example, simulation
studies or a likelihood analysis), to check whether an
observed pattern was really significant in a statistical
sense. The development of such methods will be an
important tool in the reliable detection of local hetero-
geneity in recombination rates.

The method was applied to a recent data set of 9.7 kb
from the lipoprotein lipase gene. The new method de-
tected more than three times the amount of recombina-
tion as R, subject to the question of whether repeat
mutations have an important role to play in this region.
Further, the pattern of detection across the region
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showed substantial support for the presence of an ele-
vated recombination rate in the central region, which
has been suggested by other authors; this was most
strongly signaled between pairs of sites encompassing
this region, while the signal within the region itself was
more variable among the data sets from different geo-
graphic locations. Although the possibility of repeat mu-
tation is a concern, the presence of a few repeat muta-
tion events would not bias the minima too severely, since
many recombination events can be inferred for these
data.

It is important to note, however, that the new bounds
and perhaps any parsimony bound on the number of
recombinations in the history will miss the majority of
recombination events in a sample history for realistic
mutation rates; most recombinations will go unde-
tected. Thus the minimum should not be taken as an
indicator of the number of recombinations that really
occurred in the history. This is a result of the fact that
many recombinations do not create a novel haplotype
in the population across the region of consideration,
so may be omitted from a parsimonious reconstruction
of the history. Thus if we wish to estimate the rate of
recombination p itself in the region, the full-likelihood
methods introduced and developed by GRIFFITHS and
MARJORAM (1996a), NIELSEN (2000), KUHNER el al.
(2000), and FEARNHEAD and DonNELLY (2001) will be
the best if the data set is suitable for their use. For
larger data sets where this is currently impossible, one
approach suggested and implemented by WaLL (2000)
estimates the rate of recombination by performing maxi-
mum-likelihood estimation on summary statistics of the
data. This can be much quicker than performing the full-
likelihood inference and enables properties of the esti-
mators produced to be investigated, as long as the sum-
mary statistics used can be computed very rapidly for a
given data set. The increased sensitivity of the new min-
ima to the recombination rate, in tandem with the speed
of computation, may mean that in conjunction with
others they are useful statistics for incorporation into
such a scheme, and future work will investigate this
possibility.

Both of the two minima R, and R, introduced here
use an algorithm that can be used to combine a set of
local bounds on recombination events, to produce an
optimal overall bound. This framework is profitable
since anyvalid method of bounding can be immediately
incorporated into the system. Improvements over the
two new methods presented here of obtaining these
bounds will lead to improvements in the overall mini-
mum given; one obvious improvement over R;, might
be a hybrid of the history and haplotype-based bounds,
with the bound method choice dependent on the partic-
ular subset being considered. The method is very flexi-
ble to changing the particular model of recombination
points being considered and should be capable of gain-
ing reasonable bounds under a wide range of such mod-

els; of particular interest for human data may be models
where there is much more recombination than average
at particular areas within the region. As mentioned
above, the recombination bounds are able to give at
least some indication of the comparative level of recom-
bination across such hotspots relative to elsewhere in
the region.

Another question that needs studying is the effect
of departures from the given assumptions, no repeat
mutations and no gene conversion, on the minima pro-
duced. The example here shows that repeat mutation
can lead to erroneously inferred recombination events.
More generally, if either can occur, the obtained mini-
mum may not be a true lower bound on recombination
events, and so the sensitivity to some violation of these
assumptions is of importance. Where the assumptions
do not hold true, R,, and R, are still valid statistics for
performing inference, as long as the appropriate true
underlying model of the process is used for judging
the values given, but such departures may reduce the
information they carry about the parameters of interest.
In principle it should be possible to adapt the approach
used here to include the possibility of inferring repeat
mutations at certain sites (instead of recombination
events), although this has not yet been attempted; this
might make it possible to extract more information
about the recombination history of a sample where a
significant number of sites may have mutated more than
once.

The calculations of R,, R, and R, for this article
were performed by a C program called RecMin.c, which
implements all three statistics and is available from
http:/www.stats.ox.ac.uk/mathgen/programs.html.
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APPENDIX A: PROOF OF ALGORITHM 1

Before proving the optimality of the algorithm, we
derive a few results that are needed in the proof. The
first proposition gives an alternative algorithm that can
be used to find an optimal solution vector.

PROPOSITION 6. An optimal vector for the system of (2) is
given by the vector (v, ¥, . . ., &) generated by the follow-
ing algorithm.

1. Letkh = 1.

. (Maximization step) Set v = max{Bjy:i=1,2,...,
k.

