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Expanded clinical validation of Haploseek for comprehensive
preimplantation genetic testing
David A. Zeevi 1,8✉, Daniel Backenroth2,8, Elinor Hakam-Spector3, Paul Renbaum3, Tzvia Mann1, Fouad Zahdeh1, Reeval Segel3,4,
Sharon Zeligson3, Talia Eldar-Geva4,5, Ido Ben-Ami4,6, Adi Ben-Yehuda3, Shai Carmi2,9 and Gheona Altarescu4,7,9

PURPOSE: We previously developed Haploseek, a method for comprehensive preimplantation genetic testing (PGT). However,
some key features were missing, and the method has not yet been systematically validated.
METHODS: We extended Haploseek to incorporate DNA from embryo grandparents and to allow testing of variants on
chromosome X or in regions where parents share common haplotypes. We then validated Haploseek on 151 embryo biopsies from
27 clinical PGT cases. We sequenced all biopsies to low coverage (0.2×), and performed single-nucleotide polymorphism (SNP)
microarray genotyping on the embryos’ parents and siblings/grandparents. We used the extended Haploseek to predict
chromosome copy-number variants (CNVs) and relevant variant-flanking haplotypes in each embryo. We validated haplotype
predictions for each clinical sample against polymerase chain reaction (PCR)-based PGT case results, and CNV predictions against
established commercial kits.
RESULTS: For each of the 151 embryo biopsies, all Haploseek-derived haplotypes and CNVs were concordant with clinical PGT
results. The cases included 17 autosomal dominant, 5 autosomal recessive, and 3 X-linked monogenic disorders. In addition, we
evaluated 1 Robertsonian and 2 reciprocal translocations, and 17 cases of chromosome copy-number counting were performed.
CONCLUSION: Our results demonstrate that Haploseek is clinically accurate and fit for all standard clinical PGT applications.
Genetics in Medicine (2021) 23:1334–1340; https://doi.org/10.1038/s41436-021-01145-6

INTRODUCTION
Preimplantation genetic testing (PGT) has been available for >20
years to help prevent the birth of children with Mendelian
(monogenic) disorders and/or structural pathogenic variations.1 In
PGT, embryos are generated by in vitro fertilization (IVF), and a
biopsy from each embryo is genetically tested for monogenic
disease (PGT-M), translocation or subchromosome copy-number
imbalance (PGT-SR), and/or genome-wide aneuploidy (PGT-A).2 In
Israel, PGT-M/SR has had a significant impact on families carrying
pathogenic variants, due to relatively high uptake of genetic
screening.3 Furthermore, part of the population will not interrupt a
pregnancy for religious reasons.4,5 However, the current imple-
mentation of the method, based on amplifying and genotyping
polymorphic markers flanking the pathogenic variant, is laborious,
expensive, and requires long family-specific preparation.6 In
addition, this technique limits the number of markers to be
tested and does not easily facilitate embryo fingerprinting.
Another limitation is that informative markers surrounding the
relevant variant are not always available for consanguineous
couples, as markers are often identical in both partners. In Israel
and generally in the Middle East, there is a high number of
consanguineous unions in certain populations.7

The fast developments in whole-genome amplification (WGA)
and genotyping/sequencing technologies, together with innova-
tive statistical modeling of single-cell DNA sequencing, have led to
a wave of recent publications offering fast and accurate
technologies that can simultaneously perform PGT-A, PGT-SR,
and PGT-M.6,8–17 In most implementations, it is assumed that the

genome of an affected family member is available, in order to
tease apart, or “phase,” the two haplotypes of each parent, and
thereby identify which haplotype (the one carrying the disease
variant vs. the wild-type haplotype) was transmitted to each
embryo.
We recently developed a PGT method termed Haploseek,18

which relies on microarray genotyping of the parents and an
affected child, along with very low–coverage whole-genome
sequencing of the embryos. Haploseek is an accurate clinical
grade method that can reach a turnaround time of 24 hours at an
affordable cost.18 To overcome missing genotypes due to the
shallow sequencing coverage, we used statistical modeling via
hidden Markov models (HMMs) for inferring the chromosome
transmitted from each parent and the copy number at each
autosomal region in each embryo. However, the original
implementation of this method did not account for PGT cases
where a disease-affected child was unavailable for haplotype
phasing reference. Moreover, X-linked disease diagnosis required
manual entry of X chromosome ploidy for each embryo under
consideration. In addition, for consanguineous couples, haplotype
prediction accuracy was somewhat compromised within genomic
regions with extensive haplotype sharing.
Here, we report a substantial expansion and validation of the

