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Abstract
Purpose Pre-implantation genetic diagnosis (PGD) for molecular disorders requires the construction of parental haplotypes.
Classically, haplotype resolution (Bphasing^) is obtained by genotyping multiple polymorphic markers in both parents and at
least one additional relative. However, this process is time-consuming, and immediate family members are not always available.
The recent availability of massive genomic data for many populations promises to eliminate the needs for developing family-
specific assays and for recruiting additional family members. In this study, we aimed to validate population-assisted haplotype
phasing for PGD.
Methods Targeted sequencing of CFTR gene variants and ~ 1700 flanking polymorphic SNPs (± 2 Mb) was performed on 54
individuals from 12 PGD families of (a) Full Ashkenazi (FA; n = 16), (b) mixed Ashkenazi (MA; n = 23 individuals with at least
one Ashkenazi and one non-Ashkenazi grandparents), or (c) non-Ashkenazi (NA; n = 15) descent. Heterozygous genotype calls
in each individual were phased using various whole genome reference panels and appropriate computational models. All
computationally derived haplotype predictions were benchmarked against trio-based phasing.
Results Using the Ashkenazi reference panel, phasing of FAwas highly accurate (99.4% ± 0.2% accuracy); phasing of MAwas
less accurate (95.4% ± 4.5% accuracy); and phasing of NAwas predictably low (83.4% ± 6.6% accuracy). Strikingly, for founder
mutation carriers, our haplotyping approach facilitated near perfect phasing accuracy (99.9% ± 0.1% and 98.2% ± 2.8% accuracy
for W1282X and delF508 carriers, respectively).
Conclusions Our results demonstrate the feasibility of replacing classical haplotype phasing with population-based phasing with
uncompromised accuracy.
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Introduction

Pre-implantation genetic diagnosis (PGD) is performed for
couples at high genetic risk for Mendelian and chromosomal
disorders by a biopsy of the blastomere, blastocyst, and/or the
polar body [1]. The main problem hampering the accuracy of
diagnosis in single-cell analysis remains the occurrence of
allele dropout (ADO), namely random amplification failure

of one or both alleles. This can lead to misdiagnosis, by mis-
takenly calling heterozygous genotypes as homozygous, or to
no diagnosis. Therefore, testing of several polymorphic
markers flanking the familial mutation is essential for identi-
fication of the transmitted parental haplotypes and, thereby,
for increasing accuracy. Complicating the procedure is that
reconstruction of the transmitted haplotypes requires, as a pre-
requisite, phasing the haplotypes of the parents.

Classically, haplotype phasing is determined empirically
by genotyping both the parents and at least one of their first
degree relatives (with preference for a child or for both sets of
parents of each partner). However, immediate family mem-
bers are not always available, and in some cases, the couple
does not agree to involve family members. Another obstacle is
polymorphic marker selection, which is family-specific (due
to the need to identify informative polymorphic markers in
each couple) and thus generally time-consuming and
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laborious. As a result, there is a relatively long delay between
the couple’s first meeting for genetic counseling and the initi-
ation of in vitro fertilization (IVF) and PGD. To counter
family-specific marker selection, whole genome haplotyping
methods such as karyomapping and haplarithmesis have been
developed recently for PGD application [2–12]. However,
these methods still require immediate family members of the
couple to facilitate accurate whole genome phasing of the
embryo and so they too are limited by the availability of
DNA from individuals who are not always accessible to the
PGD clinic. Therefore, there is a clear need to develop new
phasing methods that do not require family member recruit-
ment beyond that of the couple seeking PGD.

Recently, large-scale data sets of whole-genome sequences
have become available for thousands of individuals across
numerous populations [13–15]. These Breference^ genomes,
along with sophisticated statistical methods, provide means
for highly accurate haplotype phasing even in the absence of
close relatives, by taking advantage of remote relatedness be-
tween the target genomes and reference haplotypes [16–18].
Several studies have shown that the accuracy of Bpopulation-
based^ phasing increases rapidly with the size of the reference
data set and that accuracy further increases in correlation with
increasing ethnic relatedness between the reference and the
target genomes [17–22].

A number of population-based phasing approaches work
bymodeling haplotype frequencies and using them to estimate
the most probable haplotype configuration for a target genome
(e.g., BEAGLE [22, 23]). Most recent methods are based on
an approximate coalescent model, whereby the haplotype to
be inferred is assumed to be an imperfect mosaic of short-
range Breference^ haplotype blocks from the population.
Transitions between reference haplotypes follow historical re-
combinations and are inferred using a hidden Markov model
(e.g., MACH [24], IMPUTE2 [25], SHAPEIT [26–28],
HAPI-UR [20], EAGLE2 [18]).

