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Abstract

Many existing cohorts contain a range of relatedness between genotyped individuals, either by design or by chance.
Haplotype estimation in such cohorts is a central step in many downstream analyses. Using genotypes from six cohorts from
isolated populations and two cohorts from non-isolated populations, we have investigated the performance of different
phasing methods designed for nominally ‘unrelated’ individuals. We find that SHAPEIT2 produces much lower switch error
rates in all cohorts compared to other methods, including those designed specifically for isolated populations. In particular,
when large amounts of IBD sharing is present, SHAPEIT2 infers close to perfect haplotypes. Based on these results we have
developed a general strategy for phasing cohorts with any level of implicit or explicit relatedness between individuals. First
SHAPEIT2 is run ignoring all explicit family information. We then apply a novel HMM method (duoHMM) to combine the
SHAPEIT2 haplotypes with any family information to infer the inheritance pattern of each meiosis at all sites across each
chromosome. This allows the correction of switch errors, detection of recombination events and genotyping errors. We
show that the method detects numbers of recombination events that align very well with expectations based on genetic
maps, and that it infers far fewer spurious recombination events than Merlin. The method can also detect genotyping errors
and infer recombination events in otherwise uninformative families, such as trios and duos. The detected recombination
events can be used in association scans for recombination phenotypes. The method provides a simple and unified approach
to haplotype estimation, that will be of interest to researchers in the fields of human, animal and plant genetics.
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Introduction

The estimation of haplotypes from SNP genotypes, commonly
referred to as ‘phasing’, is a well studied problem in the literature.
Existing approaches can be categorised according to the type of
cohort each method is designed to phase, and the level of
relatedness between the individuals in that cohort. Much of the
recent literature is devoted to phasing nominally wunrelated (or
distantly related) individuals. Currently, the most accurate
methods use hidden Markov models (HMMs) to model local
haplotype sharing between individuals [1,2], and take advantage
of linkage disequilibrium (LD). Some of these methods can also
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handle mother-father-child trios and parent-child duos [2-6], for
more complex pedigrees there are several general pedigree
analysis software packages [7-10].

However such methods face several limitations; Lander-Green
algorithm based approaches have computational and space
complexity that scale exponentially with sample size; they can be
sensitive to genotyping error and they can only phase sites where
at least one member of the pedigree is not heterozygous. The last
point is particularly crucial, as it means the haplotypes will not be
‘complete’ and cannot be easily used in pre-phasing and
imputation which is now a standard part GWAS pipelines [11].
If founders in these pedigrees have been sequenced with the aim of
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Author Summary

Every individual carries two copies of each chromosome
(haplotypes), one from each of their parents, that consist
of a long sequence of alleles. Modern genotyping
technologies do not measure haplotypes directly, but
the combined sum (or genotype) of alleles at each site.
Statistical methods are needed to infer (or phase) the
haplotypes from the observed genotypes. Haplotype
estimation is a key first step of many disease and
population genetic studies. Much recent work in this area
has focused on phasing in cohorts of nominally unrelated
individuals. So called ‘long range phasing’ is a relatively
recent concept for phasing individuals with intermediate
levels of relatedness, such as cohorts taken from popula-
tion isolates. Methods also exist for phasing genotypes for
individuals within explicit pedigrees. Whilst high quality
phasing techniques are available for each of these
demographic scenarios, to date, no single method is
applicable to all three. In this paper, we present a general
approach for phasing cohorts that contain any level of
relatedness between the study individuals. We demon-
strate high levels of accuracy in all demographic scenarios,
as well as the ability to detect (Mendelian consistent)
genotyping error and recombination events in duos and
trios, the first method with such a capability.

imputing sequenced variants from founders into descendants who
have been assayed on microarrays, then a pedigree phasing
method that overcomes these issues will be especially useful.

The task of phasing in isolated populations is some what of a
special case, as individuals from such populations exhibit much
higher levels of relatedness, and will tend to share much longer
stretches of sequence identically by descent (IBD) than a pair of
unrelated individuals from a non-isolated population. Kong at
al.(2008) [12] proposed a method in which surrogate parents are
identified for each individual in a given region of the genome.
These surrogate parents allow the haplotypes to be determined
with high accuracy using Mendelian inheritance rules, effectively
as if the true parents had been observed and the family could be
phased as a trio. More recently, a model based version of this
approach called Systematic Long Range Phasing (SLRP) has been
proposed [13]. Both of these papers demonstrated accurate
haplotype estimates within IBD regions, but suffer from the
problem that phase can only be inferred for genomic regions
where IBD sharing is detected. Even in IBD regions, if a site is
heterozygous in all individuals, the phase at that particular locus
cannot be inferred.

