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1 | BACKGROUND

Rare diseases represent clinically and genetically hetero-
geneous conditions. Approximately 8,000 rare diseases
have been described, resulting in a heterogeneous group
of disorders with or without clinical overlap (Dawkins
et al., 2018). Next-generation sequencing——especially
exome sequencing (ES)--has become the first-tier strat-
egy to identify the molecular etiologies of these disor-
ders (Stark et al., 2016; Tan et al., 2017), especially many
ultra-rare disorders (Ng et al., 2009, 2010), and is facili-
tated by international collaboration (Boycott et al., 2017).
ES was therefore rapidly transferred in routine diagnosis.
In developmental disorders and/or intellectual disability
(DD/ID), the ES strategy has shifted toward trio rather
than solo approaches, mostly because of the high rate of
de novo variants (Hamdan et al., 2017; Vissers et al., 2010).
Indeed, a trio strategy facilitates interpretation thanks to
the information regarding familial segregation (Hartley
et al., 2020). In addition, solo-ES provides a mean diagnos-
tic yield of approximately 25% to 58% (Clark et al., 2018;
Snoeijnen-Schouwenaars et al., 2019; Stark et al., 2016)
while trio-ES diagnostic yield ranges from 24% to 68%
(Clark et al., 2018; Tarailo-Graovac et al., 2016; Zhu et al.,
2015). Though these values may seem similar, the chance
of positive results is doubled with a trio strategy (95%
CI 1.62-2.56; p < 0.0001; Clark et al., 2018). Indeed, one
study reports a 36.5% diagnostic rate with trio-ES applied
in individuals with previous negative solo-ES (Eldomery
etal., 2017). Despite a lower diagnostic yield of the solo-ES
strategy, it is cheaper than trio-ES, meaning that it can be
offered to a larger number of individuals.

Various strategies can be used to optimize a solo-ES
analysis. The prospective reanalysis of solo-ES data after
a defined period of time using updated pipelines and da-
tabases increases the number of genes involved in human
disorder available for interpretation. Our genomic labora-
tory has applied this strategy in routine diagnosis, result-
ing in the identification of a molecular cause in 24/156
individuals (15.4%) who were negative after first-tier

causative diagnosis in 18/74 individuals (24%) in the second-tier and in 116/324
individuals (36%) in the first-tier approaches, including 19 genes newly associ-
ated with human disorders.

Conclusions: Parental-pooling is an efficient alternative to trio-ES. It provides
rapid segregation and extension to translational research while reducing the cost
of parental and Sanger sequencing.

cost effectiveness, exome sequencing, rare diseases, trio-like strategy; parental-pool strategy

solo-ES (Nambot et al., 2018). We also obtained a diagno-
sis in 48/313 individuals (15%) using a re-analysis strategy
in a research setting for 313 individuals who were negative
after solo-ES (Bruel et al., 2019). Several publications have
highlighted the interest of ES re-analysis, reporting an ad-
ditional diagnostic yield ranging from 10.5% to 32% (Baker
et al., 2019; Ewans et al., 2018; Li et al., 2019; Schmitz-Abe
et al., 2019). The implementation of second-tier trio-ES
after negative solo-ES also appears to be an efficient strat-
egy to increase diagnostic yield and decipher molecular
bases in developmental disorders (Tran Mau-Them et al.,
2020). In 18/70 individuals (25.8%), we identified a posi-
tive molecular result with nine variants in genes already
implicated in human disorders and nine others in genes
newly implicated in human disorders. Another publica-
tion also reports the interest of this strategy, with a diag-
nostic yield of 36.5% when known or novel genes involved
in human diseases are considered (Eldomery et al., 2017).
Interestingly, these two studies report variants (especially
missense variants) in genes already involved in human
disorders that were not considered pathogenic in the first-
tier solo analysis, highlighting the difficulty obtaining
accurate interpretation of solo-ES data. However, it also
emphasizes the interest of this strategy in translational
research, leading to an accelerated discovery of genes in-
volved in novel human disorders.

Very few pooled DNA strategies have been published.
They focused on different human disorders such as in-
flammatory bowel disorder, depression, maturity-onset di-
abetes of the young, mitochondrial complex I deficiency,
and DD/ID (Bansal et al., 2017; Calvo et al., 2010; Popp
et al., 2017; Zhu et al., 2020). The number of individuals
per pool ranged from 12 to 35 and the mean depth was
above 100X (324X-491X for ES and 3360X for targeted se-
quencing). The diagnostic rate ranged from 22% to 28%
(Table 1).

