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Meiotic recombination is crucial for human genetic diversity and chromosome segregation accuracy. Understanding its var-
iation across individuals and the processes by which it goes awry are long-standing goals in human genetics. Current ap-
proaches for inferring recombination landscapes rely either on population genetic patterns of linkage disequilibrium
(LD)—-capturing a time-averaged view—or on direct detection of crossovers in gametes or multigeneration pedigrees, which
limits data set scale and availability. Here, we introduce an approach for inferring sex-specific recombination landscapes
using data from preimplantation genetic testing for aneuploidy (PGT-A). This method relies on low-coverage (<0.05x)
whole-genome sequencing of in vitro fertilized (IVF) embryo biopsies. To overcome the data sparsity, our method exploits
its inherent relatedness structure, knowledge of haplotypes from external population reference panels, and the frequent
occurrence of monosomies in embryos, whereby the remaining chromosome is phased by default. Extensive simulations
show our method’s high accuracy, even at coverages as low as 0.02x. Applying this method to PGT-A data from 18,967
embryos, we mapped 70,660 recombination events with ~150 kbp resolution, replicating established sex-specific recombi-
nation patterns. We observed a reduced total length of the female genetic map in trisomies compared with disomies, as well
as chromosome-specific alterations in crossover distributions. Based on haplotype configurations in pericentromeric re-
gions, our data indicate chromosome-specific propensities for different mechanisms of meiotic error. Our results provide
a comprehensive view of the role of aberrant meiotic recombination in the origins of human aneuploidies and offer a ver-

satile tool for mapping crossovers in low-coverage sequencing data from multiple siblings.

[Supplemental material is available for this article.]

Recombination between homologous chromosomes is a key
source of human genetic diversity (Lynn et al. 2004; Pefialba and
Wolf 2020). The crossovers that mediate such genetic exchanges
during meiosis are also important for ensuring the accuracy of
chromosome segregation (Lister et al. 2010; Webster and Schuh
2017). Notably, female meiosis initiates during fetal development,
when homologs pair, acquire double-strand breaks, and establish
crossovers that form physical linkages (chiasmata) to stabilize
the chromosomes. Such chiasmata must then be maintained
over decades-long meiotic arrest, until meiosis resumes at ovula-
tion. Abnormal number and/or location of crossovers may predis-
pose oocytes to gains or losses of whole chromosomes
(aneuploidies), which are the leading cause of human pregnancy
loss and congenital disorders (Hassold and Hunt 2001).
Hypotheses about the role of recombination in aneuploidy forma-
tion largely originated from studies of model organisms (Lamb
et al. 2005; Lister et al. 2010; Herbert et al. 2015). Meanwhile,
the smaller number of studies in humans have primarily focused
on the subset of trisomies that are compatible with in utero devel-
opment (Zaragoza et al. 1994; Kong et al. 2004; Oliver et al. 2008;
Middlebrooks et al. 2014), with less focus on the most common tri-
somies (Chr 15, Chr 16, and Chr 22) observed in oocytes and pre-

Corresponding authors: daniel@ariad.org, rajiv.mccoy@jhu.edu
Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.278168.123.

implantation embryos (although see Hassold et al. 1995; Robinson
et al. 1998; Hall et al. 2007). To overcome this limitation, several
previous studies have analyzed all products of meiosis (i.e., the first
and second polar body, as well as a biopsy of the corresponding
embryo) (Capalbo et al. 2013; Ottolini et al. 2015). Although in-
sightful, such sampling is technically demanding, limiting sample
sizes and, in turn, limiting power and resolution for comparing ge-
netic maps.

Over the past decade, several studies on human embryos have
been conducted within the framework of preimplantation genetic
testing for monogenic disorders (PGT-M) using methods such as
karyomapping (Handyside et al. 2010), siCHILD/haplarithmisis
(Zamani Esteki et al. 2015), OnePGT (Masset et al. 2019), and
GENType (De Witte et al. 2022), whereby parental DNA is assayed
along with that of the embryos, and unaffected embryos are prior-
itized for transfer. These genome-wide haplotyping methods allow
mapping of maternal and paternal crossovers along chromosomes.
However, the number of patients that undergo PGT-M is small
compared with the number of patients that undergo preimplanta-
tion genetic testing for aneuploidy (PGT-A), again limiting an-
swers to broader questions about the crossover landscape. For
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example, a recent PGT-M study by T3uiko et al. (2021) inferred the
parental and mechanistic origin of chromosome abnormalities in
2706 embryos from PGT-M patients and found 269 trisomies in to-
tal. A similar PGT-M study of recombination by Ma et al. (2023) an-
alyzed 1519 embryos and 353 autosomal aneuploidies.

Other current approaches for inferring the landscape of
recombination rely either on population patterns of linkage dis-
equilibrium (LD)—capturing a time-averaged view of historical re-
combination events—or on direct detection of crossovers based
on genotyping of haploid gametes or multigeneration pedigrees
(e.g., parent-offspring trios), again limiting the scale and availabil-
ity of relevant data sets (Auton and McVean 2007; Halldorsson
et al. 2019; Spence and Song 2019; Adrion et al. 2020). Moreover,
most of these methods are designed for discovering recombination
using data from normal, disomic chromosomes. Mapping meiotic
crossovers in large samples of both normal and aneuploid embryos
using a unified statistical framework would allow a robust test of
the role of recombination in the genesis of aneuploidy.

To this end, we introduce a statistical approach tailored to
sequencing data from PGT-A, which is based on low-coverage
(<0.05x per homolog) whole-genome sequencing of biopsies
from in vitro fertilized (IVF) embryos. We retrospectively apply
our method to normal disomic chromosomes identified in existing
low-coverage PGT-A data from 18,967 embryos and replicate fea-
tures of sex-specific recombination maps that were previously de-
scribed based on large prospective studies of living populations.
We then extend our method to trisomies, testing the extent to
which the landscape of recombination differs between normal
and aneuploid chromosomes. Together, our study sheds light on
the dual function of meiotic recombination in generating genetic
diversity while ensuring fidelity of human meiosis.

Results

A method for inferring crossovers based on low-coverage
sequencing data from multiple siblings

One general approach for discovering the genomic locations of
meiotic recombination events is to compare genotype data from
related individuals. Such data can be scanned to identify regions
where haplotypes match (i.e., are identical by descent [IBD]).
The boundaries of the matched haplotypes reflect the locations
of meiotic crossovers in the history of the sample. The information
gained by comparing haplotypes among relatives serves as the
foundation for several different approaches for PGT-M (Handyside
et al. 2010; Zamani Esteki et al. 2015; Masset et al. 2019). However,
directly calling diploid genotypes from sequencing data requires a
minimum coverage of 2x (to sample both alleles) and in practice
requires coverage several fold higher to overcome technical chal-
lenges such as coverage variability, ambiguous alignments owing
to repetitive sequences, and other sequencing and analytic arti-
facts. Because data from PGT-A typically fall well below these cov-
erage requirements, they are generally assumed unsuitable for
applications that demand genotypes, including the study of re-
combination landscapes in embryos. However, as exemplified by
common methods such as genotype imputation (Marchini and
Howie 2010), knowledge of patterns of LD from external popula-
tion genetic reference panels may facilitate the extraction of mean-
ingful signal from sparse, low-coverage data sets, including in the
context of prenatal genetics (Liu et al. 2018; Ariad et al. 2021).
Building on this logic, we introduce a haplotype matching ap-
proach, named linkage disequilibrium-informed comparison of

haplotypes among sibling embryos (LD-CHASE), tailored to DNA
sequencing data from PGT-A. Most current implementations of
PGT-A involve low-coverage high-throughput sequencing of tro-
phectoderm biopsies from IVF embryos at day 5 or 6 postfertiliza-
tion, with the goal of prioritizing chromosomally normal (i.e.,
euploid) embryos for transfer to improve IVF outcomes (Ver-
meesch et al. 2016). PGT-A offers a unique source of genomic
data from large numbers of sibling samples, as each IVF cycle typ-
ically produces multiple embryos, and often multiple IVF cycles
are necessary in infertility treatment.