So far in the literature there has been very little investigation of
the performance of methods for phasing in isolated populations. In
addition, many GWAS cohorts consist of a range of relatedness
between the study individuals. Some cohorts contain mixtures of
pedigrees, weakly or cryptically related individuals and more
distantly related individuals. Methods for carrying out association
studies using related individuals have recently been re-discovered
in the literature as a powerful approach, with the additional
benefit of implicitly avoiding confounding due to population
structure [14-16]. In addition, explicit detection of tracts of IBD
between pairs of individuals is becoming more widely used for
detection of disease genes [17-20] and for population genetic
analyses [21,22]. More generally, isolated populations offer
promise for interrogating common complex diseases [23]. For
many such cohorts phasing will be a first step in performing
imputation from a reference panel [11] or as part of an IBD
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detection analysis, so it is interesting to consider the performance
of alternative phasing methods.

We recently compared several methods all designed to phase
nominally unrelated samples (SHAPEIT2 [2], SHAPEIT1 [5],
Beagle [4], HAPI-UR [6], Impute2 [24], MaCH [25], fastPHASE
[26]) and found that SHAPEI'T?2 was the most accurate method in
this setting. In this paper we examine the performance of these
methods at increasing levels of relatedness between individuals. To
do this we used cohorts from six different isolated populations (and
two additional cohorts from non-isolated populations). Each of
these cohorts contain some extended pedigrees allowing us to
assess performance on both nominally unrelated individuals and
on explicitly related samples.

For cohorts with explicitly related samples we introduce a new
hidden Markov model (which we call duoHMM) that can estimate
the inheritance pattern between between the haplotypes of each
parent-child duo. This method can be used to visualise the
inheritance status across a chromosome, correct phasing errors
that are inconsistent with pedigree information, and detect
genotyping errors. We show that after applying this adjustment,
SHAPEIT?2’s haplotypes are accurate enough that we can detect
explicit recombination events between parent-child pairs. Apply-
ing this method to the SHAPEIT? inferred haplotypes provides
the most accurate performance in the extended pedigree setting.
Using our method we are able to demonstrate that the
recombination events that we infer from otherwise uninformative
duos and trios can add power to association scans for recombi-
nation phenotypes. Specifically, at the established PRDM9 locus
we are able to show that including these extra recombination
events increases the signal of association for a hot spot usage
phenotype. Overall, the combination of SHAPEIT2 and
duoHMM provides a very general method for accurate phasing
of cohorts with any levels of implicit or explicit relatedness
between individuals.

SHAPEIT2 and duoHMM are available from the website:
http://www.stats.ox.ac.uk/marchini/software/gwas/gwas.html

Materials and Methods

Real datasets

To provide a comprehensive assessment of the accuracy of
methods we analysed eight different cohorts that vary in the extent
of the relatedness between individuals. The cohorts are summa-
rised in Table S1, six of these are considered to be from isolated
populations. The Orkney Complex Disease Study (ORCADES) is
an ongoing study in the isolated Scottish archipelago of Orkney
[27]. The CROATIA-VIS (Vis) and CROATIA-KORCULA
(Korcula) studies contain individuals recruited from the Dalmation
islands of Vis and Korcula [27,28]. The INGI-Val Borbera
population is a collection of 1,664 genotyped individuals collected
in the Val Borbera region, a geographically isolated valley located
within the Appennine Mountains in Northwest Italy. The valley is
inhabited by about 3,000 descendants from the original popula-
tion, living in seven villages along the valley and in the mountains
[29]. The INGI-FVG Cohort is a collection of six different isolated
villages in the Friuli Venezia Giulia region of northern Italy [30].
The INGI-CARL cohort contains individuals from Carlantino, a
small isolated village in the province of Foggia in southern Italy
[30]. The CROATIA-Split (Split) cohort contains individuals from
the Croatian city of Split [31]. Finally, a large sample from the
Ugandan General Population Cohort (GPC) [32], covering
residents of 25 villages in south-Western Uganda were analysed.
These final two cohorts are not considered to be isolated and
hence are useful as control samples of unrelated individuals. Each

April 2014 | Volume 10 | Issue 4 | 1004234


http://www.stats.ox.ac.uk/marchini/software/gwas/gwas.html

of these cohorts contain pedigrees of varying sizes (see Table S1)
which can be used to evaluate phasing accuracy. The GPC cohort
was genotyped using the Illumina Human OMNI 2.5S chip. All
the other cohorts were genotyped using either the Illumina
HumanHap300 or HumanCNV370 chips.