Because the pooling included the index cases, Sanger
sequencing was systematically required to identify the in-
dividual carrying the candidate variant before family seg-
regation. In addition, the laboratory guidance regarding
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TABLE 1 Nextgeneration sequencing and pooling methods in the literature

Number of Diagnostic
Pooling individual Mean rate
Disorder Individuals NGS method methods per pool depth (number)
Zhu et al IBD, depression 70 ES index case 35 NR NA
Bansaletal  Diabetes 6058 Targeted sequencing  index case 20-32 NR 0.6% (40)
Calvo et al Mitochondrial 60 Targeted sequencing  index case 20-21 3360X 22% (13)
Popp et al DD/ID 96 ES index case 12 324 t0 491X  28%(27)
Ryu et al NA 1125 Targeted sequencing  index case 25 1068X NA

Abbreviations: DA, developmental anomaly; IBD, inflammatory bowel disease; ID, intellectual disability, NA, not applicable; NGS, next generation sequencing.
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FIGURE 1 (a)Number of individuals per rare disease (neurologic and developmental anomaly focus). DA: developmental anomaly;

ID: intellectual disability. (b) Expected allelic balance (AB) in %, depending on the sequencing depth (from 20X to 100X) and number of
parents per pool (from 4 to 7 parents). (c) Molecular results in the second-tier (top) and first-tier cohorts (bottom) VUS: variants of unknown
significance. (d) Sequencing cost in $ depending on the solo, trio, or first-tier parental-pool strategies (5 or 6 parents) and based on a
sequencing cost of solo-ES at 500$. In gray shades: prices of first-tier strategies

individual pooling in clinical use, concerns index cases parental sequencing, we chose to apply a pooling strategy
(not parents), and disease-targeted gene panels (not ES; to parental rather than patient DNA samples. We present
Rehm et al., 2013). this parental-pooled trio-like ES strategy as a second-tier

In order to preserve the advantage of trio-ES strategy ~ approach (after negative solo-ES) and as a first-tier ap-
for rapid parental segregation and decrease the costs of  proach in individuals with rare diseases.
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2 | METHODS

2.1 | Affected individuals

Three hundred and ninety-eight individuals with various
rare diseases and their parents were referred to our clini-
cal genetics center (Figure 1a).

As a proof-of-concept, we first selected six already
solved individuals (positive controls) with different known
variants and mode of inheritance (Table 1, Figure 2).
Parental segregation of these variants had previously been
confirmed by Sanger sequencing.

From August 2018 to December 2019, first-tier
parental-pool ES was proposed to all individuals with a
rare disease and available parental samples, and a second-
tier parental-pool ES was systematically proposed when
the physician requested solo-ES re-analysis if parental
samples were available.

2.2 | Pooling design

Because one variant with heterozygous status in a parent
would be seen in a pool at a percentage of N = 1/(n par-
ents X 2 alleles), we first calculated that a variant would
be seen at 1/(6 X 2) = 8.3% (i.e., 8-9 reads with the vari-
ant) with a sequencing depth of 100X and a pooling of
six parental DNA samples (Figure 1b). This threshold of
expected allelic balance (AB) at 8.3% was chosen a priori
because ES was currently produced with a mean depth
of 100X. This hypothesis was initially tested with the
Agilent-CRE (Clinical Research Exome) v2 enrichment
kit. One year later, we switched to an enriched version of
the TWIST-HCE (Human Core Exome) enrichment kit
with an expected mean depth of 70X. Because the novel
expected AB with six parents would be only 5.83% (con-
sidered insufficient), we decreased the number of parents
pooled from 6 to 5 to obtain an expected AB of 7% (Figure
1b). We did not investigate if the AB of 5.83% (six parents
pooled together and a mean sequencing depth of 70X) was
adequate to correctly call the presence/absence of variant
in the parental-pool.