A number of other methods are based on the idea of long-
range phasing [21], which is conceptually similar to phasing
related individuals. For close relatives, a number of mega-
base-long haplotypes are identical-by-descent (IBD) be-
tween the two individuals. In these regions, phasing is triv-
ial at sites where at least one individual is homozygous. For
unrelated individuals from the same population, long IBD
segments (e.g., > 5 cM) are also present in large numbers, in
particular in founder populations, representing haplotypes
transmitted from common ancestors who have lived rela-
tively recently (a few tens of generations ago). Long-range
phasing is usually rule-based rather than model-based and
proceeds by first identifying IBD segments (based on high
allelic similarity across a long region) and then using vari-
ous techniques to infer the haplotypes in these regions and
propagate the information across individuals [29, 30] [16,
21, 31]. Here, we used SHAPEIT2 as the population-based

short-range phasing tool, and we built our own IBD-based
phasing method using a nearest neighbor heuristic.

Our goal was to assess the feasibility of replacing tradition-
al family-based haplotype phasing with less resource-
demanding population-based phasing (whether short- or
long-ranged). Specifically, we attempted to evaluate
population-assisted haplotype phasing in a hospital-based
pre-clinical setting in Israel, where the patient population is
composed of both Ashkenazi Jewish (AJ) individuals, for
which extensive whole-genome sequencing data is available,
as well as individuals of other ancestries. We assessed the
effects of ethnicity-matching, reference panel population size,
and short- vs long-range phasing on haplotype prediction ac-
curacy. The results show that given proper circumstances and
common pre-conditions, population-based phasing can indeed
eliminate the need to recruit relatives and/or design family-
specific assays.

Materials and methods

Sample collection

DNA samples were collected from 54 individuals from 12
PGD families as part of routine pre-case workup at the
Shaare Zedek Medical Center PGD lab. The study population
consisted of three ethnic subgroups: (a) full Ashkenazi Jewish
(BFA^; individuals whose both parents have an AJ genetic
origin; n = 16); (b) mixed Ashkenazi (BMA^; individuals with
at least one Ashkenazi grandparent and at least one non-
Ashkenazi grandparent; n = 23); and (c) non-Ashkenazi
(BNA^; individuals without any Ashkenazi grandparent; n =
15). EightW1282X and four delF508CFTR founder mutation
carriers were among the FA and MA subgroups.

High throughput targeted sequencing

A custom next-generation sequencing panel was designed to
target 1740 common CFTR variants and gene-flanking poly-
morphic SNPs (± 2 Mb from CFTR) with minor allele fre-
quency > 25%. Briefly, a pool of 1740 primer pairs was used
to PCR amplify the targeted CFTR-flanking SNPs in each
DNA sample using the GeneRead DNAseq Panel PCR Kit
V2 (Qiagen) according to the manufacturer’s protocol.
Subsequently, multiplex PCR products from each sample
were converted into indexed high throughput sequencing li-
braries using the QIAseq 1-Step Amplicon Library Kit
(Qiagen), also according to the manufacturer’s protocol.
Following library prep, indexed samples were pooled and se-
quenced on MiSeq or NextSeq 500 instruments (Illumina) to
1000× mean coverage per PCR amplicon.
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Population-based short-range haplotype phasing

We phased all samples using SHAPEIT v2.r837 [32], using
unrelated reference genomes [27]. Reference panels were ei-
ther the 1000 Genomes Project (1092 samples) [33] or whole
genome sequences of either 128 [34] or 574 [35] Ashkenazi
Jewish individuals (with no overlap between the two panels),
both provided by The Ashkenazi Genome Consortium. The
haplotypes were compared against ground-truth phasing,
which we obtained, for each sample, using trio information.

Haplotype clustering

To visualize CFTR delF508 and W1282X mutation carrier
haplotypes, we used a UPGMA (Unweighted Pair Group
Method with Arithmetic mean) agglomerative hierarchal clus-
tering model. Haplotypes were first represented as binary se-
quences (0: reference allele, 1: non-reference allele).
Hamming distances were then computed between every pair
of haplotypes. Clusters of single haplotypes that were in close
proximity, based on their average pairwise distance, were re-
peatedly grouped/linked into larger clusters until a hierarchical
tree was formed.

IBD-based phasing

Our nearest neighbor heuristic-based IBD-phasing method starts
from a set of reference (phased) haplotypes. To phase heterozy-
gote sites in a target genome, we first masked these sites and
used the remaining homozygote sites to determine which refer-
ence haplotype is the nearest. To quantify similarity between
haplotypes, we used the Hamming distance, when encoding
the reference alleles as 0 and the alternative alleles as 1. For each
mutation carrier, we identified the nearest reference haplotype
and phased the (previously masked) heterozygote sites accord-
ing to that reference (namely, by assigning the allele that appears
in the reference to the mutation-carrying haplotype).