In addition to quality control (QC) performed on each cohort
by their respective research groups, we applied stringent filters to
remove genotypes inconsistent with pedigree structure. Firstly, we
ran Pedstats [33] to detect any genotypes that violated Mendelian
constraints, and these loci were marked as missing for all
individuals in a pedigree where violations were found. Loci that
produced Mendel violations for > 5% of samples were filtered for
all individuals in a cohort. Secondly, Merlin’s error detection
algorithm was used on all pedigrees, and genotypes which were
unlikely were also flagged as missing. This final set of genotypes
were used as input in all subsequent analyses.

All software was run as per instructions in their respective

manuals. The computation times for each method for the largest
experiment conducted on European cohorts are summarised in
Figure S1, a more comprehensive study of running times was
conducted in the original SHAPEIT?2 paper [2].
We phased the pedigrees
in each cohort using Merlin (version 1.1.2), which produces the
most likely haplotypes given the pedigree structure using the
Lander-Green algorithm. The phasing occurs one pedigree at a
time and no information is shared between pedigrees. These
haplotypes should be highly accurate and hence suitable for
validation purposes. The accuracy of the haplotypes will increase
with pedigree size, so in some of our experiments we only use those
haplotypes from larger pedigrees.

Merlin can only phase loci where at least one pedigree member
is homozygous. We found that 50.16% of heterozygote sites could
be phased for duos, 77.79% for trios and >99% sites for pedigrees
of size >8 (Figure S2). Running times for Merlin increase
exponentially as pedigree size increases (see Figure S3) but in
general were not excessive on these data sets (<1 hour per
cohort).

Haplotype accuracy in founder individuals. We merged
the pedigree founders with individuals who were not in any
explicit pedigree for each cohort, that is, all non-founders from
pedigrees were excluded. This gave us a sample of (nominally)
unrelated individuals that we phased using each of the methods.
We applied SLRP (version 09f0f52), SHAPEIT2 (r613), Beagle
(version 3.3.2) and HAPI-UR (version 1.01) to these founder data
sets. We then calculated the switch error (SE) [34] of the haplotype
estimates for the pedigree founders, treating the Merlin haplotypes
as the truth. This evaluation pipeline is visualised in Figure S4.

SLRP does not produce whole chromosome haplotypes. It only
phases regions of the genome where IBD sharing is detected, and
can only resolve the phase of heterozygous sites when at least one
of the individuals sharing IBD is homozygous at those loci. This
complicates the calculation of SE between methods. We treated
ecach of the IBD segments inferred by SLRP separately and
evaluated SE within these regions. We refer to this metric as the
“within IBD SE”, using it to evaluate SLRP’s performance against
methods that phase every site. We also calculated the SE of the
SHAPEIT?, Beagle and HAPI-UR haplotypes across the whole of
chromosome 10. We also report the yield of SLRP, defined as
percentage of genotypes that are phased.

Haplotype accuracy in explicitly
individuals. Individuals in pedigrees obviously share large
amounts of their genome IBD. Algorithms that have the ability
to exploit IBD sharing in distantly related individuals may also
work well on explicitly related individuals. Hence, we also

Creating validation haplotypes.

related
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evaluated the accuracy of SHAPEIT2, SLRP, HAPI-UR and
Beagle applied to the full cohorts described here, with the full
extended pedigrees included. We ran each of the methods using no
information regarding relatedness of samples. We calculated SE
for each method on the haplotypes of any individual in a pedigree
larger than a mother-father-child pedigree, using the Merlin
haplotypes as truth.

SHAPEIT?2, Beagle and HAPI-UR all provide functionality to
phase parent-child duos and mother-father-child trios, by
constraining the possible haplotypes to those consistent with the
transmitted and untransmitted haplotypes of each parent (the child
having each of the parents’ transmitted haplotypes). This approach
will produce very accurate haplotypes although will return the
recombined haplotypes for each parent, rather than the true
parental haplotypes. Since only several recombinations occur per
chromosome, this is not introducing a substantial amount of error
in the context of pre-phasing/imputation but is obviously
problematic for researchers wishing to study recombination.