capabilities of Haploseek, by clinical testing in a cohort of 151
embryos from 27 couples. To improve the applicability of
Haploseek, we extended it to include three new functionalities.
First, we demonstrate practical diagnosis of embryos from
consanguineous couples using tailored statistical modeling.
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Second, our method can now handle families where one or more
embryo grandparents (parents of the couple performing PGT) are
available instead of an affected child. We used the grandparents
for phasing the haplotypes of the parents, and then used that
phasing information to accurately diagnose the embryo. Third, we
added functionality for X-linked disorder testing, automatically
accounting for sex-specific X chromosome ploidy.
We demonstrate successful clinical validation with 100%

accuracy of Haploseek across a broad selection of single gene
and copy-number variant disorders.

MATERIALS AND METHODS
An overview of the evaluation strategies
We used two approaches to evaluate the results of our methods.
To evaluate the performance of Haploseek in consanguineous families

and for the initial evaluation of the X chromosome method, we used low-
depth sequencing of single-cell DNA from tissue cultures as described in
our previous paper,18 with key points also mentioned in various
subsections below.
The remaining evaluations were performed on residual genetic material

donated for research from embryos that underwent PGT due to various
conditions. In this setting, Haploseek‘s results for the predicted genotype
of each embryo were compared against clinical PGT-M results based on
polymerase chain reaction (PCR) amplification of flanking markers.
Haploseek’s predicted copy-number status was validated by testing the
same WGA material with an established commercial kit for single-cell copy-
number variant (CNV) detection (VeriSeq-PGS; Illumina).

Sample processing pipeline for grown children
Genomic DNA of parents and children from four families was collected as
described in our previous paper.18 To emulate a PGT pipeline, we prepared
lymphoblast single cells for the children, also as previously described.18

Sample processing pipeline for PGT embryos
DNA samples were collected from PGT couples and their family members
during routine pre-PGT workup. Embryo biopsies were all processed for
WGA during the course of clinical PGT cycles. Residual WGA material was
utilized in this study.

Single-nucleotide polymorphism (SNP) microarray analysis
Genomic DNA was extracted from peripheral blood using the FlexiGene
DNA kit (Qiagen). Subsequently, DNA samples were subject to CytoS-
can® 750K or CytoScan® HD SNP array (Affymetrix) and then scanned on an
Affymetrix GeneChip (GCS3000) Scanner. Chromosome Analysis Suite
(Chas; Affymetrix) was used to extract genotype calls and copy-number
predictions (where relevant) from each array.

Whole-genome amplification and low-coverage genome
sequencing
Single culture cell/blastomere/blastocyst DNA underwent WGA using the
PicoPLEX WGA kit (Rubicon Genomics) according to the manufacturer’s
protocol. Amplified DNA from each cell was then converted into genome
sequencing libraries using the Nextera XT library prep kit (Illumina).
Resultant libraries were normalized and pooled for 1×75 single read or
2×75 paired end sequencing on a NextSeq 500 (Illumina) instrument to
generate 0.2–0.4× genomic sequence coverage per sample.

NGS variant calling
Low-coverage high-throughput sequencing reads were aligned to the
reference human genome (hg19) using Burrows–Wheeler alignment
(BWA),19 and the reads mapping to reference and alternate alleles were
counted using samtools mpileup at SNP positions matching those on the
Affymetrix arrays.

Haplotype prediction using low-coverage sequencing data
Our data include low-coverage sequencing reads for each child or embryo,
and microarray genotypes for the two parents and a child reference or one
or more embryo grandparents. The computational pipeline for haplotype

prediction involving a child reference was described in our previous
paper.18 For haplotype predictions involving a grandparent(s) reference
and X chromosome phasing, see Supplementary Materials and Methods.

Copy-number variant prediction
CNV prediction was performed as we previously described.18

Output visualization
The user-friendly interface in18 was used to visualize data output on a web
browser in two plots depicting the haplotype prediction (Viterbi path) and
the “marginal” (posterior) probabilities, respectively.