Disomic chromosomes of any two sibling embryos will pos-
sess discrete genomic intervals with different counts of matching
haplotypes, and transition points between these intervals reflect
the locations of meiotic crossovers. The occurrence of monosomy
(or uniparental isodisomy [isoUPD], isolated to individual chro-
mosomes or genome-wide [GW-isoUPD]) among a set of sibling
embryos greatly simplifies this comparison, as the remaining chro-
mosome is phased by default, facilitating discovery of sex-specific
crossovers (i.e., originating during gamete formation in one of the
two parents). Here, we leverage the common occurrence of chro-
mosome loss to reveal the sex-specific landscapes of meiotic cross-
overs among a large sample of IVF embryos.

Briefly, LD-CHASE uses sparse genotypes obtained from low-
coverage sequencing data to identify the locations of meiotic cross-
overs (Fig. 1; Supplemental Fig. S1). At such coverages, direct com-
parison of haplotypes is not possible, as a small minority of the
genome is covered by any sequencing reads, and positions of
aligned reads from samples under comparison rarely overlap. We
circumvent this challenge based on patterns of LD, whereby obser-
vations of a set of alleles from one sequencing read may provide in-
direct information about the probabilities of alleles at nearby,
unobserved variant sites. This, in turn, informs the relative
probability that a given pair of reads originated from identical ho-
mologous chromosomes versus from distinct homologous chro-
mosomes, which we formalize using a likelihood framework (see
Methods). Transitions between these matched and unmatched
states indicate the locations of meiotic crossovers.

Evaluating method performance via simulation

To assess the performance of LD-CHASE, we simulated chromo-
somes from pairs of embryos consisting of a monosomy (i.e., refer-
ence sample) and disomy (i.e., test sample) that either shared a
matching haplotype or were unrelated. A meiotic monosomy
can occur owing to errors at several distinct stages of oogenesis
(Supplemental Fig. S2). We generated these pairs by mixing phased
chromosomes from the 1000 Genomes Project (The 1000 Ge-
nomes Project Consortium 2015), as described in the Methods.
We focused our simulations on Chromosome 16, which is the
chromosome most frequently affected by aneuploidy in preim-
plantation embryos, using a bin size of 2 Mbp and varying the sam-
ple ancestries across all superpopulations from the 1000 Genomes
Project.

We allowed our classifier to assign bins as “matched,” “un-
matched,” or “ambiguous” to denote uncertainty, and we used a
balanced receiver operating characteristic (ROC) curve to evaluate
performance (see Methods) (Fig. 2; Supplemental Fig. S3). Our re-
sults showed high sensitivity and specificity across all ancestries
at a coverage of 0.05x per homolog (average area under the curve
[AUC] of 0.989). As coverage was reduced to 0.025x and 0.013x,
the AUC decreased by 0.014 and 0.053 on average, respectively, al-
though performance was more or less affected in certain regions of
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Figure 1. A statistical approach for meiotic crossover discovery based on low-coverage sequencing data from preimplantation genetic testing. (A)
Crossover detection is based on haplotype matching between a monosomic chromosome (which is phased by default) and the disomic chromosomes
of sibling embryos from the same IVF case. (B) Analysis is conducted within nonoverlapping genomic windows on the scale of 10-100 kbp, defined by
the length of typical human haplotypes. (C) Within each window, two to 18 reads are resampled, prioritizing potentially informative reads that overlap
common polymorphisms in the population. (D) Frequencies and joint frequencies (i.e., haplotype frequencies) of these SNPs are quantified within an ex-
ternal phased genetic reference panel. (£) Based on these frequencies, the likelihoods of the observed reads are computed under both the matched- and
unmatched-haplotype hypotheses. (F) The hypotheses are compared by computing a likelihood ratio, with variance estimated by bootstrapping. (G) Local
extrema in the aggregated log-likelihood ratio indicate the locations of meiotic crossovers. (H) Putative crossovers observed in the majority of sibling em-
bryos can be attributed to the monosomic reference chromosome, whereas the remaining crossovers are attributed to the test samples.

the genome (Fig. 2). Notably, performance of the classifier is affect-
ed by the local density of SNPs and sequencing reads, as well as an-
cestry matching between the reference panel and the target
samples (Supplemental Figs. S3, S4).

Application to a large PGT-A data set

Encouraged by the performance of LD-CHASE on simulated data,
we proceeded to apply it to a large data set from the CReATe

Fertility Centre (Toronto, Canada). The data set consists of low-
coverage sequencing data from 18,967 embryos from 2558 IVF
patients, collected between April 2020 and August 2022. To select
appropriate ancestry-matched reference panels, we first inferred
the genetic similarity of each embryo to reference samples from
the 1000 Genomes Project (The 1000 Genomes Project
Consortium 2015) using LASER (see Methods) (Wang et al.
2014). The results reflect the diverse ancestry composition of the
patient population, with 68.71% (13,104) of embryos showing
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Figure 2. Evaluating the sensitivity and specificity of meiotic crossover detection based on simulation. Using data from the 1000 Genomes Project, we
simulated pairs of monosomy 16 and disomy 16, in which half of the pairs possessed matched haplotypes and the other half possessed unmatched hap-
lotypes. Then we divided Chromosome 16 into 45 bins (of ~2 Mbp) and calculated a balanced ROC curve (see Methods) for each bin, averaging over all the
balanced ROC curves to obtain a mean balanced ROC curve. We repeated this procedure over a range of depths of coverage and across sets of samples from
all superpopulations of the 1000 Genomes Project, abbreviated as follows: (AMR) admixed American, (AFR) African, (EAS) East Asian, (EUR) European, (SAS)

South Asian.

the greatest genetic similarity to European reference samples,
6.76% (1290) of embryos showing the greatest genetic similarity
to South Asian reference samples, 5.74% (1094) of embryos show-
ing the greatest genetic similarity to East Asian reference samples,
and the remaining embryos showing lower genetic similarity to
reference samples, for example, owing to recent admixture
(Supplemental Fig. S5).

Previous studies have shown that the vast majority of mono-
somies observed in blastocyst-stage embryos with PGT-A are of ma-
ternal meiotic origin, such that only the paternal chromosome
remains (McCoy et al. 2015; TSuiko et al. 2021). LD-CHASE uses
such monosomies to map paternal crossovers in sibling disomic
embryos. Meanwhile, haploidy or genome-wide uniparental iso-
disomy (GW-isoUPD) observed at the blastocyst stage nearly exclu-
sively involves the sole presence of the maternal genome (McCoy
etal. 2015; Sagi and Benvenisty 2017; TSuiko et al. 2021), allowing
us to map genome-wide maternal crossovers in sibling disomic em-
bryos. LD-CHASE thus requires preliminary analysis to identify
chromosome abnormalities based on signatures of altered depth
of coverage and/or genotype observations.

To this end, the copy number of each autosome of each sam-
ple was inferred using WisecondorX (Raman et al. 2019) based on
within-sample normalized depth of coverage. Across the entire
data set, we identified 388,366 disomies, 3307 trisomies, 4294
monosomies, 332 segmental gains, and 685 segmental losses
(Supplemental Fig. S6; Supplemental Table S1). The monosomic
chromosomes traced to embryos obtained from 1506 (58.85%)
unique patients, facilitating mapping of paternal crossovers
among 30,645 disomic chromosomes of 12,348 total embryos.
Because maternal meiotic monosomies observed in blastocyst-
stage embryos are highly enriched for Chromosomes 15, 16, 21,
and 22, the mapping of paternal crossovers was largely relegated
to these chromosomes, with much lower resolution for the rest
of the genome.

Importantly, methods such as WisecondorX compare cover-
age across chromosomes within a sample and may therefore fail

to detect aneuploidies that simultaneously affect many chromo-
somes. In extreme cases such as triploidy and haploidy/GW-
isoUPD, in which coverage is uniform across the genome despite
the ploidy aberration, embryos may be erroneously classified as eu-
ploid. To overcome this limitation, we applied our published hap-
lotype-aware method, LD-PGTA (Ariad et al. 2021), to reclassify
all chromosomes that were initially identified as disomic by
WisecondorX. LD-PGTA identified 155 (1.65%) samples as triploid
and 395 (4.20%) samples as haploid/GW-isoUPD. Importantly,
such haploid/GW-isoUPD embryos were distributed across 184
(7.19%) patients, facilitating mapping of genome-wide maternal
crossovers among 40,015 disomic chromosomes of 1898 total
embryos.