Phasing of CFTR founder mutation carriers

To improve phasing of haplotypes carrying CFTR founder
mutations, we developed mutation-specific sets of reference
haplotypes, as follows. For the CFTR delF508 founder muta-
tion, we first performed targeted amplicon sequencing of the
same 1740 CFTR-flanking polymorphic SNPs (as described
above) on a new in-house sample of 15 carrier trios spanning
multiple ethnicities. We then merged the genomes from the 15
trios with those of the 574AJ reference panel (along SNPs that
appear in both data sets) and phased delF508 carrier FA sam-
ples using SHAPEITwith the new expanded reference panel.
In addition, we also determined ground truth delF508-linked
haplotypes from each lab reference trio based on familial in-
formation. For each such trio, we kept only the haplotype

carrying the founder mutation to generate a reference set of
15 carrier haplotypes for IBD phasing. Then, to phase hetero-
zygote sites in the delF508 carriers, we used the above men-
tioned nearest neighbor IBD-phasing method with either the
15 carrier trios or the 574AJ delF508 carriers (4 samples) as
the reference.

For phasing W1282X mutation carriers, we used the same
nearest neighbor heuristic using W1282X carriers (and non-
carriers for control) from the 574 reference AJ data set.
Construction of a W1282X-specific lab reference was unnec-
essary to improve haplotype phasing accuracy (see
BResults^).

Benchmarking of haplotype phasing methods

To benchmark the performance of population-based phasing
methods, we compared the resulting haplotypes from all
methods to those computed based on Mendelian inheritance
in the trio sequencing data. Phasing accuracy was defined as
the proportion of SNPs where the inferred maternal and pater-
nal haplotypes were the same as based on Mendelian inheri-
tance. Phasing accuracy was compared across the different
analyses using paired t test. P values were Bonferroni-
corrected for multiple comparisons.

Results

Accurate population-based haplotype phasing of full
and mixed Ashkenazi individuals

We sampled 54 individuals from 12 PGD families and used
three population reference panels (1000 Genomes, 128 AJ
genomes, and 574 AJ genomes) for population-based haplo-
type phasing of the CFTR genomic region in each of the indi-
viduals (Fig. 1). Given that many of our samples were first
degree relatives, we could validate population-based phasing
(of unrelated individuals) against haplotypes derived directly
based on familial relationships.

The primary purpose of analyzing the three reference
panels was to assess the effect of ethnicity-matching and panel
size on phasing accuracy. For ethnicity matching, we com-
pared the diverse 1000 Genomes reference panel (1000G;
comprised of many worldwide ethnicities) to more study-
appropriate ethnic matched Ashkenazi Jewish reference
panels. For reference panel size assessment we compared the
relatively large 1000G and 574 AJ genome reference panels
with the relatively small 128 AJ genome reference panel.

The ethnic background and CFTRmutation carriage (where
relevant) among the study cohort are detailed in Table 1. For
population-based phasing, we treated all individuals as
Bunrelated^ in the bioinformatic phasing pipeline. The samples
were divided by ethnicity into three subgroups: (1) full

J Assist Reprod Genet (2019) 36:727–739 729



Ashkenazi (FA; n = 16), (2) mixed Ashkenazi (MA; n = 23),
and (3) non-Ashkenazi (NA; n = 15). High throughput sequenc-
ing of ~ 1700 CFTR-flanking SNPs (± 2 Mb from CFTR) was
performed on all samples, and heterozygous SNPs were iden-
tified for haplotype phasing. Overall, we found an average of ~
540 heterozygous SNPs per sample across the CFTR gene-
flanking region, with similar heterozygosity across all sub-
groups and similar SNP marker coverage across the three ref-
erence panels (1000G, 128 AJ, and 574 AJ).

We show the phasing accuracy across the various ex-
perimental conditions in Fig. 2. In the FA subgroup (Fig.
2a), although the 1000G data set was the largest panel, it
resulted in the lowest phasing accuracy (66% ± 4.7%).
Significantly better results were observed when using

the small (n = 128) ethnicity-matched AJ reference panel
(90.4% ± 5.7% phasing accuracy; P = 3.0 × 10−2 in com-
parison to 1000G; Bonferroni-corrected paired Student’s
t test). Haplotype accuracy was the best when using a
larger AJ panel of n = 574 (99.4% ± 0.2%; P = 0.42 for
574 AJ vs 128 AJ and P = 3.0 × 10−4 vs 1000G;
Bonferroni-corrected paired t test). Therefore, these re-
sults suggest that ethnicity-matching, combined with large
reference panel size, can lead to nearly perfect population-
based haplotype phasing.

To provide context to the above results, we performed
population-based phasing on 15 Bnegative control^ NA sam-
ples. As these individuals lack AJ ancestry completely, we
expected that they would not be Bphasable^ by AJ reference