Regions of consanguinity
Here, we consider the setting when the diagnosis of embryos is based on
the genomes of parents and an affected child, and the goal is to
determine, for each embryo, whether its maternal/paternal haplotypes are
the same as in the affected child or not. In the case of consanguineous
families (i.e., the parents are related), it can be difficult to infer the origin of
some embryo haplotypes. For prioritization of embryos from consangui-
neous families carrying autosomal recessive pathogenic variants, we
provide additional information. We defined regions of consanguinity
(ROCs) as genomic regions where the parents had identical heterozygous
genotypes. Specifically, we designated any genomic region as a ROC if, for
every set of 200 consecutive array SNPs in the region, no more than 95% of
the paternal genotypes were homozygous and at least 95% of the father’s
and mother’s genotypes were identical. In these regions, in addition to
plotting the posterior probability of inheritance of each haplotype from
each parent, we also computed a “diff” score, indicating the probability
that the embryo has a genotype different by at least one haplotype from
the affected child (i.e., the embryo is either heterozygous or homozygous
to the wild-type haplotype). To compute the score, we simply summed
over all hidden states in our Markov chain model that are consistent with
the embryo having a different genotype compared to the affected child.
(For a description of our HMM, see our previous paper.18) Visually, in these
regions we provide a third plot, which we term “diff plot,” illustrating the
probability that the examined embryo is not homozygous to the disease
haplotype.

RESULTS
An overview of our results
We performed clinical validation of Haploseek on a cohort of 151
embryo biopsies from 27 different families altogether. Applica-
tions included PGT-M, PGT-A, and/or PGT-SR, and Haploseek test
results for each biopsy were 100% concordant with clinical PCR-
based PGT-M and with VeriSeq-PGS-based PGT-A/PGT-SR test
results (see below).
For expanded clinical application of Haploseek, the following

key features were added: (1) enhanced accuracy for recessive
disease diagnosis in embryos from consanguineous couples, (2)
support for parental haplotype phasing using microarrays from
embryo grandparents instead of disease-affected siblings of the
embryos, and (3) X-linked disease diagnosis. In the following, we
describe the results of our experiments for validation of our
approach.

Addressing autosomal recessive disease diagnosis in
consanguineous families
Our clinical laboratory is located in a geographic region in which
consanguineous unions occur with high incidence.7 Consequently,
consanguineous couples often seek molecular PGT-M services in
our lab. Nonetheless, PGT-M for these couples is not trivial
because of extensive haplotype sharing among the partners,
which creates a challenge not only for Haploseek but also for
other comprehensive genome-wide PGT strategies13,20 and gold
standard PCR-based molecular testing methods. Previously, we
reported compromised haplotype prediction accuracy when
applying Haploseek to embryos from consanguineous families.18
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Most errors occurred in long regions of the genome where the
two parents shared both of their haplotypes, i.e., both parents had
haplotype pairs H1H2, where H1 denotes the haplotype that
carries a recessive disease variant and H2 is a wild-type haplotype.
In these cases, the parents are said to be “IBD2,” where IBD stands
for “identical-by-descent,” and 2 means that both haplotypes are
shared. Herein,18 we call these regions ROCs. Within ROCs, it is
difficult to determine which haplotype was transmitted from each
parent, in particular when the embryo is heterozygous (H1H2).
However, the question of exactly which parent has transmitted
the mutant haplotype is inconsequential when performing PGT-M
for an autosomal recessive disease. As long as the embryo is not a
homozygous mutant (H1H1), the embryo can be implanted. In
other words, conclusive detection of at least one parental wild-
type allele in the embryo (even if it is not clear which parent/s has

transmitted the allele/s) is sufficient grounds to prioritize the
embryo for transfer.
Using the aforementioned guiding principles, we added to