Sex-specific maps of crossovers on disomic chromosomes

Considering only chromosomes with informative genomic win-
dows that covered at least 50% of their total length (see
Methods), we identified 54,284 maternal crossovers across
27,026 chromosomes and 22,578 paternal crossovers across
21,050 chromosomes. An example of crossovers mapped in a sin-
gle set of sibling embryos is provided in Figure 3, in which transi-
tions from intervals that do not match (blue) and that do match
(red) the reference monosomic chromosome indicate the locations
of meiotic crossovers (purple lines; see Methods). The exception to
this interpretation involves transitions that are shared across all (or
nearly all) sibling embryos, which instead reflect crossovers attrib-
utable to the reference monosomic chromosome itself (orange
dashed lines). The genome-wide distributions of crossovers on
disomic chromosomes are provided in Supplemental Figures S7
and S8. We note that no crossovers are reported on the short
arms of Chromosomes 13, 14, 15, 21, and 22 as their heterochro-
matic, highly repetitive nature makes them largely inaccessible
to short-read-based analyses. Moreover, for the same reason, these
chromosome arms are largely devoid of variation in the reference
panel data upon which our method relies.
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Figure 3. A representative example of crossover discovery based on
haplotype matching among sibling IVF embryos. In this example,
Chromosome 10 of each test embryo is compared with a single sibling
reference embryo with monosomy of Chromosome 10. Evidence of hap-
lotype nonmatching is indicated by positive log-likelihood ratios, whereas
evidence of haplotype matching is indicated by negative log-likelihood
ratios. Crossovers are identified as transitions from positive (blue) to nega-
tive (red) log-likelihood ratios or vice versa. Each point corresponds to a bin
size of 3 Mbp and consists of a varying number of genomic windows. Error
bars denote 95% confidence intervals. Crossovers attributed to the mono-
somic chromosome are indicated with dashed orange lines (defined as
those observed in more than half of test samples), whereas crossovers
attributed to the test samples themselves are indicated with purple lines.

The crossover distributions were strongly correlated with sex-
specific genetic maps published by deCODE, which were based on
whole-genome sequencing of living parent-offspring trios (Hall-
dorsson et al. 2019), in broad support of the accuracy of our meth-
od (Fig. 4). The observed correlation was particularly strong for
putative maternal crossovers (r=0.86) compared with putative pa-
ternal crossovers (r=0.79). The smallest autosomal chromosomes
are enriched for maternal meiotic aneuploidies and thus offer
the greatest resolution for mapping paternal crossovers (for chro-
mosome-specific correlations, see Supplemental Figs. S8-S10). It
was evident from our analysis that LD-CHASE performed differ-
ently for maternal and paternal crossovers because monosomies
have only half the coverage compared with haploidy and unipa-
rental isodisomy (isoUPD). This difference in depth of coverage
stems from a lower copy number relative to the baseline. Addition-
ally, the frequency of monosomies varies among autosomes, with
some being rare. The low frequencies reduce our resolution and re-
sultin recombination maps that are relatively less precise. Notably,
we observed that the correlations significantly declined when
comparing our inferred female map to the deCODE male map
(r=0.33) and vice versa (r=0.75), supporting our assumptions
about the parental origins of various chromosome abnormalities
(Supplemental Figs. S11, S12).

Chromosome-specific propensities for various mechanisms
of trisomy formation

Previous studies have suggested that chromosomes may vary in
their susceptibility to segregation errors occurring during meiosis
I (MI), meiosis II (MII), and mitosis (Hassold et al. 1995; Lamb
et al. 1996; Bugge et al. 1998, 2007; Robinson et al. 1998; Hall
et al. 2007). MI and MII errors can be roughly identified based
on tracts of distinct (i.e., “both parental homologs” [BPH]) or iden-
tical (i.e., “single parental homolog” [SPH]) haplotypes, respective-
ly, inherited from a single parent in regions spanning the
centromere. Meanwhile, patterns of SPH chromosome-wide indi-
cate a potential mitotic origin of trisomy (or MII error without re-
combination). Although previous studies have noted that the
attribution of centromere-spanning BPH and SPH patterns to MI
and MII errors is imperfect owing to alternative mechanisms by
which the signatures may originate (Chernus et al. 2021), our re-
sults support the hypothesis that chromosomes possess unique
propensities for various forms of segregation error (x> [21, N=
1911]1=393.3, P=2.3x1077% (Fig. 5; Supplemental Table S2).
The vast majority (>81%) of trisomies of Chromosomes 15, 16,
19, 21, and 22 showed haplotypic patterns consistent with errors
in MI, whereas Chromosomes 11, 13, and 14 showed more modest
excesses (~70%) of MI errors (binomial test, Bonferroni-adjusted P
<0.05 for all noted chromosomes). Meanwhile, the remainder of
chromosomes were characterized by a roughly equal number of
MI and MII errors (36%—61%; binomial test, Bonferroni-adjusted
P>0.05 for all noted chromosomes).

An altered landscape of crossovers among aneuploid versus
disomic chromosomes

Abnormal number or location of meiotic crossovers between ho-
mologous chromosomes may predispose oocytes to aneuploidy,
as shown by several previous studies (for review, see Hassold and
Hunt 2021). Our published method, LD-PGTA (Ariad et al.
2021), facilitates the mapping of crossovers on trisomic chromo-
somes, which can then be compared to the crossover map for diso-
mic chromosomes obtained via LD-CHASE. One caveat of this
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Figure 4. Number of maternal (A) and paternal (B) crossovers per sampled homolog in genomic bins compared between our study and published ge-
netic maps from deCODE. Data from deCODE were obtained from Halldorsson et al. (2019). Crossovers were identified as transitions between regions of
“matched” and “unmatched” haplotypes, in which each region included at least 15 genomic windows and a z-score of at least 1.96. Pearson correlation
coefficients (r) between the deCODE map and our map across genomic bins are reported for each panel (for chromosome-specific comparison, see

Supplemental Figs. S9, S10).

comparison is that LD-PGTA and LD-CHASE possess different sen-
sitivities and specificities, which also vary along the genome, as
evident from our simulation-based benchmarking analyses (Sup-
plemental Figs. S3, S4, S13, S14). To ensure that the observed dif-
ferences between the crossover distributions were not driven by
these technical differences, we merged together monosomies
and disomies to create artificial trisomies (see Methods) such
that the disomies and trisomies could both be analyzed with LD-
PGTA in a standardized manner. The number (r=0.99) and ge-
nome-wide distribution (r=0.90) of disomic crossovers inferred
by LD-CHASE and LD-PGTA showed strong agreement, suggesting
that the methods are robust to their tech-

nical differences and supporting the use

of LD-CHASE in downstream compari- 1
sons between trisomies and disomies
(see Supplemental Fig. S15)

Across all chromosomes, these com-
parisons revealed a 35% depletion of
crossovers for trisomies relative to diso-
mies (Fig. 6). On a per-chromosome
basis, the depletion was observed across

o
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~
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o
w
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all chromosomes but was largest for
Chromosome 16 (54%) and smallest for
Chromosome 4 (17%). Although these
observations are consistent with the hy- o
pothesis that a reduced rate (or absence
i.e., “exchangeless homologs”) of recom-
bination contributes to aneuploidy risk

N
v

2021), we note that they may be partially
driven by a failure of our method to
detect crossovers on reciprocal recombi-
nant chromosomes—a limitation that
uniquely applies to trisomies but not

Figure 5.

disomies and affects nearly all previous genotype-based studies
(see Discussion).

In addition to these global differences in numbers of cross-
overs, several chromosome-specific alterations in the landscapes
of crossovers were evident from our results (Fig. 6; Supplemental
Figs. S16-519). We used the Kolmogorov-Smirnov (KS) test to
quantify differences in crossover landscapes, generating the null
distribution by permutation (see Methods). Chromosomes 7, 14,
and 16 showed significant differences in crossover landscapes be-
tween disomic and trisomic chromosomes (p-value <0.05; al-
though note the small sample sizes for Chromosomes 7 and 14),

.00
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Stratification of trisomies by autosome and inferred source of error. Chromosome-wide pat-
terns of SPH were designated as potentially mitotic in origin (yellow). Samples with tracts of BPH in re-
gions surrounding the centromere were classified as putative Ml errors (red), whereas tracts of BPH
elsewhere on the chromosome were classified as putative Ml errors (blue).
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A Disomies w. LD-CHASE

Trisomies w. LD-PGTA

Previous studies have shown chromo-

halate b o o il

some-specific associations between pat-
terns of recombination and various
forms of meiotic aneuploidy (Hassold
et al. 1995; Lamb et al. 1996; Bugge et
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al. 1998, 2007; Robinson et al. 1998;
Hall et al. 2007). For example, early stud-
ies of trisomy 16 (the most common au-
tosomal trisomy detected in human

ST YD

preimplantation embryos) suggested a
depletion of recombination in pericen-
tromeric regions relative to euploid con-
trol samples (Southern 1975; Saiki et al.