1a) Collect DNA from 
a PGD couple

2) High throughput 
sequencing of 

1,700 polymorphic 
SNPs flanking the 

CFTR gene

1000 
Genomes

4b) Phase haplotypes 
using pre-established 

reference panels

128 AJ 
Genomes

574 AJ 
Genomes

Reference panels

5) Compare popula�on phasing to 
ground truth phasing

3) Genotype all SNPs, 
iden�fy heterozygous 

sites, and…

4a) Phase haplotypes 
using ground truth 
family sequencing 

data or…

Valida�on of Popula�on-based 
Haplotype Phasing

1b) Collect DNA from 
first degree family 

members

Popula�on 
phasing

Family phasing

Fig. 1 Our strategy for validation
of population-based haplotype
phasing. Statements (1) through
(5) describe sequential steps of
the haplotype phasing process.
Items to the left of the segmented
vertical line (highlighted with
purple text and arrows) illustrate
population phasing-specific pro-
cesses. Items to the right of the
segmented vertical line
(highlighted with green text and
arrows) illustrate ground truth
family phasing-specific process-
es. The aim of these experiments
was to assess whether haplotypes
of a PGD couple could be accu-
rately reconstructed without re-
quiring the DNA sequence of
their first degree relatives and/or
tailored genetic assay
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Table 1 Study recruit ethnicity and CFTR mutation carriage, grouped according to family number

Samplea Family no. Ethnicity Ethnicity classification CFTR genotypeb

Ch19032 0 AJ/Kurdishc MA W1282X/3121-1G>A

F19544 0 Kurdish/Algerian NA 3121-1G>A/wt

M19543 0 AJ/Turkish/Iraqi MA W1282X/wt

Ch36691 1 AJ/Iraqi/Turkish MA wt/wt

F26423 1 Iraqi/Turkish NA wt/wt

GFF26560 1 Iraqi/Turkish NA wt/wt

GMF28650 1 Iraqi/Turkish NA wt/wt

M26422 1 AJ FA wt/wt

Ch31028 2 Palestinian Arab NA wt/wt

Ch38583 2 Palestinian Arab NA wt/wt

F30494 2 Palestinian Arab NA wt/wt

M30493 2 Palestinian Arab NA wt/wt

Ch10793 3 AJ/Persian MA wt/wt

Ch10794 3 AJ/Persian MA wt/wt

Ch38901 3 AJ/Persian MA wt/wt

F8680 3 AJ/Persian MA wt/wt

M8679 3 AJ FA wt/wt

Ch22695 4 AJ/Tunisian MA E819X/N1303K

F23116 4 Tunisian NA E819X/wt

M23920 4 AJ FA N1303K/wt

Ch25480 5 AJ/Tripoli MA wt/wt

Ch36735 5 AJ/Tripoli MA wt/wt

F20376 5 AJ/Tripoli MA W1282X/wt

M20375 5 AJ FA delF508/wt

F33713 6 AJ FA W1282X/wt

GFF33717 6 AJ FA W1282X/wt

GFM33714 6 AJ FA delF508/wt

GMF33716 6 AJ FA wt/wt

GMM33715 6 AJ FA wt/wt

M33712 6 AJ FA delF508/wt

F33859 7 AJ FA delF508/wt

GFM33910 7 Tunisian NA 405 + 1/wt

GMF33730 7 AJ FA wt/wt

GMM33911 7 AJ FA wt/wt

M33848 7 AJ/Tunisian MA 405 + 1/wt

Ch30004 8 AJ/non-Jewish MA wt/wt

Ch30005 8 AJ/non-Jewish MA wt/wt

Ch38446 8 AJ/non-Jewish MA wt/wt

F29887 8 AJ FA wt/wt

M29886 8 AJ/non-Jewish MA wt/wt

F8420 9 Turkish NA wt/wt

GFF8457 9 Turkish NA wt/wt

GFM8455 9 Iraqi NA wt/wt

GMF8456 9 Turkish NA wt/wt

M8419 9 AJ/Iraqi MA wt/wt

Ch19153 11 AJ/Moroccan MA W1282X/wt

Ch19154 11 AJ/Moroccan MA W1282X/3849 + 10 kb

F19000 11 AJ FA W1282X/wt

M18999 11 Moroccan NA 3849 + 10 kb/wt
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panels. Indeed, the phasing accuracy in this subgroup was
mediocre with both the 128 and 574 AJ panels (68.1% ±
5.4% and 83.4% ± 6.6%, respectively) and neither is signifi-
cantly different from the phasing accuracy of the 1000G ref-
erence (68.5% ± 4.6%) (Fig. 2b). In contrast, the mixed AJ
subgroup exhibited a similar trend to that of the FA subgroup
(phasing accuracy with 1000G 74.2% ± 6.6, 128AJ 87.2% ±
4.2, 574AJ 95.4% ± 4.6) albeit without statistically significant
differences between the three reference panels (Fig. 2c). These
results suggest that as long as at least one haplotype of the
target individual appears in the reference (or is similar to a
haplotype from the reference), phasing accuracy can be high.

Haplotype phasing of CFTR founder mutation carriers

Within the study cohort were 12 individuals carrying a CFTR
founder mutation. Eight carried theW1282X variant, which is

the most common pathogenic allele in the AJ population, and
four carried the delF508 variant, which is common in various
pan-ethnic populations (most notably people of European de-
scent). Importantly, both pathogenic variants were present (in
small number) within the 128 AJ and 574 AJ reference panels.
The delF508 variant is also represented in the 1000G data set.
Among the W1282X carriers, five were of MA ethnicity and
three were FA. All four delF508 carriers were of FA ethnicity.
Therefore, we expected that population phasing of all muta-
tion carriers with the large 574 AJ reference panel would
provide superior phasing accuracy compared to other FA.
However, this was not always true.