Haploseek the ability to diagnose the presence or absence of
homozygous mutant alleles in consanguineous families. In this
setting, the DNA of the parents and an affected child (“child 1”)
were genotyped on a microarray prior to sequencing the embryos
to low depth. Then, we added a ROC identification feature to the
analysis module, whereby all parental arrays in each Haploseek
cycle are scanned for ROCs and each ROC is flagged accordingly.
The ROCs are highlighted on the marginal plots of the user
interface (Fig. 1; green dots) so as to draw the attention of the
medical practitioner during PGT-M result reporting. Then, to reach
clinical diagnosis of the embryo in each ROC, we show a diff plot,
which evaluates the probability that the embryo is genetically
identical to the homozygous affected child 1 sibling or “different”
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Fig. 1 Embryo classification within genomic regions of consanguinity using Haploseek. Pictured is a screen capture of chr9 haplotype data
from children 2 and 3 in consanguineous family 2. The samples were derived from single cells sequenced to depth 0.2×. Maternal and paternal
haplotypes are each depicted in prediction and marginal plots for each child. The prediction plot indicates the hidden Markov model (HMM)
haplotype prediction (the Viterbi path) in child 2 or child 3, as indicated, relative to the affected child 1 reference (not depicted). Dark red and
dark blue shaded segments indicate that child 2/3 matches child 1’s maternal and paternal haplotypes, respectively. Lighter shading indicates
that child 2/3 matches the wild-type haplotypes that are not present in child 1. The marginal (posterior probability) plot indicates the degree
of confidence with which the HMM is reporting a certain haplotype prediction. A marginal value of 1 means a high confidence prediction of a
child 1 matching haplotype. A marginal value of 0 means high confidence prediction of a child 1 mismatching haplotype. We call sites with
marginal values between 0.01 and 0.99 low confidence. These sites mostly appear near meiotic recombination sites. The marginal probabilities
are plotted as dots at the single-nucleotide polymorphism (SNP) sites on the arrays that were also successfully sequenced. Green dots flag a
region of consanguinity (ROC), in which the parents share both of their haplotypes (and those haplotypes are not identical to one another).
Note that there is a single ROC that extends over the centromere (the centromere appears as a thin black line with no sequenced array SNPs
toward the middle of the chromosome). The “show diff” checkbox on the top left is unchecked, thereby indicating that conventional
Haploseek haplotype predictions are being viewed. The plot suggests two crossovers in the mother, within the ROC, upstream and
downstream of the centromere in both child 2 and child 3, with low-confidence marginal scores. Thus, from this plot alone it is impossible to
determine whether the mother’s paternal or maternal haplotype was transmitted to the embryo in close proximity of the maternal crossover
sites. However, as long as the paternal wild-type haplotype was transmitted, the embryo could be transferred. The purple rectangle indicates
an evaluation region where child 1 is H1H1 and both parents are H1H2. Regions such as these are best interpreted in the diff plot (see Fig. 2).
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(meaning either heterozygous or homozygous wild type; Fig. 2).
On the user interface, the diff plot is easily accessed by clicking a
checkbox at the top the screen.
We evaluated the performance of the diff plot diagnosis on two

consanguineous families from our previous report.18 In these
families, parents and grown children were available. Single cells
were collected from a lymphoblast culture of each child and their
DNA was amplified and sequenced, and genomic DNA from bulk
blood cells was genotyped on microarrays. In clinically relevant
ROCs (which we denote as “evaluation regions” in Table S1) where
child 1 is H1H1 (i.e., more than 95% of the child 1 genotypes are
homozygous) and both parents are H1H2, diff plot predictions
were perfectly accurate on ROC SNPs that passed the confidence
filter (compared with results from bulk DNA genotyping). For one
child in family 2, the haplotype model had lower diagnostic yield
than the diff plot model. In this and similar cases, as long as the
diff plot confidence is high, a test result may be reported for the
embryo if there is sufficient evidence to indicate that the embryo
is or is not homozygous mutant like child 1.
In Figs. 1 and 2, we present a scenario in family 2 where the diff

plot yields a clinically actionable result even in a case where both
parental haplotypes cannot be resolved. In Fig. 1, we see a
maternal recombination event inside an “evaluation region” in
both child 2 and child 3, indicating that the child 1 reference was
recombinant in this region. Hence the maternal marginal score is
low confidence and her haplotype cannot be determined in both
children. However, the paternal haplotypes in the same genomic
region are clearly defined as "wild type" (child 1 mismatching) in
child 2 and "mutant" (child 1 matching) in child 3. Looking at the
diff plot in Fig. 2, we see that the marginal score for child 3 is poor,
yet very high in child 2. This is because to child 3, the father had
clearly transmitted his "mutant" haplotype, while the mother’s
haplotype cannot be determined due to a crossover event.
Homozygous "mutant" status cannot be differentiated from
heterozygous state in this case. In contrast, child 2 had clearly
inherited the father’s wild-type haplotype, thus even without
discerning the maternal haplotype, we have sufficient evidence to
“diagnose” child 2 because he/she definitely is not homozygous
mutant like child 1 but rather homozygous wild type or
heterozygous (which are both genetic states that are fit for
embryo transfer). This delineates a rather simple case of how the
diff plot can yield actionable results in samples such as child 2
even when complete haplotype predictions are not possible.