9T Jud

1985). However, the accuracy, genomic
resolution, and statistical power of
many such studies have been limited by
the genetic assays they used (e.g.,
Southern blot, PCR, etc.), as well as the
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challenge of achieving large samples
from living trisomic individuals or prod-
ucts of conception. Because of its inher-
ent relatedness structure, PGT-A offers a
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natural source of retrospective data for
crossover mapping, including both via-
ble and nonviable embryos, but current
implementations based on low-coverage
whole-genome sequencing pose a tech-
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Figure 6. Differencesin number and location of inferred crossovers between disomic and trisomic sam-
ples. (A) Spatial distributions of inferred meiotic crossovers in disomies (left; mapped with LD-CHASE) and
trisomies (right; mapped with LD-PGTA) across Chromosomes 13, 15, 16, 18, 21, and 22. Regions with
qualitative differences are highlighted in light gray, whereas centromeres are indicated with diagonal
shading. (B) Comparisons of female genetic map length for disomies (blue) versus trisomies (red) for
each autosome. The observed rates of meiotic crossover were consistently lower for trisomies compared
with disomies. Error bars denote 95% confidence intervals as estimated by bootstrapping.

whereas Chromosome 22 fell just above this threshold (p-value=
0.051) (Supplemental Table S3). Our observations reveal that on
Chromosome 16, trisomies lacked a pair of hotspots in the vicinity
of the centromere—one on each arm—broadly consistent with the
previous observation that distal crossovers were enriched among a
smaller sample of 62 cases of trisomy 16 (Hassold et al. 1995; Has-
sold and Hunt 2021). Meanwhile, trisomies of Chromosome 22
appeared relatively enriched for crossovers near the center of the
g-arm. Results for less frequent trisomies are depicted in Supple-
mental Figures S16 through S19.

Discussion

Meiotic crossovers are necessary for ensuring accurate pairing and
subsequent segregation of chromosomes following decades-long
dictyate arrest in human females (Gray and Cohen 2016).

1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22
Chromosome

nical challenge for recovering relevant
genotype information.

To address this challenge, our hap-
lotype-aware method (LD-CHASE) uses
known LD structure from an external ref-
erence panel, as well as the frequent oc-
currence of monosomies (which are
phased by default), to map crossovers
based on comparisons of haplotypes
among samples of sibling embryos. The
resulting sex-specific maps of crossovers
generated by our method were broadly
consistent with those generated in previ-
ous prospective studies. The sex-specific
nature of these patterns also supports
our assumption that most monosomies
observed in blastocyst-stage IVF embryos
(of adequate morphology to be candi-
dates for transfer and thus tested with
PGT-A) originate during maternal meiosis, whereas most cases of
haploidy/GW-isoUPD solely possess a maternally inherited set of
chromosomes. The latter phenomenon may arise when sperm
cells trigger egg activation but fail to fuse with the ovum, after
which the maternal genome may duplicate to produce two identi-
cal complements (Xu et al. 2015). Our observations about the sex-
specific origins of various forms of aneuploidy thus independently
replicate previous studies that directly assayed parental genomes
(McCoy et al. 2015; T3uiko et al. 2021). Although we are eager to
understand the differences in recombination maps of trisomies
stemming from both MI and MII errors, the size of our data set lim-
its such exploration. The most frequently observed trisomies are
15, 16, 19, 21, and 22, yet <25% are of MII origin. In the future,
we intend to delve deeper using larger PGT-A data sets that include
parental genomic data. Furthermore, the ability to produce sex-
specific crossover maps from PGT-A data could pave the way for

B Disomies
mmm Trisomies
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studies seeking to understand the genetic basis of recombination
phenotypes and the implications of extreme deviations in these
phenotypes for meiotic errors and potential infertility.

As afirst step toward this goal, we investigated the association
between crossover phenotypes and chromosome abnormalities
observed in preimplantation embryos. Although broadly consis-
tent with previous studies that used smaller samples or were re-
stricted to living individuals with viable trisomies, our data
provide unified views of these phenomena across all autosomes
and support the hypothesis that the number and chromosome-
specific locations of meiotic crossovers influence risk of aneuploi-
dy. However, the observation that the length of the genetic map is
shorter for trisomies versus disomies could be partially driven by
the inability to detect crossovers on reciprocal chromosomes
that derive from a single crossover event and were both transmit-
ted to the oocyte to produce a trisomy. Future studies may use
linked-read or long-read sequencing to achieve direct read-based
phasing and overcome this limitation (Bansal 2019; Sun et al.
2019).

Despite the methodological advances we report here, cross-
over mapping from sequencing-based PGT-A data possesses several
other technical limitations, including the modest resolution per
sample (~150 kbp). This limitation is driven by the combination
of the low coverage (and thus sparsity) of the aligned reads (less
than 0.05x), the low rates of heterozygosity of human genomes
(less than 0.001), and the extent of LD in the reference panel (<1
Mb). Our benchmarking analyses additionally show that perfor-
mance degrades with genetic distance between the test sample
and reference panel owing to differences in allele frequencies
and LD structure, similar to challenges encountered when transfer-
ring polygenic scores across populations (Wang et al. 2022). To
overcome these sources of error, we aggregated signal across con-
secutive genomic windows, thereby increasing the classification
accuracy at the cost of resolution. Even with such an approach,
it is important to note that performance is not uniform across
the genome, as regions near centromeres, telomeres, or other re-
petitive regions are enriched for false positives and negatives rela-
tive to the genomic background.

An additional potential caveat regards the possibility that
ovarian stimulation or other aspects of IVF may alter the cross-
over landscape of IVF embryos compared with non-IVF embryos
or live-born individuals. Although we cannot formally rule out
this possibility, we consider it implausible because maternal
crossovers are established during prophase I of meiosis, which be-
gins during female fetal development. As such, the locations of
crossovers are determined long before any IVF-related procedures
are introduced. The observed differences in the crossover land-
scapes between IVF embryos and living individuals are therefore
likely to be indirect, for example, driven by differences in viabil-
ity of embryos with high versus low recombination rates owing
to the relationship between recombination and aneuploidy.
Although we expect this viability selection to apply to both IVF
and naturally conceived embryos, this is an intriguing question
for future investigation.

One promising future direction is the extension of our haplo-
type-aware approach to PGT-M, combining knowledge of popula-
tion genetic patterns of LD in a reference panel with information
from sibling embryos (or alternative data sources such as gametes)
to infer transmission or nontransmission of pathogenic haplo-
types from parents to offspring. Although potentially lowering
costs and increasing efficiency, such an approach will require ex-
tensive validation and benchmarking to determine its feasibility

and accuracy given the probabilistic nature of LD and the high
stakes of PGT-M. In the meantime, LD-CHASE offers a flexible
tool for mapping crossovers in low-coverage sequencing data
from multiple sibling embryos, toward a better understanding of
the factors that modulate the meiotic crossover landscape and
the role of recombination in the origins of aneuploidies.

Methods

Prioritizing informative reads

Our method seeks to overcome the sparse nature of low-coverage
sequencing data by leveraging LD structure of an ancestry-
matched reference panel, consisting of phased haplotypes from
high-coverage sequencing data. Measurements of LD require pair-
wise and higher-order comparisons and may thus grow intractable
when applied to large genomic regions. To ensure computational
efficiency, we developed a scoring algorithm to prioritize reads
based on their potential information content, as determined by
measuring haplotype diversity within a reference panel at sites
that they overlap. We emphasize that the priority score of a read
only depends on variation within the reference panel and not
on the alleles that the read possesses. The score of a read is calculat-
ed as follows:

1. Given the ancestry composition of the target sample (e.g., 30%
ancestry with genetic similarity to European reference samples
and 70% ancestry with genetic similarity to East Asian reference
samples), a suitable reference panel is chosen (see subsequent
section “Assembling an ancestry-matched reference panel”).