Larger pedigrees could be divided into subsets of duos and trios
but often there will exist no subdivision that allows all samples to
exploit a parental relationship. For example, a family with two
parents and two siblings may be divided into two duos, but
partitioning a nuclear family with three children means at least
one child will be phased without using parental information.
There is no obvious optimum way to partition pedigrees of
arbitrary size and structure. We investigated a simple method
where we enumerate every possible partitioning of a pedigree into
duos/trios and choose the partition that minimises the number of
individuals that are not included in a duo/trio (many partitions
often share the same minimum in which case one is picked at
random). We applied this partitioning to the datasets and then ran
Beagle (since it was the next most competitive method) taking the
implied duo and trio information into account. We refer to this as
the Beagle duo/trio method. Beagle was found to use substantially
more memory in this setting (over 150 GB for the GPC cohort)
which may be problematic for some researchers. This issue is
noted in the Beagle manual and relates to missing data in parent-
offspring duos and trios.

On duos and trios this method will agree perfectly with Merlin
at sites that Merlin can phase. This introduces a possible
confounding effect when using the Merlin haplotypes as the truth,
as any errors in the Merlin haplotypes will not be detectable when
compared to the Beagle duo/trio method. We show below using
simulated data that Merlin is quite sensitive to genotyping error
and that this does result in elevated switch errors. For this reason
we only consider pedigrees that are more complex than a parent-
child duo or father-mother-child trio when comparing methods.
Larger pedigrees also give Merlin better ability to remove
genotyping errors yielding more accurate validation haplotypes.

Using pedigree information to improve phase, infer
recombination events and detect genotyping error

The results below show that SHAPEIT?2 can implicitly leverage
IBD sharing and hence phase a pedigree accurately without any
relationships specified. Additional use of explicit relationships is
likely to lead to even greater improvements. The Lander-Green
algorithm is traditionally the method of choice for phasing
pedigrees but has several limitations described previously. We
developed a simple HMM applicable to the SHAPEIT?2 haplo-
types that corrects phasing errors that are inconsistent with
pedigree information. The method focuses separately on each
parent-child duo and this circumvents several issues with the
Lander-Green algorithm, namely;
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® complexity: our HMM has a constant number of hidden states
(4) and possible transitions between states (16) per meiosis, so
our method scales as O(NL) where N is the number of non-
founders (the method runs on each parent separately) and L is
the number of markers. This compares well to the O(2*V L)
scaling for a naive Lander-Green implementation.

® fieterozygous markers: markers that are heterozygous throughout a
pedigree will be phased via leveraging population haplotypes

® sensitivity lo genolyping error: the low computational complexity of
the model allows us to accommodate genotype uncertainty

We describe the model and several useful applications of it
below. We refer to this framework as the duoHMM in later
sections of the paper.

Duo HMM. Let p=(p1,p2) and c=(c1,c2) denote a pair of
observed (ordered) parental and child haplotypes respectively.
Here p;={pi1, . ...piL} denotes the ith parental haplotype at the L
sites across a chromosome. The same notation is used for the ith
child haplotype ¢;. There are 4 possible patterns of gene flow
between the parent and child. The true pattern of gene flow will
remain constant over long stretches of a chromosome due to the
low rate of recombination in any given meiosis. We use S; to
denote the pattern of gene flow at the /th locus, where S;=(j,k)
means that the parents jth haplotype and the child’s kth haplotype
are identical by decent (IBD). Here j,k € {1,2}, so there are just 4
possible inheritance patterns, which we denote
A=(1,1),B=(2,1),C=(1,2),D=(2,2). The true inheritance states
S={S1,...,SL} are unobserved across each chromosome and we
wish to infer them from our imperfect observations of the parental
and child haplotypes p and c. The intuition behind our approach
is that true recombination events and SEs will cause changes to the
pattern of gene flow as we move along a chromosome. Since we
expect just a few true recombination events the SEs will tend to
dominate. Thus we can think of the observed pattern of gene flow
as the superposition of two point processes: one with a low rate
dictated by true recombinations, and a second process with a rate
relating to SEs. Our aim is to deconvolve these two processes to
detect the true recombination events and correct SEs.