3. (Updating step) Fori = 1,2, ..., kandj=k+ 2, k +
3, ... S, subtract ri¥ from B;.

4. (Incrementing step) If k < S — 1, increment k by 1 and
go to step 2.

Proof. We prove the result using the following lemma,
which gives the proposition immediately when applied

to the case k= S — 1. [ |
LEMMA 7. For any k = 1, 2, . . ., S — 1 the vector
(ri, ¥, . .., rF) obtained using the algorithm of Proposition

6 minimizes the sum R, = Z{_,7, subject to those conditions of
(2) satisfyingj = k + 1.

Proof. We use induction on k. The lemma is clearly
true for k£ = 1 as in this case, only a single bound B, is
used to give 7§, and r{ = By is clearly optimal with re-
spect to this bound. Further, the only condition of (2)
satisfying j = 2 is on Bj,.

Suppose the lemma is true up to and including the

(k — 1)th case. Then consider evaluating r¥ using the
algorithm of the proposition. We must show that

1. The vector (rf, r¥, ..., rf) satisfies all the condi-
tions of (2) with j =k + 1.

2. The vector minimizes R, over vectors satisfying these
conditions.

For condition 1, note that by the inductive hypothesis,
only bounds corresponding to elements B, may fail
to be satisfied. By the algorithm definition, we subtract
r§ from such a term B4y whenever ¢ = [ = k — 1.
Then as we go into the iteration to obtain r¥, the original
Byt 1s replaced by By = Big+y — 24! in the cur-
rent system. Hence the original condition will be satis-
fied if and only if 7§ = Bj,,,. But by definition r§ =
max{Bj+y, : ¢ = 1, 2, . . ., k} and thus the original
conditions are satisfied for all ¢, giving 1. Further, there
exists m such that ¥ = By, implying

k

Eﬁk = Bm(k+1)~ (Al)

=m
For condition 2, consider any vector (7, %, . . ., %)
satisfying the conditions defined in the lemma. Now
since (rf, r¥, ..., r_4) is minimal (taking this to be
the empty vector if m = 1) subject to a subset of these
conditions, we have

m—1 k

k
2n=2nt 2n
=1 =1 I=m

m—1

= ¥ + B+

=1
k
= oK
- Erl ’
=1

where the last line follows from (Al). Thus (7§, r¥,
., ) minimizes R;subject to the appropriate bounds
and the lemma follows by induction. |

The lemma is useful in itself, since it means that
for any k, our solution minimizes the number R, of
recombination events up to site k£ + 1, subject to the
set of bounds. The algorithm of Proposition 6 acts by
sweeping through the equation system from left to right,
and at the maximization step setting successive rj values
equal to the smallest value needed to satisfy all the
conditions whose last term is 7, the “minimum neces-
sary” at each stage. Then we decrease the remaining
bounds where there is a term in 7, by 7§, reflecting the
fact that 7, has already been chosen, in the updating
step. The choice of starting from the left rather than
from the rightis arbitrary; a right-to-left algorithm would
lead to the same minimum, although the actual solution
itself might be different as there is no guarantee of
uniqueness. If we arrange the B;’s in (upper triangular)
matrix form, then the algorithm results in a sweep across
the columns from left to right, at each step maximizing
for the current column and then decrementing the
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appropriate entries to the right of this column. Algo-
rithm 1 offers a faster and more comprehensive solution
to the system, so is preferred; here we use Proposition
6 as a stepping stone to derive the better method. In
fact, Lemma 7 now has the following corollary, which
will be useful in the proof.

COROLLARY 8. The minimum bound R, satisfies the follow-
ing equality:

k=1
Rn = max (EB%JA).

1=i <iy<..<i=n'j=1

Proof. Consider any collection 1 = 4 < 5 < ... <
4, = n. Since the number of recombinations in the inter-
val (4, 441) cannot be below B,»],»]+1 and the intervals (i,
ii+1) and (7, 44,) are disjoint for j # [, we must have

k=1
Rn = EBi7i7+1 .
j=1
Maximizing over all such collections gives

k—1
R,= max (EB%H). (A2)

1=i <iy<..<ig=n J=1

Now note that in the proof of the lemma above we work
along the columns B, from left to right. At the kth
column we always choose some constraint B,,, where

my, < k to be tight for the minimal solution produced.
Then for the particular case k = n we may write

Rn = ann + Rm"

for some 1 = m, < n.
Define j; = n and recursively j,1; = m; for /= 1. This
will produce a strictly decreasing series of integers
bounded below by 1 and commencing at »; hence, for
some s = n, j, = 1. Then for any / = (s — 1) we can

similarly write
R = B

Ji i1t

+ R,

Ji+1

and so

since Ry = 0. Butl = j; <j_; <...<j = nand thus

k—1
max ( > B%H) ) (A3)

1=i <ip<..<ig=n J=1

s—1

= . A

R” EB]HI]( -
=1

Equations A2 and A3 together give the required result.
|

Thus we can write the optimal solution as a sum of
bounds corresponding to disjoint intervals. Note that
this decomposition is not necessarily unique. Since
these bounds are exactly satisfied by one optimal solu-
tion, they must be satisfied in all optimal solutions.