2. Based on this reference panel, we list all biallelic SNPs that over-
lap with the read and their reference and alternative alleles.

3. Using the former list, we enumerate all the possible haplotypes.
In a region that contains n biallelic SNPs, there are 2" possible
haplotypes.

4. The effective frequency of each haplotype is estimated from the
reference panel as

feii(A, B, C) = ) aifi(A, B, C), €]

1

where o;is the ancestry proportion from the ith population, and
> iai=1(e.g., 01=0.3 and 0, =0.7). Moreover, fi(4, B, C) is the
joint frequency of the SNP alleles A, B, and C in the ith popula-
tion. Here we assumed n = 3, but the formula is applicable to any
n.

5. We increment the priority score of a read by one for every hap-
lotype with a frequency between f, and 1 - fo.

An example of scoring a read that overlaps with three SNPs
appears in the Supplemental Methods. Our scoring metric is based
on the principle that reads that overlap SNPs with intermediate al-
lele frequencies should receive high priority, as the inclusion of
such sites will increase our ability to discern between two haplo-
types. In the simplest case, in which a read overlaps with only a
single SNP, the score of the read would be two when the minor al-
lele frequency (MAF) is at least f, and otherwise would be zero. We
note that all observed alleles from the same read are considered as
originating from the same underlying molecule. Hence, our score
metric reflects the number of common haplotypes existing in the
population in the chromosomal region that overlaps with the read.
For a reference panel on the scale of the 1000 Genomes Project
(about 2500 unrelated individuals), 25%-45% of common SNPs
have a nearest neighbor within 35 bp. Hence, even for short reads,
it is beneficial to use a scoring metric that accounts for reads that
span multiple SNPs.
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Comparing haplotype matching hypotheses

By virtue of LD, observations of a set of alleles from one read may
provide information about the probabilities of allelic states in an-
other read that originated from the same DNA molecule (i.e., chro-
mosome). In contrast, when comparing reads originating from
distinct homologous chromosomes, allelic states observed in one
read will be uninformative of allelic states observed in the other
read. As two siblings are characterized by chromosomal regions
with different counts of matched haplotypes, a change in the
count along the chromosome indicates the position of a meiotic
crossover, that is, an exchange of DNA segments between non-
sister chromatids during prophase I of meiosis. Similarly, a pair
of half-siblings allows us to contrast the crossovers in either the pa-
ternal or the maternal homologs. Extending this logic, we note
that sequences from either a monosomic sibling-embryo, a sibling
embryo with GW-isoUPD, or individual parental gametes would
similarly allow us to isolate crossovers in embryo genomes that
arose during oogenesis or spermatogenesis.

We consider two sibling embryos, one has a monosomy and
the second is a healthy diploid, consisting of two copies of the ge-
nome: a maternal and a paternal copy. For a set of reads aligned to a
defined genomic region, we compare the likelihoods of the ob-
served alleles under two competing hypotheses:

1. The monosomic embryo and the healthy diploid have matched
haplotypes, denoted as the matched-haplotype hypothesis.

2. The monosomic embryo and the healthy diploid have un-
matched haplotypes, denoted as the unmatched-haplotype
hypothesis.

A transition between regions with matched and unmatched haplo-
types indicates the location of a meiotic crossover.

Our statistical models consider a situation in which one read
is drawn from the monosomic chromosome and the second from
the disomic chromosome of a sibling. The odds of two reads being
drawn from identical versus distinct haplotypes differ under the
matched- and unmatched-haplotype hypotheses. Specifically, for
the matched-haplotype hypothesis, the odds are 1:1, and for the
unmatched-haplotype hypothesis, the odds are 0:1. If a pair of
reads is drawn from identical haplotypes, the probability of observ-
ing the two alleles is given by the joint frequency of these two al-
leles (i.e., the frequency of the haplotype that they define) in the
reference panel. In contrast, if a pair of reads is drawn from distinct
haplotypes, then the probability of observing the two alleles is
simply the product of the frequencies of the two alleles in the ref-
erence panel:

Pracheald A B) = 3 (A, B) + 5 A B), @

Punmatched(A A B) = f(A)f(B)l (3)

where f(A) is the frequency of allele 4, and f(4, B) is the joint fre-
quency of alleles A and B in the population.

These statistical models can then be generalized to arbitrary ad-
mixture scenarios by a simple substitution. We assume that each dis-
tinct parental haplotype is drawn from an ancestral population with
a probability equal to the ancestry proportion of the tested individ-
ual that is associated with that population. In accordance with the
assumption, we replace each allele frequency distribution, f, by
the combination ) _; a;f ;. Here o; is the probability that the alleles
originated from the ith population, f; is the allele frequency distribu-
tion for the ith population, and }"; a; = 1. For example, under this
substitution, Punmatched(4 A B) = a1fi(A, B) + (1 — a1)f2(A, B) for
admixture between two populations.

Likelihoods of the two hypotheses are compared by comput-
ing a log-likelihood ratio (LLR):

Punmatched(A A B)

A, B)=1o .
V( ) & Pmatched(A A B)

“)
When a read overlaps with multiple SNPs, f(A) should be interpret-
ed as the joint frequency of all SNP alleles that occur in read A (i.e.,
the frequency of haplotype A). Similarly, f(A, B) would denote the
joint frequency of all SNP alleles occurring in reads A and B. The
equations above were extended to consider up to six reads per win-
dow and homolog, as described in the later section “Generalization
to an arbitrary number of reads.” Estimates of allele and haplotype
frequencies from a reference panel do not depend on theoretical as-
sumptions but rely on the idea that the sample is randomly drawn
from a population with similar ancestry. One limitation, which we
consider, is that reliable estimates of probabilities near zero or one
require large reference panels, such as the 1000 Genomes Project
(The 1000 Genomes Project Consortium 2015).

Determining optimal size of a genomic window

Because pairwise LD in human genomes decays on average to a
quarter of its maximal value over physical distances of 100 kbp
(The 1000 Genomes Project Consortium 2015), the length of the
chromosomes is divided into genomic windows on a scale consis-
tent with the length of typical human haplotypes (10*~10° bp).
Although one library consists of two homologs and the second
consists of a single homolog, we would like to sample an even
number of reads from each homolog. Thus, for each DNA se-
quence, we only consider the depth of coverage per homolog
(i.e., we divide the coverage by the ploidy for the chromosome
of each sample under consideration).

We require a minimal number of reads per genomic window
and homolog, as determined by the sample with the lowest aver-
age depth of coverage. We then scan the chromosome in a sliding
window, using a window size that adjusts according to the local
depth of coverage of the two different sequenced samples. This
adaptive sliding window approach possesses advantages over a
fixed length window in that it (1) accounts for GC-poor and GC-
rich regions of a genome, which tend to be sequenced at lower
depths of coverage using Illumina platforms (Chen et al. 2013),
and (2) accounts for varying densities of SNPs across the genome
(The International SNP Map Working Group 2001).

The algorithm simultaneously scans aligned reads from the
two samples in the forward direction of the reference genome
and identifies informative reads (i.e., reads that reach the priority
score threshold) from both samples within genomic windows.
For each genomic window, the minimal number of required reads
from the DNA sequence of the disomy is twice the minimal num-
ber from the monosomy. If (1) the distance between consecutive
reads in one of the samples is >100 kbp or (2) a genomic window
extends to 350 kbp and does not meet the minimal number of
reads per homolog, the window is dismissed.

Quantifying uncertainty by bootstrapping

To quantify uncertainty in our likelihood estimates, we performed
m out of n bootstrapping by iteratively resampling reads within
each window (Chernick 2007). Resampling was performed without
replacement to comply with the assumptions of the statistical mod-
els about the odds of drawing two reads from the same haplotype.
Thus, in each iteration, only subsets of the available reads can be re-
sampled. Specifically, within each genomic window, up to six reads
per homolog with a priority score exceeding a defined threshold are
randomly sampled with equal probabilities. The likelihood of the
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observed combination of SNP alleles under each competing hypoth-
esis is then calculated, and the hypotheses are compared by comput-
ing a LLR. The sample mean and the unbiased sample variance (i.e.,
with Bessel’s correction) of the LLR in each window are calculated by
repeating this process using a bootstrapping approach,

_ 1
V(W) = m Z Vs ()
sew
1
Var(y™) = mz (v —¥™)?, (6)
seEw

where y; is the LLR for sth subsample of reads from the wth genomic
window, and m is the number of subsamples. Because the number of
terms in the statistical models grows exponentially, we subsample at
most six reads per window and homolog. Moreover, accurate esti-
mates of joint frequencies of many alleles require a very large refer-
ence panel. Given the rate of heterozygosity in human populations
and the size of the 1000 Genomes Project data set, six reads per ho-
molog is generally sufficient to capture one or more heterozygous
SNPs that would inform our comparison of hypotheses.