To carry out this inference we have developed an HMM that
allows for SEs in the parental and child haplotypes. We use d; and
0, to denote the probability of a SE on the parental or child
haplotypes between two adjacent markers respectively. We also
use p; to denote the probability of a recombination occurring
between markers / and /4 1. Specifically we use p;=1—e~"
where r; is the genetic distance between markers / and /4 1. We
use the genetic distances from the HapMap LD based map [35]
(which are inherently sex averaged) and scale them to the sex-
specific genetic lengths from the deCODE 2002 map according to
the sex of the parent.

The initial states of the Markov model are given by P(S1)=1/4.
The transition rates on the IBD states S are then given by

P(S11=V[S;=u)=

(I=02) x (1=0)(A—p)+éi1p;) if ) e Ty
(1=062)x ((1=01)p;+01(1—pp)) if (uy) e T>
02 x ((1=01)(1—p))+61p1) if (u,v) € T3
02 x (L=01)p;+01(1—p))) if (u,v)e Ty

The sets T1,1>,73,T4 denote the different types of transition that
can occur. The set T1 ={(4,A4),(B,B),(C,C),(D,D)} contains the
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transitions where no change in gene flow occurs. The set
T, ={(A,B),(B,A),(C,D),(D,C)} are the transitions with a change
only to which of the parent’s haplotypes are IBD. The set
T3={(A4,C),(B,D),(C,4),(D,B)} are the transitions with change
only to which of the child’s haplotypes are IBD. The set
T4={(A,D),(B,C),(C,B),(D,A)} are the transitions with a change
to both of child and parental IBD haplotypes. Figure 1 shows
examples of how true recombination events and SEs in parental or
child haplotypes lead to changes in the inheritance pattern in
terms of T3, T3 and T4 events.

We accommodate genotyping error by allowing for errors in the
emission part of the HMM. We model the observed haplotypes at
the /th locus conditional upon the inheritance state S; as follows

if Pii=Cik

1—c¢
P(pl’cl|S’:(j’k)):{ e ifpy#en
b

Our full model can then be written down as

L—1 L
P(p,c,S)=P(S)) [1:_11 P(S;+11S1) [1:_[1 P(p1,ci|S)).

This method can be applied to any set of estimated haplotypes
from parent-child pairs. We run one iteration of the Forward-
Backward algorithm [36] to estimate ¢, d; and d,. Since there is
little uncertainty in the state path this was found to be adequate for
convergence. This estimation is carried out on each duo
separately. Since the HMM has just four states the computation
mvolved is negligible.

We applied the duo HMM to the Beagle and SHAPEI'T?2
haplotypes from each cohort and examined the Viterbi paths for
each duo. The Viterbi path is the most likely underlying state
sequence, given the observed data [36]. We split duos according to
the sex of the parent as we know that the rate of recombination
events is higher in females than in males [37].

Correcting haplotypes. We now describe how to use our
model to adjust haplotypes so that they are consistent with a given
pedigree structure. After estimating parameters, we run the Viterbi
algorithm to find the most likely state sequence. There are sixteen
possible state transitions in our model. The eight transitions in the
sets 73 and 74 imply a SE in the child haplotypes, so when we
observe one of these transitions in the Viterbi sequence we infer a
SE in the child. The eight transitions in the sets 75 and 7 imply
either a SE or a recombination event in the parental haplotypes.
Inferring whether a recombination or a SE has occurred in the
parental haplotypes is difficult. When more than one sibling is
present in a pedigree, we can correct probable parental SEs via
identifying the minimum recombinant haplotypes for the family.
When one of the 7> or T4 transitions is present in the same
location for the majority of siblings, this is most likely a SE on the
parental haplotypes and they can be corrected accordingly (see
Figure S5 for an example of this process). This is not strictly the
maximum-likelihood solution, but the minimum-recombinant and
maximum likelihood solutions often yield the same result [38].
When we infer a SE in either a parent or a child we correct the
haplotypes by switching the haplotype phase of all loci proceeding
the SE. This procedure is carried out left to right along the
sequence.

Corrections are applied sequentially ‘down’ through each
pedigree. For example, in a three generation (grandparent-
parent-child) pedigree we first apply the method to those duos
containing grandparents. Any corrections made to the parents
haplotypes are used when processing duos involving those parents
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True haplotypes inferred correctly and true
recombination event inferred as T, transition

P 011010001111110111111011110111

P2011011111111111111011111111101

©1011010001111110111111011111101

C2111111011111111110101111101010

S

Switch error in the child’s haplotypes that causes
a T, transition

P1011010001111110111111011110111

P2011011111111111111011111111101

Cq 111111110101111101010
C2111111011 111101

S I
T3 TZ

Switch error in the parent’s haplotypes at true
recombination event.