Clinical validation of Haploseek and utilization of embryo
grandparent references for haplotype phasing
Haploseek was originally established on the assumption that SNP
microarray genotypes are available for a living child, which could
be used to phase the parental array genotypes. However, in the
precase clinical setting, DNA from a living child of the couple is
not always available, e.g., if the couple is childless. In fact, in our
clinic, at least half of precase haplotype workup is performed with
DNA from one or more parents of the parents (grandparents of
the embryos) because child DNA is unavailable. Thus, given this
limitation of Haploseek, we devised a new grandparent module to
enable utilization of grandparent DNA in lieu of child DNA for
phasing the parental genotypes.
Our new module allows the user to input 1 to 4 grandparent

array genotypes as reference genomes for phasing. We rede-
signed our HMM to accommodate this change (Supplementary
Materials and Methods). Briefly, our HMM has read counts as
observations (with probabilities based on a beta-binomial model),
and the hidden states represent which haplotype was transmitted
from each parent (with transitions reflecting crossovers). The
parental haplotypes are determined based on grandparental
genotypes, taking into account possible genotyping and phasing
errors. For heterozygous parental SNPs in which grandparents are
uninformative or missing, we assign equal probability to each
haplotype assignment. The prediction of which haplotype was
transmitted to the embryo is then output in the user interface,
labeled according to the source of each haplotype (maternal
grandmother or grandfather and the paternal grandmother or
grandfather; Fig. 3).
To evaluate the accuracy of our grandparents module, we ran

Haploseek on 16 different clinical PGT-M cases in which one or
more grandparents were used as the phasing reference. The
results are presented in Table S2, covering various autosomal
recessive and dominant diseases, and 73 embryos overall. The
results for all embryos were completely concordant with standard
PCR-based PGT-M test on the same embryo biopsies.

X-linked disease testing
Haploseek provides accurate whole-autosome haplotype predic-
tions.18 However, the underlying statistical model did not take the
X chromosome ploidy into account, and the accuracy for X-linked
diseases was not established. We added a new X chromosome
module to Haploseek, which evaluates which maternal X
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the top left is checked, thereby indicating that diff plot embryo classification is being viewed.
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chromosome was transmitted to the embryo. We implemented
this feature for both child-based and grandparent-based phasing
pipelines (Fig. 4).
In initial testing, we determined genome-wide accuracy of X

chromosome haplotypes in three families of parents and grown
children, as we used for the evaluation of the consanguinity
module. Table S3 shows very high per-SNP accuracy of this
module, provided that haplotype predictions are determined in
nonpseudoautosomal regions of chrX. To further evaluate the
clinical utility of the X chromosome module, we performed X-
linked Haploseek on four different clinical PGT-M cases (three
cases with a child phasing reference and one with grandparent
phasing references). Here too, the Haploseek X chromosome
haplotype predictions on 11 embryos overall were completely
concordant with standard PCR-based PGT-M test results on the
same embryo biopsies (Table S4). Hence, we conclude that
Haploseek is well suited for clinical X-linked disease PGT-M.

Evaluation of Haploseek on additional families
To further evaluate the clinical utility of Haploseek, we tested
another seven PGT-M cases using child DNA as the phasing
reference. Like the grandparent families above, Haploseek showed
complete concordance with PCR-based PGT-M in all 67 embryos
for various autosomal recessive or dominant disorders (Table S5).
Thus, we demonstrate that Haploseek performs well in clinical
case testing regardless of whether child or grandparent DNA is
used as the haplotype phasing reference.