Aggregating signal across consecutive windows

Even when sequences are generated according to one of the hy-
potheses, a fraction of genomic windows will emit alleles that do
not support that hypothesis and may even provide modest support
for an alternative hypothesis. This phenomenon is largely driven
by the sparsity of the data, as well as the low rates of heterozygosity
in human genomes, which together contribute to random noise.
Another possible source of error is a local mismatch between the
ancestry of the reference panel and the tested sequence.
Moreover, technical errors such as spurious alignment and geno-
typing could contribute to poor results within certain genomic re-
gions (e.g., near the centromeres). To overcome this noise, we
binned LLRs across consecutive genomic windows, thereby reduc-
ing biases and increasing the classification accuracy at the cost of
resolution. Specifically, we aggregated the mean LLRs of genomic
windows within a larger bin,

Toin= Y ¥, @)

wEDbin

where ") is the mean of the LLRs associated with the wth genomic
window. In addition, using the Bienaymé formula, we calculated
the variance of the aggregated LLRs,

Var(Tpin) = Y Var(y™), ®)
webin

where Var(y™) is the variance of the LLRs associated with the wth
window. For a sufficiently large bin, the confidence interval for
the aggregated LLR is Tpy, + z/Var(Tpy), where z=®"'(1—-0) is
the z-score, @ is the cumulative distribution function of the stan-
dard normal distribution, and C=100(1 —20)% is the confidence
level. The confidence level is chosen based on the desired sensitivity
versus specificity. We normalized the aggregated LLRs by the num-
ber of genomic windows that compose each bin, ¥, = I'bin/g-
Thus, the variance of the mean LLR per window is
Var(yyn) = Var(Tpin)/g%. These normalized quantities can be com-
pared across different regions of the genome, as long as the size of
the genomic window is the same on average.

Simulating parental haplotypes and diploid offspring

Using a generative model, we simulated trios of a (1) parental chro-
mosome, (2) diploid offspring with haplotypes matching the pa-
rental chromosome, and (3) an unrelated chromosome. This

allows us to evaluate the classifier performance in each genomic
window along the human genome. To this end, we constructed
synthetic samples comprising combinations of phased haplotypes
from the 1000 Genomes Project (The 1000 Genomes Project
Consortium 2015). These phased haplotypes are extracted from
variant call sets to effectively form a pool of haploid sequences.

We first consider nonadmixed offspring by drawing three ef-
fective haploid sequences from the same superpopulation. The
first two haploid sequences are used to simulate the diploid off-
spring, whereas the first and third sequences are used to simulate
the parental chromosome and the unrelated chromosome, respec-
tively. We then simulate reads by selecting a random position
along the chromosome from a uniform distribution to represent
the midpoint of an aligned read with a given length. Based on
the selected position, one out of the three haplotypes is drawn
from a discrete distribution,

P 1 (X)/ h
p2(x), h
ps(®), h

where, in general, the probability of haplotype h depends on the
position of the read, x. When simulating a nonadmixed diploid
offspring, the first haplotype is just as likely as the second haplo-
type (p2=p1), and the third haplotype is absent (p3=0).
Similarly, for the parental chromosome, p;=1 and p,=p;=0,
whereas for the unrelated chromosome, p3=1 and p;=p,=0.
Then, from the selected haplotype, h, a segment of length [ that
is centered at the selected chromosomal position, x, is added to
simulated data, mimicking the process of short-read sequencing.
This process of simulating sequencing data is repeated until the de-
sired depth of coverage is attained.

To simulate an offspring descended from parents from dis-
tinct superpopulations (hereafter termed “recent admixed ances-
try”), we draw two effective haploid sequences from different
superpopulations of the 1000 Genomes Project. A third haploid se-
quence is then drawn from one of the two former pools to simulate
the unrelated chromosome. Finally, we use the generative model
with these three effective haploid sequences to simulate reads. A
procedure for simulating diploid offspring under a scenario involv-
ing more distant admixture is discussed in the Supplemental
Methods.

fh, x) = &)

Il
w N =

Evaluating model performance on simulated data

We developed a classification scheme to determine whether a bin
supports one of two competing hypotheses. To this end, we per-
formed m out of n bootstrapping by iteratively resampling reads
within each window pairs and computed LLRs of competing sta-
tistical models, as described in the section “Quantifying uncertain-
ty by bootstrapping.”

The confidence interval for the mean LLR is
Yin T Zy/Var(y,,), and z is referred to as the z-score. Thus, we clas-
sify a bin as showing support for the matched-haplotype hypoth-
esis when

Yoin — v/ Var(ypin) > 0, (10)

and for the unmatched-haplotype hypothesis when

Yoin + 2v/ Var(ypin) <0, 1mn

where the first (second) criterion is equivalent to requiring that the
bounds of the confidence interval lie on the positive (negative)
side of the number line. When a confidence interval crosses the or-
igin of the number line, we classify the bin as ambiguous (for a di-
agram of these classes, see Supplemental Fig. S20).
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For a given depth of coverage and read length, we simulate an
equal number of sequences generated according to both hypothe-
ses, as explained in the previous section. We define true positives
(negatives) as simulations in which sequences generated under the
“unmatched” (“matched”) haplotypes hypothesis are correctly
classified. Based on these simulations, we generate balanced ROC
curves for each bin (Ariad et al. 2021). The balanced true- and
false-positive rates for a bin are defined as

BTPR = %(TPR +TNR), (12)

BFPR = %(FPR + FNR), (13)

where TPR, TNR, FPR, and FNR are the true-positive rate, true-neg-
ative rate, false-positive rate, and false-negative rate, respectively.

The “balanced ROC curve” is tailored for trinomial classifica-
tion tasks. Here the three possible classes are “unmatched,”
“matched,” and “ambiguous.” The ambiguous class contains all
instances that do not fulfill the criteria in Equations 10 and 11
(i.e., instances in which the boundaries of the confidence interval
span zero). This classification scheme allows us to optimize the
classification of both “unmatched” and “matched” instances at
the expense of leaving ambiguous instances. The advantage of
this optimization is a reduction in the rate of spurious classifica-
tion. To generate a balanced ROC curve for each genomic bin,
we varied the z-score.

Generalization to an arbitrary number of reads

The model of the unmatched-haplotype hypothesis for nonad-
mixed samples and an arbitrary number of reads is based on the
disomy model for nonadmixed samples that was derived for LD-
PGTA (Ariad et al. 2021). More specifically, the “unmatched”
statistical model for m+n reads is merely the joint frequency
f(A;, Az ..., A,) multiplied by the disomy model
Paisomy(B1 AB2 A ..., By) of n-reads for nonadmixed samples.
Here A; are reads drawn from the monosomic reference sample,
whereas B; are reads drawn from the disomic test sample.

The model of the matched-haplotype hypothesis for nonad-
mixed samples and an arbitrary number of reads is based on the
disomy model for recent admixture, which was previously intro-
duced by Ariad et al. (2021). More specifically, modeling the
matched-haplotype hypothesis for m+n reads can be accom-
plished by substituting effective joint frequency distributions in
the disomy model of n-reads for recent admixture. The adjusted
model involves two distributions, f(X) and g(X). The distribution
fis derived from a reference panel of a population as before, where-
as g is an effective distribution that is defined as g(X) =f(A4, Az...,
Apm, X). The reads A; with i=1, 2, ..., m are drawn only from the
monosomic reference sample, whereas the rest of the reads are
drawn from the disomic test sample. Also, each term in the linear
model should take into account the presence of the reads A;, A,
..., A;y, and thus, terms in the disomy model for recent admixture
that involve only the distribution f should be multiplied by
8W) =f(A1, ..., Ap). Derivations and explicit statistical models
for nonadmixed ancestry, recent admixture, and more distant ad-
mixture scenarios for m+2, m+ 3, and m + 4 reads can be found in
the Supplemental Methods.