Despite the fact that all four delF508 carriers were FA, only
two individuals were phased by the 574AJ reference with high
accuracy (> 99%, Table 2), while the other two were phased
with accuracy of only 90.2% and 68.9%. Among theW1282X
carriers, 574 AJ phasing accuracy was > 98.8% in all three FA

Fig. 2 Population haplotype phasing accuracy as a function of reference
panel content and size. High throughput sequencing of ~ 1700 CFTR-
flanking SNPs (± 2 Mb from CFTR) was performed on 54 samples
from 12 families. We phased these individuals using a population-based
approach (treating them as Bunrelated^), with the aid of one of three
reference panels. The reference panels were as follows: 574 unrelated
AJ individuals (574 AJ), 128 unrelated AJ individuals (128 AJ) [34],

and the publicly available 1000G [33]. Hundreds of heterozygous SNPs
were identified in all samples. The figure shows the mean phasing accu-
racy (± SEM) for a full AJ (n = 16 individuals), b non-AJ (n = 15 indi-
viduals), and c mixed AJ (n = 23 individuals). The accuracy was deter-
mined by comparing the haplotypes against ground truth trio-phased hap-
lotypes (Fig. 1). Asterisks indicate significant difference (P < 0.05;
Bonferroni-corrected paired t test)

Table 1 (continued)

Samplea Family no. Ethnicity Ethnicity classification CFTR genotypeb

Ch25724 13 AJ/Moroccan MA wt/wt

Ch25725 13 AJ/Moroccan MA wt/wt

Ch40315 13 AJ/Moroccan MA wt/wt

F25723 13 AJ FA wt/wt

M25722 13 AJ/Moroccan MA wt/wt

AJ Ashkenazi Jewish, NA non-Ashkenazi, MA mixed Ashkenazi Jewish, FA full Ashkenazi Jewish, wt wild type allele
a Family relationships are indicated by the leading alphabetic characters in the BSample name.^ BCh^ indicates child; BF^ indicates father; BM^ indicates
mother; BGFF^ indicates paternal grandfather of the child (father side of the family); BGMF^ indicates paternal grandmother of the child (father side of
the family); BGFM^ indicates maternal grandfather of the child (mother side of the family); BGMM^ indicates maternal grandmother of the child (mother
side of the family)
bCFTR mutations are provided according to legacy designation
c Ethnicity for this sample is shown according to the known ethnic origins of the mutant alleles in the indicated CFTR genotype
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samples (Table 2). For MA samples, in three W1282X car-
riers, the phasing accuracy was > 99.9%, but for two others,
accuracy was only 81.6% and 64.5% (Table 2).

Such unpredictable phasing accuracy is not suitable for
clinical PGD application. Therefore, we hypothesized that
the fluctuating accuracy was due to the relatively small num-
ber of carriers in the reference panels, which did not capture
the entire diversity of haplotype sequences of carriers.
However, for W1282X, this was clearly not the case, because
there were 13 W1282X carrier alleles in the 574AJ reference,
who all shared a single unified mutation-flanking haplotype
(within ± 1Mb ofCFTR) not seen in non-carrier samples from
the same reference data set (Fig. 3a).

On the other hand, for delF508, there was strong evidence
for a limited coverage of haplotype diversity within the 574AJ
reference. Indeed, there were only four delF508 carriers in the
reference, and hierarchical clustering of their predicted
delF508-linked haplotypes relative to non-delF08 alleles indi-
cated the presence of two haplotypes among the four carriers
(Fig. 3b). To further confirm this diversity of delF08 alleles in
the AJ population, we performed targeted sequencing of
CFTR-flanking SNPs (the same SNPs as those analyzed in
the 54 sample study cohort) on an additional collection of
in-house DNA samples from delF508 carriers. This lab-
specific reference consisted of 15 delF508 carrier trios of AJ

(9 trios) and non-AJ (6 trios for control) ancestry among
whom none had any blood relationship to members of the
study cohort. Here too, hierarchical clustering of the lab ref-
erence delF508 alleles identified more than one delF508-
linked haplotype among AJ carrier alleles (Fig. 3c).
Therefore, we surmised that correct haplotype phasing of
W1282X and delF508 carriers, respectively, would require
two different strategies to account for the lack of (in the case
of W1282X) or presence of (in the case of delF508) mutation-
linked allelic diversity in the AJ population.