Expanded clinical validation of Haploseek for PGT-A or PGT-SR
applications
One of the primary benefits to Haploseek is the ability to diagnose
PGT-A and PGT-SR targets in the same diagnostic test and same
embryo biopsy as that of PGT-M. However, extensive clinical
validation data for PGT-A and PGT-SR applications of Haploseek
was lacking. Here, we validated clinical PGT-A/SR applications for
all aforementioned cases where clinical PGT-A/SR results were
available (Tables S2, S4, and S5). Our results show that Haploseek
PGT-A/SR results were completely concordant with that of
VeriSeq-PGS on 72/72 embryos where a result was obtained from
both methods.

DISCUSSION
We report here on the implementation and validation of extensive
improvements to the Haploseek analytical pipeline on a large
cohort of 151 embryos. Our results demonstrate that Haploseek is
highly accurate, and is thus fit for all clinical PGT applications,
whether it be PGT-A, PGT-SR, or PGT-M.
For PGT-M, we have now addressed prior deficiencies in the

prototypical version of Haploseek. Adding the option to use the
embryo’s grandparents as phasing references means that
the implementation of Haploseek now covers most PGT-M cases.
In 2019, 203 of 208 families (97.6%) who performed PGT-M
in our clinic also provided DNA from at least one affected
child or grandparent. The remaining families presented with
either de novo pathogenic variants in one of the parents, or
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children/parents of the couple were not available. Hence,
Haploseek is on par with other genome-wide comprehensive
PGT methods such as karyomapping and OnePGT.8,21 However, it
would still be important to adapt Haploseek and similar
comprehensive PGT methods for parents-only embryo haplotype
phasing, especially in the context of de novo pathogenic variant
PGT. Indeed, various studies have already put forward some
suggestions to address the limitations of relying on family
member reference DNA for PGT.16,17,22,23

Another matter that has not been adequately addressed by
existing comprehensive PGT methods is consanguinity. In
previous reports involving karyomapping as the PGT method,
consanguinity accounted for all misdiagnosed embryos.13,24

Moreover, OnePGT explicitly disclaims any use of their platform
for consanguineous unions.20 Hence, the establishment of a
comprehensive PGT method with a clinically valid solution for
consanguineous families is necessary. In this report, we describe a
new feature of the Haploseek platform that accurately discrimi-
nates homozygous recessive disease-affected embryos from
healthy ones in regions where parents have identical pairs of
haplotypes. We show here that embryo prioritization decisions in
such cases are highly reliable. Thus, Haploseek should be
considered as a viable comprehensive method for consangui-
neous couples seeking PGT-M for autosomal recessive disorders.
Certainly, in regions such as the Middle East, where consangui-
neous unions are relatively common, the prospect of a universal
assay for all recessive disorders is an attractive alternative to
existing PGT solutions.
The following are limitations of this study. Although molecular

test results from Haploseek were cross-checked by orthogonal
methods on the same embryo biopsies, clinical outcome data
were not available for each embryo at the time of manuscript
preparation. While follow up for pathogenic variant-bearing

biopsies is not possible given that such embryos are not
transferred in clinical PGT cases, pregnancy outcome from
embryos that otherwise would be prioritized for transfer (based
on genetic testing) was not evaluated in this report. Likewise, live
birth rate for embryo transfers leading to pregnancy was not
calculated because this study was prepared before all pregnancies
reached full term. Thus, our findings are limited to molecular test
accuracy, and future studies will be necessary to assess the effect
of the method on pregnancy and “take-home baby” outcomes.
Thus, to summarize, we have demonstrated that Haploseek is

universally applicable for molecular testing of all types of inherited
diseases, is highly accurate, and can also be successfully applied
for consanguineous couples. The mission of our Haploseek
platform is to offer affordable comprehensive and universal PGT.
Haploseek accomplishes this mission by enhancing PGT through-
put for midsized laboratories with access to microarray and high-
throughput sequencing platforms. Haploseek does not require
more than 0.2× mean genome coverage per sequenced embryo,
making it one of the most affordable PGT-M sequencing-based
solutions currently available. Nonetheless, we acknowledge that
dependence on array genotyping of the parents and a family
member reduces accessibility in some laboratories. Ideally, we
would thus replace array genotyping of parents and family
members with low-pass genome sequencing. This could save
costs and simplify the analytical pipeline, as parents, relatives, and
embryos would be jointly sequenced. However, this will require
further research and development, and the anticipated cost
saving may become a reality only upon further reduction of
sequencing costs.
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