Identifying meiotic crossovers

To identify the locations of meiotic crossovers, we analyze the cu-
mulative sums of LLRs from individual genomic windows as we
move along the chromosome. Because we performed m out of n
bootstrapping by iteratively resampling reads within each window

and calculating LLRs, we define two quantities:
n n
Vo= %", va=Y Var("), (14)
w=0 w=0

where we assume negligible LD between alleles in different geno-
mic windows and, hence, according to the Bienaymé formula,
v = Var(}h_o ¥"). Local maxima of y, indicate potential transi-
tions from “unmatched” to “matched” regions, whereas local mi-
nima of y, indicate potential transitions from “matched” to
“unmatched” regions. Thus, a crossover occurred within the jth
genomic window if there exists a region in which either

argmax (y,,) = j or argmin (y,) = j, and in addition,
i<n<k i<n<k

yi—vil=z/vi—vi, j—i=3}, (15)
=yl =zz/v—v, k—j=35, (16)

where zis the threshold for calling a crossover, and 8 is the minimal
number of genomic windows in the region. In addition, we define
a metric that describes the confidence in calling the jth crossover:

Ki:mm(lyk—y,-l' \y,-—yx-l>’ 17)
/Vk —Vj /Vi = Vi

which fulfills x;> Zscore. When, based on the criteria above, two
consecutive crossovers are identified as local maxima or minima
of the accumulated LLR, y,, this implies that a crossover was
skipped. Failure to detect a crossover occurs when the values of z
and/or & are too restrictive. Given two consecutive maxima in
the ith and kth genomic windows, we identify the genomic win-
dow with a skipped minimum as

. Yk —Vn Yo —VYi
= arg max -, 18
/ i§n<k (v Vk =Vn Vo — Vi) (18)

where this condition means that z... of the “matched” and “un-
matched” intervals are maximized simultaneously. In case of two
consecutive minima, we replace the function argmax with
arg min.

Assigning crossovers to reference versus test samples

Because we scan for crossovers by comparing sequences from two
sibling embryos, assigning each crossover to a single embryo re-
quires additional information. When sequencing data from three
or more sibling embryos are available, we contrast the crossovers
of sibling embryos with one common monosomic sibling (see
Fig. 1). This, in turn, produces a repeated pattern in each sequence
of crossovers that can be attributed to the common sibling (see Fig.
3). Once the repeated pattern is identified, we subtract it to recover
the crossovers in the rest of the embryos.

More specifically, we consider a set of 7+ 1 sibling embryos, in
which one embryo is used to contrast the crossovers in the rest of
the sibling embryos. All crossovers are then combined to form a
sorted list, and we scan the list for n sequential crossovers within
aregion of size I. For each cluster, we calculate the average position
of the crossovers. The average position from each cluster is associ-
ated with the common sibling. Finally, the union of all the clusters
is subtracted from each of the n sequences of crossovers, and re-
maining crossovers are traced back to the sibling embryos.

The sequencing quality may vary from one embryo to anoth-
er, and some crossovers might not be identified. Hence, we adjust
the algorithm to allow clusters with various sizes. After seeking all
clusters of size n, we continue seeking clusters of the size n — 1. This
process of seeking smaller clusters is repeated iteratively for cluster
sizes greater than n/2. Another issue that may arise is that when the
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region size, /, is too large, two or more crossovers from the same
embryo may overlap. In such cases, we only consider the crossover
that is closest to the cluster mean.

Each crossover that is attributed to the common reference em-
bryo is assigned two scores. The first score is the proportion of sib-
ling embryos supporting the crossover: A;=k;/n, where k; and n are
the size of cluster i and the number of contrasted embryos, respec-
tively. The second score is the minimal confidence score in the ith

§ibling 1 K_?ibling 2

cluster: % = min (KI , R Kf'bh“g k), where x was de-

fined in the section titled “Identifying meiotic crossovers.”

Isolating sex-specific meiotic crossovers

Here we discuss the possibility of identifying sex-specific cross-
overs by matching haplotypes between natural occurring monoso-
mies and genome-wide isodisomies (GW-isoUPD) in IVF embryos
and disomic sibling embryos from the same IVF cycles. This in turn
allows us to leverage the high volume of aneuploidies observed in
IVF to obtain sex-specific distributions of crossovers. We also re-
view how maternal crossovers in trisomies can be identified by
scanning for transitions between tracts of two versus three unique
homologs.

Paternal crossovers (i.e., crossovers originating from sperma-
togenesis) can be identified by focusing on IVF cycles that yielded
at least one embryo with a monosomy of a given chromosome, as
well as at least one embryo that is disomic for that chromosome.
The vast majority of monosomies are of maternal meiotic origin,
such that the remaining chromosome is of paternal origin. The op-
posite scenario, whereby a haploid ovum is fertilized by an nulliso-
mic sperm cell, accounts for <10% of autosomal monosomies
(Hassold and Hunt 2001; Rabinowitz et al. 2012; Kubicek et al.
2019). Moreover, when intracytoplasmic sperm injection (ICSI)
is performed, sperm in vitro selection and capacitation may
further reduce the rates of paternal-origin monosomies (Cayli
et al. 2003; Jakab et al. 2005; Huszar et al. 2007; Sakkas et al.
2015). Conversely, maternal crossovers (i.e., crossovers originating
from oogenesis) can be identified by focusing on IVF cycles that
yielded at least one case of haploidy/genome-wide isodisomy
(which are indistinguishable with sequencing-based PGT-A), as
well as at least one sibling that is disomic for one or more chromo-
somes. Such cases of GW-isoUPD may originate from oocytes that
commence cleavage and early embryonic development without
fertilization (Sagi and Benvenisty 2017).

Aneuploidy (gain or loss of entire chromosomes) is the lead-
ing cause of IVF failure. We found that 351 (13.7%), 529
(20.7%), 332 (13.0%), and 470 (18.4%) of IVF cycles in the
CReATe data set had at least one embryo with monosomy of
Chromosome 15, 16, 21, or 22, respectively, as well as 7.3 disomic
siblings on average (for the rest of the autosomes, see
Supplemental Table S4). Thus, LD-CHASE can use these natural oc-
curring monosomies to identify paternal crossovers along the
chromosomes of sibling embryos. Similarly, we found that 201
(9.1%) of the IVF cycles in the CReATe data set had at least one
haploid/GW-isoUPD embryo and an additional 7.8 euploid sib-
lings on average (see Supplemental Table S5), offering good resolu-
tion for mapping maternal crossovers genome-wide.

Coverage-based discovery of chromosome abnormalities

We used WisecondorX to deduce the chromosomal copy numbers
of each of the 20,160 embryos in the CReATe data set (Straver et al.
2014; Raman et al. 2019). To this end, we first created four sets of
reference samples for read counts: (1) 9202 sequences were ob-
tained from biopsies of four to six cells and consist of single reads
of 75 bp, (2) 9818 sequences were obtained from biopsies of four to

six cells and consist of paired-end reads of 75 bp, (3) 578 sequences
were obtained from biopsies of four to five cells and consist of sin-
gle reads of 75 bp, and (4) 562 sequences were obtained from biop-
sies of four to five cells and consist of paired-end reads of 75 bp. We
used all the sequences in a category (e.g., sequences associated
with four to five cells and single reads) as reference samples. This
approach is effective as long as aneuploid chromosomes are rare
and as long as the rate of chromosome loss and chromosome
gain are sufficiently similar to balance out one another in large
samples. The first assumption is justified based on previous PGT-
A studies, which showed that the rate of aneuploidy per chromo-
some is <10% (including monosomy, trisomy, and mosaics)
(Ariad et al. 2021). The second assumption is justified by noting
that for each chromosome, the rate of trisomy should be similar
to the rate of monosomy, as both are mainly caused by nondis-
junction (Hassold and Hunt 2001). To assess the robustness of
this approach, we compared the results obtained from
WisecondorX with those generated by NyClinical, a diagnostic
tool used by the CReATe Fertility Centre, for select chromosomes
that showed copy number variations, as shown in Supplemental
Figure S21. In addition, we applied WisecondorX to a separate pub-
lished PGT-A data set from the Zouves Fertility Center consisting
8881 samples. The data set was previously analyzed using
BlueFuse Multi, and we found that the inferred copy numbers
were in strong agreement with the WisecondorX. The number of
sequences that were analyzed successfully via WisecondorX was
20,114. The number of relevant sequences was further reduced
to 18,967 after filtering sequences without a corresponding record
in the metadata table or when the genetic ancestry could not be
inferred.