To improve W1282X phasing, a new phasing strategy was
devised to correct the haplotype predictions of two W1282X
carriers of MA descent (samples M19543 and Ch19153) who
were poorly phased by haplotype frequency-based phasing
using the 574AJ reference (Table 2). In these cases, we ex-
pected that the presence of a non-AJ haplotype in each of the
MA carriers would reduce phasing accuracy of short-range
phasing algorithms such as SHAPEIT. Therefore, given the
aforementioned homogeneity of W1282X alleles in the AJ
population, we re-phased all W1282X mutation carriers in
the study cohort using a strategy based on identity-by-
descent (IBD) similarity between the target and reference ge-
nomes [21]. Specifically, using a simple nearest neighbor heu-
ristic (see BMaterials and methods^), the W1282X haplotypes
in the 574AJ reference that best matched the profile of all

Table 2 The effect of population-based and nearest neighbor phasing on haplotype phasing of CFTRW1282X and delF508 mutation carriers in the
study cohort

Sample Ethnicity Ethnicity
classification

CFTR mutation Phasing accuracy (%)

574AJ 128AJ 1000G 574AJ-IBD LSR-IBD 574AJ+
LSR

M20375 Ashkenazi FA delF508/wt 99.7 99.4 83.8 82.7 99.0 99.5

GFM33714 Ashkenazi FA delF508/wt 99.1 79.6 68.2 53.2 94.9 99.3

M33712 Ashkenazi FA delF508/wt 90.2 67.0 72.7 77.6 97.2 99.8

F33859 Ashkenazi FA delF508/wt 68.9 68.9 56.1 66.9 96.4 94.0

FA delF508 average accuracy 89.5 78.7 70.1 70.1 96.9 98.2

Sample Ethnicity Ethnicity
classification

CFTR mutation Phasing accuracy (%)

574AJ 128AJ 1000G 574AJ-IBD

GFF33717 Ashkenazi FA W1282X/wt 99.5 61.0 57.7 100

F33713 Ashkenazi FA W1282X/wt 99.6 96.4 76.7 100

F19000 Ashkenazi FA W1282X/wt 98.8 98.8 52.3 99.5

FA W1282X average accuracy 99.3 85.4 62.3 99.8

Ch19154 Ashkenazi + Moroccan MA W1282X/3849 + 10 kb 100 86.9 75.5 100

F20376 Ashkenazi/Tripoli MA W1282X/wt 100 95.2 95.4 99.8

Ch19032 Kurdish + Ashkenazi MA 3121/W1282X 99.9 92.0 64.5 99.8

M19543 Ashkenazi/Turkish +
Iraqi

MA W1282X/wt 81.6 100 58.3 100

Ch19153 Ashkenazi + Moroccan MA W1282X/wt 64.5 97.1 68.2 100

MAW1282X average accuracy 89.2 94.2 72.4 99.9

FA full Ashkenazi Jewish, MA mixed Ashkenazi Jewish, wt wild-type allele, 574AJ-IBD identity-by-descent phasing using mutation carriers from the
574AJ reference data set, LSR-IBD identity-by-descent phasing using mutation carriers from the lab-specific reference data set, 574AJ+ LSR population-
phasing using the delF508 lab-specific trios combined with the 574AJ reference
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Fig. 3 Hierarchical clustering ofW1282X and delF508mutation-linked hap-
lotypes identifies a single founder haplotype for the W1282X variant and
multiple founder haplotypes for the delF508 variant. Pictured are dendro-
grams, generated by hierarchical clustering, of ~ 1700 sequenced SNPs
flanking the CFTR gene that were phased into haplotype blocks. Purple
coloring indicates an hg19 reference nucleotide and yellow coloring indicates
the alternative allele. The physical position on hg19 chromosome 7 is indi-
cated to the right. The CFTR gene is positioned in the horizontal center of
each plot. a A dendrogram of 13 haplotypes who carry the CFTRW1282X
allele in the 574 AJ reference data, together with 10 haplotypes carrying
random non-W1282X alleles from the same reference set. Note the presence

of a distinct W1282X-specific linkage disequilibrium block (not present in
non-carrier controls) within ± 1 Mb of the CFTR gene in the middle of the
574AJ W1282X plot. bA dendrogram of four CFTR delF508-linked haplo-
types in the 574 AJ reference data, together with 10 random non-delF508
CFTR alleles from the same reference data set. Note that not all four delF508
alleles cluster together. c A dendrogram of 15 CFTR delF508-linked haplo-
types from our lab-specific reference, comprising nine AJ and six non-AJ
mixed ethnicity (a Turkish-Romanian-AJ, a Turkish-Syrian-Caucasian, a
Turkish-Persian, a Tunisian, and two Palestinian Arabs). The lab-specific
reference was derived from amplicon targeted sequencing of ~ 1700 CFTR-
flanking SNPs. Note that not all AJ delF508 alleles cluster together
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homozygous sites of the mutation carrier were used to phase
heterozygous SNP sites in that carrier. Strikingly, this strategy
improved phasing accuracy of MA mutation carriers M19543
and Ch19153 (as well as other W1282X mutation carriers in
the study cohort) to near perfection (Table 2; Fig. 4a). These
results indicate that where a comprehensive mutation-specific
reference is available (such as that for W1282X in the 574AJ
reference data), IBD-based phasing should be considered the
computational phasing method of choice to define gene-
flanking haplotypes in mutation carriers of mixed ethnicity.