Proof of Algorithm 1. Note that the algorithm again
works by moving along columns from left to right, and
each column of Ris assigned as that column is reached.
The algorithm recursively assigns

Ry=max{R;+ By:i=jj+1,...,k—1}. (A4)

For the purposes of induction, suppose this results in
optimal Ry, . .., R -y so the first k — 1 columns of R
are set correctly. This is certainly true for k£ = 3 since
clearly Ry = By as set by the algorithm. By definition
Rj, minimizes

k=1

20 (A5)

=)
subject to the bounds of (2). Now those bounds B,, with
p < jor g > kcan obviously always be satisfied by setting
7, or 7,, respectively, to be large enough, and such terms
will not contribute to the sum of (Ab5). Then in fact
minimizing this sum subject to the whole set of bounds
is equivalent to minimizing subject to those constraints
corresponding to B, where j = p < ¢ = k. This results
in an ILP of the same form as the original system; so
we may apply Corollary 8 to this new problem to give
immediately

-1
R/" = max ( E Bimimﬂ)

=i <iy<..<i=k m=1

-1
max ( max (2 Bimim) + Bik) (A6)

JEiI=k=1N =i << <i=i m=1
= max (R]l + Bik)’ (A7)
j=i=k—1

where (A6) follows by repeating the previous argument
with k replaced by « But we know that R.;is set correctly
by the algorithm for all i = k£ — 1 and now comparing
with (A4), we can see the algorithm assigns each R and
hence R., correctly also. Then by induction, the whole
matrix R produced by the algorithm is correct. |

If we seek a particular solution vector that is optimal,
itis clear from the proof of the algorithm that we recover
the solution given by Proposition 6 by subtracting the
consecutive elements of R;. and setting 1, = Ry+1) — Ry;
foryj=1,2,...,85— 1L

APPENDIX B: PROOF OF PROPOSITION 2

Proof. Consider any history ¥ for the sample ¥, con-
sisting of an ancestral graph for the sample, with muta-
tion events placed on the branches, resulting in the
sample configuration seen in the present. We can con-
struct a history for ¥’ from this as follows. If ¥’ is formed
from & through a coalescence of two type a sample
members, then a history #' for ¥’ is created from J€
by choosing some sample member j of ¥ of type a and
removing material only ancestral to j from the graph.
This gives a history for a reduced set of sequences, of
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types identical to the members of &', which may then
be viewed as a possible history of ¥’. Otherwise, ¥’ is
formed from ¥ through the removal of a noninforma-
tive mutation at m say from &. Since by assumption
mutations arise only once in the history, there exists a
unique branch in # containing a mutation at m. Remov-
ing this mutation from the appropriate branch will re-
sult in a history for a sample with types identical to the
members of & except at m, where there are no mutants,
and so this adapted history may again be regarded as a
history for ¥’. Now € and #’ contain the same number
of recombination events; minimizing this number of
recombinations over all possible histories ¥ immedi-
ately gives Ry = Ry.

Conversely, suppose we have a history 9’ for the sam-
ple ¥'. Then we may always construct a history J¢ for &
as follows. If &’ is formed from ¥ through a coalescence

of type a, sample members then form # through first
coalescing two members of type a back in time. This
results in a set of sequences identical to the members
of ¥ who may then be evolved back to their ancestor
according to the history %’ (with starting point shifted
slightly backward in time). Finally, if ¥’ is formed from
& through the removal of a noninformative mutation
at m from ¥, then there exists a unique sequence /in
&, which is the only representative of one of the two
types present at m. [ corresponds to some line /' in &',
where [’ is identical in type to [ except at m. Form ¥
through first mutating the ancestral line to /, at m. The
ancestor to [ is now of the same type as ['; so again we
obtain a set identical to ¥’ and may use #’ exactly as
before to give the history 9 of the original data. Then
in the same way as above we can deduce Ry = Ry', giving
the proposition. |