Haplotype-aware discovery of ploidy abnormalities

Coverage-based approaches for inferring chromosome copy num-
bers, such as WisecondorX, are based on relative differences in the
depth of coverage across chromosomes within samples. As such
approaches assume that the baseline coverage corresponds to di-
somy, scenarios when many chromosomes are simultaneously af-
fected, such as haploidy and triploidy, violate this assumption and
may elude detection. To overcome this limitation, we applied our
haplotype-aware method, LD-PGTA, to scan for the number of
unique haplotypes along the genome (Ariad et al. 2021) and calcu-
late chromosome-wide LLR comparing hypotheses of monosomy,
disomy, and various forms of trisomy. When the LLR for at least 15
chromosomes supported a common aneuploidy hypothesis
(monosomy or trisomy), the sample was classified as haploid/
GW-isoUPD or triploid, respectively.

Assembling an ancestry-matched reference panel

Given the aforementioned importance of the ancestry of the refer-
ence panel, we used LASER v2.04 (Wang et al. 2014, 2015) to per-
form automated ancestry inference for each embryo sample from
the low-coverage sequencing data. LASER applies principal com-
ponent analysis (PCA) to genotypes of reference individuals with
known ancestry. It then projects target samples onto the reference
PCA space, using a Procrustes analysis to overcome the sparse na-
ture of the data. We excluded markers with less than 0.01x depth
of coverage and restricted analysis to the top 32 principal compo-
nents, performing five replicate runs per sample.

Ancestry of each target sample was deduced using a k-nearest
neighbors approach. Specifically, we identified the nearest 150
nearest neighbor reference samples to each target sample based
on rectilinear distance. We then calculated the superpopulation
ancestry composition of the 150 reference samples. When >95%
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of such samples derived from the same 1000 Genomes Project
superpopulation, we used downstream statistical models designed
for nonadmixed samples. In cases in which two superpopulations
were represented in roughly equal proportions (maximal differ-
ence of 10%), we used downstream statistical models designed
for recent admixture. For all other samples, we used downstream
statistical models designed for more distant admixture scenarios.
For this latter group, superpopulations represented at levels of
>5% among the nearest neighbors to each target sample were
used in the construction of reference panels.

Testing robustness versus LD-PGTA

One aspect of our study involved comparing the landscapes of
meiotic crossovers between disomic and trisomic chromosomes,
as inferred by LD-CHASE and LD-PGTA, respectively. This compar-
ison poses a statistical challenge, as the two methods possess dis-
tinct sensitivities and specificities, which also vary across the
genome and as a function of coverage of the respective samples.
To validate our findings, we therefore sought to compare these
landscapes under a single statistical framework by combining diso-
mic samples with separate monosomic samples to produce artifi-
cial trisomies. Such artificial trisomies can be analyzed uniformly
with LD-PGTA and compared with true trisomies analyzed with
the same method, as well as with the more direct analysis of diso-
mies with LD-CHASE.

In principle, such artificial trisomies can be produced by com-
bining monosomies and disomies from the same IVF patients in ra-
tios of 2:1, such that they can be analyzed with LD-PGTA. In
practice, naive merging based on the genome-wide average depth
of coverage yields poor results owing to the low complexity of DNA
libraries from PGT-A, which results in sample-specific nonunifor-
mity in coverage across the genome. To overcome this challenge,
we merely replaced the statistical models of LD-CHASE with those
of LD-PGTA, thereby controlling the ratio of reads from each sam-
ple on alocal scale (i.e., genomic window) as opposed to a genome-
wide scale. Thus, the construction of the genomic windows and
the approach to sample reads from a genomic window are identical
to LD-CHASE. However, the statistical models of LD-PGTA have no
prior knowledge about the DNA sample from which a given read is
drawn. Supplemental Figures S16 through S19 display the concor-
dance in crossover distributions between disomic chromosomes as
analyzed by both LD-CHASE and LD-PGTA.

The coverage of genomic windows

To further address the low complexity of DNA libraries prepared
from few input cells, we introduced an additional metric that
simultaneously captures both the depth of coverage and the com-
plexity of the library. After we tile a chromosome with genomic
windows, as described in the section “Determining optimal size
of a genomic window,” we calculate the coverage of genomic win-
dows for a given sample as

1
C=1 ; Ly, 19

where I,, is the length of the wth genomic window, L is the length
of the chromosome, and thus 0<C<1. We then restricted our
analysis to samples with C>0.5 (i.e., genomic windows covering
at least half of the chromosome). For the subset of patients with
multiple monosomic embryo samples (affecting the same chromo-
some) from which to choose, we selected the monosomy that
yielded the highest value of C in order to maximize resolution
for identifying meiotic crossovers.

Distinguishing trisomies originating from errors in Ml and Mill

Samples with tracts of BPH in regions surrounding the centromere
were classified as putative MI errors, whereas tracts of BPH else-
where on the chromosome were classified as putative MII errors.
Ambiguous samples were also noted. Specifically, regions bounded
by crossovers and emitting a z-score above 1.96 and below —1.96
were regarded as BPH and SPH regions, respectively, and otherwise
were regarded as ambiguous. We defined a pericentromeric region
as a region 20% of the chromosome length and centered on the
centromere. However, for the acrocentric chromosomes, the peri-
centromeric region only includes the g-arm and is thus effectively
reduced to 10% of the chromosome length. When at least 10% of
the chromosome showed tracts of BPH, the trisomy was classified
as a mejotic error. If it was not classified as a meiotic error and at
least 50% of the chromosome showed tracts of SPH, the trisomy
was classified as a mitotic error. Otherwise, it was classified as am-
biguous. Cases that were classified as meiotic errors were further
classified as follows: When at least 50% of the pericentromeric re-
gion reflected BPH, the trisomy was classified as a MI error.
Moreover, if it was not classified as MI and at least 50% of the peri-
centromeric region reflected SPH, then the trisomy was classified
as an MII error; otherwise, the case was classified as ambiguous.
In this analysis, only trisomy cases with genomic windows that
covered at least 50% of the chromosome length were taken into
account.

To compare the frequency of MI versus MII error across chro-
mosomes, we fit a binomial generalized linear model implemented
with the “Ime4” package (Bates et al. 2014), in which the response
variable was defined as the counts of MI and MII errors per patient,
the patient identifier was included as a random effect predictor
variable (to account for nonindependence among sibling embry-
os), and the chromosome was included as a categorical predictor
variable. We compared this full model to a reduced model without
the chromosome predictor variable using analysis of deviance.

Comparing distributions of chromosomal crossover via empirical
cumulative distribution functions and KS tests

Each chromosome in a given sample typically shows between one
and three crossover events. Although the overall pool of crossovers
shows a continuous spatial distribution along the genome, the un-
derlying crossovers are largely independent events and thus can be
treated as such in downstream statistical tests. To formulate our
comparison of landscapes, we summarized each landscape as an
empirical cumulative distribution function (eCDF), which traces
the cumulative genetic map length as one moves from the begin-
ning to the end of a given chromosome (i.e., a line plot comparing
the physical map to the genetic map). One advantage of this ap-
proach is that it circumvents the need to bin the data and thus is
bin size independent. We note that such summaries are common
in the recombination literature, for example, Figure 4B of the work
by Pefialba and Wolf (2020). We then applied the two-sample KS
test to test whether two underlying one-dimensional probability
distributions differ, computing the p-value by permutation.
Although the KS test is nonparametric and makes no assumptions
about the form of the distribution from which the data were
drawn, permutations further ensure that the p-value calculation
is based solely on the observed data without any reliance on as-
ymptotic approximations. To calculate the p-value, we constructed
a null hypothesis that posits the two empirical samples come from
the same continuous distribution. This was achieved by evaluating
all possible combinations of assignments of the combined data
into two groups, each of the sizes of the two original samples,
and computing the KS statistic for each combination. The p-value
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is then computed as the proportion of permutations that resultin a
KS statistic as extreme as, or more extreme than, the observed
statistic.
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