As described above, the delF508 mutation exists with
more allelic diversity in the AJ population than W1282X.
For this reason, we hypothesized that even delF508 car-
riers of FA descent could not be correctly phased using
standard population-phasing strategies (Table 2). Indeed,
even IBD-phasing, using the four delF508 carrier alleles
in the 574AJ reference could not correctly identify the
true haplotypes in all of the study cohort delF508 carriers
(Table 2). This was evident from the fact that hierarchal
clustering (see BMaterials and methods^) mis-categorized
some FA delF508 carriers in the study cohort (such as
sample F33859) together with non-delF508 haplotypes
in the 574AJ reference, rather than true carrier haplotypes
in the same reference data set (Fig. 4b). Thus, we sought
to capture a more accurate representation of delF508-
linked alleles in the AJ population by deriving our own
delF508-specific lab reference for population-based and/
or IBD-phasing (see BMaterials and methods^). This lab
reference was more informative for IBD than the 574AJ
data because it contained more FA delF508 haplotypes,
and it was also derived from ground truth trio-phasing.
Accordingly, IBD-phasing with our delF508 lab reference
provided much more reliable haplotype predictions for
delF08 carriers in the study cohort than the other phasing
strategies attempted above (96.9% mean lab-specific ref-
erence IBD-phasing accuracy vs 70.1% and 89.5% mean
574AJ IBD-phasing and mean 574AJ population-phasing
accuracy, respectively; Table 2; Fig. 4c). This suggests
that the lab reference contained a more inclusive represen-
tation of delF508 alleles than the original 574AJ
reference.

We next hypothesized that by combining the lab-
reference delF508 carriers with the 574AJ data, we could
better capture the maximal number of relevant AJ alleles
necessary to phase unknown FA delF508 carriers. Indeed,
when we re-ran SHAPEIT with the 574AJ and lab
delF508 samples combined into one all-inclusive refer-
ence, we observed the highest phasing accuracy of all
(Table 2). Hence, to meet standard expectations of a clin-
ical application for diverse haplotypes that are under-
represented in a reference population, it would be best
to supplement the phasing reference with as many
ethnic-matched mutation carriers as possible.

Discussion

The traditional Bfamily-based^ haplotype phasingmethod is well
established, but it has a number of shortcomings, such as lengthy
preparation time and the need to recruit multiple family mem-
bers. In contrast, new population-based phasing methods are
unaffected by these issues. However, in the clinical setting, where
the precision of pre-implantation test results cannot be compro-
mised, it is crucial to implement the most accurate and reliable
diagnostic methods available. The goal of this study was to de-
termine whether population-based methods can achieve clinical-
grade accuracy for PGD applications.

Recently, large-scale population-specific genomic data-
bases were generated for various populations (including
Icelandic [36], British [37], North American [38], Chinese
[39], Korean [40], and Saudi Arabian [41] populations) most-
ly for enabling genome-wide association studies of rare vari-
ants. Other important applications of population-specific ref-
erence panels are in clinical genetics (look up of variant fre-
quency), as well as in population genetics and evolutionary
biology. Similar to other populations, a large-scale genomic
data set also exists for Ashkenazi Jews [34, 35]. The extensive
reference data can also be used to empower population-based
phasing approaches, as we demonstrate here.

In order to demonstrate the feasibility of these ultrafast
haplotype phasing strategies, we first tested whether a large
cohort (1092 samples) from the 1000 Genomes Project
(Caucasian but not Ashkenazi) would provide enough data
to perform accurate phasing for our study cohorts. However,
the poor accuracy obtained (Fig. 2) precluded the usage of the
1000G reference panel alone for haplotype phasing of the
CFTR gene locus. When using Ashkenazi genomes as refer-
ence, we found, as expected, that the phasing accuracy in-
creased with the size of the reference panel (Fig. 2). For indi-
viduals with mixed Ashkenazi and non-Ashkenazi ancestry,
the accuracy was also higher when using the Ashkenazi-
specific 574 samples reference panel compared to 1000G,
but the overall accuracy of 95.4% ± 4.6 implicated the need
for obtaining additional reference samples that are ethnically
matched to the mixed ancestry population.

We next concentrated on founder mutations, since in these
cases the haplotype carrying the mutation is expected to be
relatively common.We chose cystic fibrosis for proof-of-prin-
ciple, because it is a common disease (not only in the
Ashkenazi population), and a test for CFTR mutations is in-
cluded in all premarital/prenatal screening panels in Israel and
elsewhere. We focused on the relatively common W1282X
Ashkenazi-specific mutation and the delF508mutation, which
represents 70% of CFTR mutations in the non-Jewish
European population [42, 43].