P1 111101
P2011011111111111111011111

C2111111011111111110101111101010

S [ ——

T,

Switch error in the parent’s haplotypes that
causes a T, transition

P1 11111111101
P20110111111111111110

¢1011010001111110111111011111101

C2111111011111111110101111101010
S I —_——
T2 TZ

Switch error in the parent’s and child’s
haplotypes that causes a T, transition

P1 11111111101
P20110111111111111110

Cq 01111101010
C21111110111111111101 111101

S I—— |
T, T,

Figure 1. Examples of inferred haplotypes with true recombination events and SEs. In each examples py, p, ¢; and ¢; denotes the two
parental and child haplotypes and S denotes the pattern of gene flow. Top: Correctly inferred haplotypes in a region of a true recombination event
that causes a 75 transition in the duo HMM. The other 4 examples in the figure add SEs to these true parental and child haplotypes. Middle left:
addition of a SE in the child’s haplotypes that causes a 73 transition. Middle right: addition of a SE in the parent’s haplotypes that causes a 7>
transition. Bottom left: addition of a SE in the parent’s haplotypes at the site of the recombination event that causes the 7 transition to be missed.
Bottom right: addition of a SE in both the child’s and parent’s haplotypes at the same position that causes a 7} transition.

doi:10.1371/journal.pgen.1004234.g001

and their children. This removes any (detectable) SEs for
individuals that have parents, before their descendants are phased.
We applied our method of correcting haplotypes to all of the
chromosome 10 haplotypes produced by SHAPEIT?2, Beagle and
HAPI-UR in all cohorts and evaluated the improvements in
accuracy as well as the number of corrections that were required.

Detecting recombination events. Once all the haplotypes
have been corrected the duoHMM is re-run in order to infer
recombination events. We do this by calculating the probability of
a recombination event between markers. A transition between the
parental haplotypes corresponds to either a SE or a genuine
recombination. A recombination event can only be resolved down
to the region between its two flanking heterozygous markers in the
parent. We use Rjji, to be the indicator variable of a
recombination event between heterozygous markers / and /+m.
We evaluate the posterior probability of such a recombination
event as

PR m=11p.c)oc Y P(Si =S m=.Rism=1.p:0)
(u,)
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where

P(Si=u,S14m=V,Rijym=1p,0)=P(p1,.,
X P(S14m=VRj1m=1|S/=u)

15ClL,...1,S1=1)

X P@ism,..1>Clam,...LsSI4m =V)

The first and last probabilities can be calculated from the forward-
backward algorithm, and the transition rates that include a
recombination event are as follows

(1=02)d1p, if (u,v) € T
(I=d)A=0d1)p; if (uy) e Ty

P(Sism=vRijym=1S1=u)= .
(S1+ Vo I\ 1+ IS)=u) 520101 if (wy)eTs
02(1—=41)p, if (u,v) e Ty

Note since the loci between [ and /+m are homozygous the
emission probability is the same regardless of state, hence we do
not require this term in the calculation. A recombination event is
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inferred when
P(Rl,/+rn = 1|]’aC) >t

for some threshold ¢ € (0,1). In the analysis in this paper we have
used 1=0.5. To calculate these probabilities we tried using
SHAPEIT2’s most likely (pedigree corrected) haplotypes, or
sampling haplotypes from SHAPEIT2’s diploid graph (again
correcting for pedigree structure) and repeatedly calculating
recombination probabilities and averaging the resulting maps.
We find that both these methods produce similar results (data not
shown) and we only report results from the sampling based
approach.

We applied this method separately to all the individuals in each
of the eight cohorts. We then compared the regions where our
HMM detected a recombination event to the recombination
locations found in Merlin’s output (the Viterbi solution to the
Lander-Green algorithm). To reliably detect recombination
events, a Lander-Green implementation requires either a nuclear
family with at least three children or a three generation pedigree
[39,40]. Hence we only evaluate meioses that meet these criteria in
the real data sets, referring to these as informative meioses.