For patients of full Ashkenazi ancestry carrying the
W1282X variant, using the 574 Ashkenazi genomes as a ref-
erence provided very high haplotyping accuracy. However,
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patients of mixed origin carrying the same mutation had a
much lower phasing accuracy. To address this issue, we sim-
ply performed identity by descent analysis with W1282X al-
leles from the same reference data set to discriminate the
W1282X-specific haplotype from the non-Ashkenazi haplo-
type in the Bbackground.^

For patients of full Ashkenazi ancestry carrying the
delF508 mutation, not all individuals were accurately phased
using the 574 AJ reference genomes, despite their full
Ashkenazi ancestry. Given the high diversity of delF08 alleles
in the AJ population (Fig. 3b), we developed a new reference
panel of trio-based haplotypes from an in-house resource of

Fig. 4 Hierarchical clustering of
W1282X and delF508 carriers in
the study cohort after IBD-
phasing. Pictured are the same
dendrograms of Fig. 3, except that
one unknown mutation carrier
was added to each plot (enclosed
by a white rectangle). a Sample
Ch19153 (indicated on plot)
carries the W1282X mutation in
CFTR, yet was not accurately
phased by short-range popula-
tion-based modeling (SHAPEIT)
using the 574 AJ reference panel
(64.5% phasing accuracy;
Table 2). However, after IBD-
phasing with 574 AJ W1282X
alleles, the phasing accuracy im-
proved to 100% (Table 2). b
Sample F33859 carries the
delF508mutation, andwas poorly
phased by SHAPEIT using the
574 AJ reference panel (68.9%;
Table 2). IBD-phasing with
delF508 carriers from the 574 AJ
panel failed to improve accuracy
(66.9%; Table 2). Note that sam-
ple F33859 incorrectly clustered
with non-delF508 alleles. c The
same delF08 lab-specific refer-
ence as that in Fig. 3c was used
for IBD-phasing of sample
F33859. Here, the delF08 allele of
sample F33859 most closely
matched the profile of one of the
high quality trio-phased delF508
haplotypes in the lab reference.
This improved phasing accuracy
of F33859 from 68.9% (574AJ) to
96.4% (Table 2)
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DNA from patients who have previously undergone PGD for
delF508 in our clinic. These Bin-house^ reference samples
turned out to capture much better the haplotype diversity in
our study cohort and led to a significant increase in
population-based phasing accuracy.

Thus, we show that population-based phasing is practical
and accurate enough for clinical haplotype-based applications
(such as PGD) according to the following guidelines. In gen-
eral, individuals of FA descent are phased very accurately with
a sufficiently large reference panel (such as 574AJ). The ex-
ception to this rule are FA carriers of rare, yet Bdiverse,^ var-
iants (such as delF508) for which multiple founder alleles
exist. For these exceptional cases, the base population refer-
ence should be supplemented by as many founder variant-
bearing samples as possible to capture the full allelic represen-
tation of the variant of interest. When using this supplemen-
tation approach, population-based phasing features near per-
fect accuracy.

Regarding MA individuals, it would seem that 574AJ
population-based phasing alone may not be reliable enough
for clinical application. However, if the reference panel in-
cludes a sufficient number of carriers of a particular mutation
with low allelic diversity (such asW1282X), IBD phasing is a
rather simple yet attractive alternative to standard trio sample
phasing. Within the AJ population, founder mutations are
commonplace. Therefore, a computational solution to MA
founder mutation carrier phasing (such as IBD) has practical
utility for a myriad of pre-PGD case workups.

For populations other than Ashkenazi Jews, Bhassle-free^
accurate phasing can be performed based on publicly avail-
able data sets such as the 1000 Genomes Project [13] or the
Haplotype Reference Consortium (HRC) [14]. The HRC con-
tains over 32,000 whole genomes of individuals of various
ancestries. In addition, dedicated servers exist (e.g., https://
imputation.sanger.ac.uk/ or https://phasingserver.stats.ox.ac.
uk/) for user-friendly phasing of target genomes based on
the HRC and state-of-the-art phasing algorithms. Several oth-
er populations not represented in these data sets nevertheless
have their own genome projects, such as Singaporeans [44],
Mongolians [45], Costa Ricans [46], Qatari [47], French
Canadians [48], and various Africans [49], to give a few ex-
amples. Even larger databases exist for microarray genotyp-
ing, such as the UK Biobank with nearly 500,000 individuals
[50], although in that case, the imputed genotypes will have to
be used to phase some of the SNPs.

In summary, we conclude that SNP data from existing
whole genome sequences can be used to phase individuals
of full AJ descent or partial AJ descent with founder mutation
carriage. These findings essentially eliminate the need for
family-based haplotyping and the extensive time required for
associated Bclassical^ family-based haplotype construction.
Thus, it may soon be possible to employ clinical BOTSP,^
BOff-The-Street population-based Phasing,^ provided that

one has access to an appropriate population-matched refer-
ence data set of sufficient size and diversity. Given the multi-
tude of genome data that has and is currently being generated
en masse for many worldwide populations, we predict that
OTSP will soon be relevant for PGD seeking couples of any
and all ethnicities in the near future.
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