Detecting genotyping error. We can also use this model to
detect genotyping error at locus /, by summing over the posterior
probabilities of inheritance states that have inconsistent haplo-
types. We use the indicator variable E; € {0,1} to denote the
absence/presence of a genotyping error at locus / in a duo. Then
we have

2 2
P(E;=1|p.c)="> > I(pj#cu)P(Si=(.k)|p.c)
j=1lk=1

where P(S;=(j,k)|p,c) is the posterior probability of inheritance
pattern (j,k) and can be efficiently calculated from the HMM
model. This is the probability of a genotyping error occurring in at
least one member of the duo given the observed haplotypes. We
show on simulated and real data that masking genotypes with
P(E;=1|p,c)>0.9 yields a drop in switch error rates suggesting
that this is an effective error detection method.

Using detected recombinations for association scans of
hotspot usage. To demonstrate the utility of our recombination
detection method we conducted association testing between
genetic variants in the PRDMY region (chr5:23007723—
24028706) and the “hotspot usage” phenotype described in Coop
et al. (2008) [39]. Substantial association in this region was also
found in Kong et al. (2010) [12] and Hinch (2011) [41]. We
calculated the same phenotype as Coop et al. (2008), the
proportion of crossover events, o;, that occur in a recombination
hotspot for individual i (the parent). This value was corrected for
the probability that events occur in one of these hotspot regions by
chance via simulation.

The accuracy with which o; is measured increases with the
number of crossovers observed for that parent, hence parents with
more observed crossovers should be given higher weighting (large
nuclear families are advantageous in this situation). We weighted
individuals by creating pseudo-counts of hotspot events k; =n; x o;
where 7; is the number of crossover events observed for parent i.
We then fit a standard Binomial Generalised Linear Model (GLM)
with (k;,n;) as the response and the genetic dosage at each SNP as
the covariate. We then performed a likelihood ratio test between
this model of association and the ‘null’ model where no genetic
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variant is included. Variants were imputed from the 1000
Genomes March 2012 reference panel and filtered such that all
variants had MAF >0.01 and INFO >0.4 in all cohorts.

The use of the Binomial GLM allows us to leverage parents who
are part of typically uninformative meioses, where it is unlikely the
majority of crossover events were detected. Such individuals are
simply down weighted in our association testing.

Simulation study

In our real data experiments we use haplotypes inferred by
Merlin as the ‘true’ haplotypes for our methods comparison. In the
Results section we show that SHAPEIT2 phases extended
pedigrees with close to perfect concordance with the haplotypes
produced by Merlin (typically <0.1% average SE). This level of
discordance is of a similar order to both the number of
recombination events, and genotyping error [42] which the
Lander-Green algorithm is known to be sensitive to. Whilst we
have applied standard quality control procedures (including
Merlin’s error checking) to these data, genotyping errors are likely
to still be present. Hence at least some of this discordance may be
in fact due to errors in Merlin haplotypes. We also compare the
recombination events detected by Merlin in extended families to
those detected by our duoHMM approach. Any discordance
between these crossover callsets may also be due (in part) to Merlin
errors. We also wanted to investigate the ability of our method to
call crossover events in duos and trios which cannot be done with
the Lander-Green algorithm. For these reasons we created several
simulated datasets to investigate these issues.

We utilised male chromosome X haplotypes as the basis for
these simulated datasets. Since males only have one copy of
chromosome X, phase is unambiguously known. As in previous
phasing studies [2,43,44], two male X chromosomes were
combined to create a pseudo autosomal diploid founder individual
where the true underlying haplotypes are known. We then
randomly mate these new diploid individuals to produce offspring
with recombined haplotypes. Crossover events were simulated as a
Poisson process on the genetic lengths from the HapMap
Chromosome X genetic map for females and the same map
scaled by 0.605 for males (difference in rates estimated from 2002
deCODE Map).

In all experiments, we applied a simple rejection sampling
scheme to avoid large amounts of consanguinity in our new diploid
individuals and their offspring. The X chromosomes used to create
pedigree founders were sampled such that no pair of chromosomes
came from pairs of males with genome wide relatedness r>0.01
[45]. We conducted these experiments using the 1071 (607 females
and 464 males) nominally unrelated individuals from the Val
Borbera cohort. This allowed us to create up 232 to diploid
individuals with known haplotypes.

A simulated dataset with extended pedigrees. We wished
to investigate accuracy on pedigrees that are collected as part of a
larger cohort, hence we simulated pedigrees with the same
structures as those observed in the Val Borbera cohort. We only
used those pedigrees having “informative’”” meioses (> 3 siblings or
three generations) and generated founder individuals using male X
chromosome data. These simulated founders were then “mated”
to create 