DNA samples were extracted from peripheral whole-
blood samples with QIAcube DNA Blood kit (QIAGEN)
according to the supplier's protocol. Each parental DNA
sample was quantified by fluorimetry with a Qubit
(Thermofisher) according to the supplier protocol diluted
and pooled at equimolar concentration, according to the
initial DNA concentration. We created two independent
parental pools by mixing 6 or 5 maternal DNA samples
and 6 or 5 paternal DNA samples (Figure 2), depending on
the enrichment kit utilized (Table 3). We did not barcode
each individual parent in the pools because of inherent

additional costs and also because segregation of identified
variants have been performed in all cases.

2.3 | Exome sequencing

Exome enrichment and sequencing were performed on a
HiSeq4000 or a NovaSeq6000 according to supplier pro-
tocol, reads alignment, and bioinformatics analyses were
carried out as previously described (Methods S1; Nambot
et al., 2018). Variants and CNV calling were only per-
formed in the index case. Our pipeline then extracted the
depth, AB, and genotype, at all SNV detected positions, in
both paternal and maternal pools. Variant calling was per-
formed with GATK HaplotypeCaller v3.8. CNV detection
in the index case was performed using eXome Mendelian
Markov Model (XHMM) based on exome read depth nor-
malization (Fromer et al., 2012; Fromer & Purcell, 2014).

2.4 | Variant interpretation
For all individuals, rare variant's interpretation was focused
first, on de novo variants, homozygous, or compound het-
erozygous variants within OMIM-morbid genes (genes
described in the OMIM database and involved in human dis-
orders), and second, extended to all other genes (non-OMIM
morbid genes described in the OMIM database but not linked
to a human disorder——and non-OMIM——genes not described
in the OMIM database). Based on our laboratory experience,
variants with AB >0.01 in a parental-pool were considered
inherited. Variants with AB = 0.01 or allelic depth for the al-
ternative allele = 1 were manually checked on the Integrative
Genomics Viewer (IGV) to discriminate sequencing errors
from possible presence of the variant in the parental-pool.
Candidate variants were confirmed with a second
independent method. Candidate variants in genes not
involved in human disorders were also shared through in-
ternational collaborative system (MatchMaker Exchange;
Philippakis et al., 2015) to gather additional individuals
and to strengthen genotype—phenotype correlations.

3 | RESULTS

3.1 | Sequencing results
In the 74 individuals who underwent second-tier parental-
pool ES, five different enrichment kits were used. Only
18/74 individuals (24%) benefited from the same enrich-
ment kits used for the parental-pool (Table 2).

In three individuals, the results were not interpretable
because too many de novo variants (mean of 255 [80-354])
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TABLE 2 Version of the exome enrichment kits used in individuals and parental pools in first and second-tier strategies

Second-tier parental pool

First-tier parental pool

Capture kit version Agilent-CRE-v2
Index case Agilent-v5-51Mb 3

Agilent-v6

Agilent-CRE

Agilent-CRE-v2 6

TWIST-HCE

Abbreviations: CRE, Clinical Research Exome; HCE, Human Core Exome.

were detected. In 2/3 individuals, ES was performed with
an Agilent-v5-51Mb enrichment kit, whereas the parental-
pool was performed with Agilent-CRE-v2 or an enriched
version of the TWIST-HCE enrichment kit. In the third
individual, the proband and parental-pool enrichment kit
were similar (Agilent-CRE-v2), but the de novo variants
consisted of retrogene-like pictures on IGV (increased
depth on exons and misalignment at the intron-exon

TWIST-HCE Agilent-CRE-v2 TWIST_HCE
8

13

26

12 317

junction possibly due to a cDNA/RNA contamination).
In order to investigate this anomaly, genome sequencing
(GS) was performed on another sample and did not con-
firm the ES results (Figure 3e).

In the 324 individuals with first-tier parental-pool ES,
two enrichment kits were used: seven individuals bene-
fited from the Agilent-CRE-v2 kit and 317 from the en-
riched TWIST-HCE kit (Table 2).
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FIGURE 3

IGV examples of false positive and negative variants. (a) IGV pictures of the BRD7 (left) and GPDP4 (right) strand bias.

(b) IGV pictures of the OTOA poor quality mapping. (c and d) IGV pictures of the TADAD2B and ALGS8 variants. Note the absence of strand
bias. (e) IGV picture of the possible cDNA contamination with misaligned read at the exon-intron junction in the individual solo-ES (top)
but not in solo-GS (bottom; two distinct samples from the same individual). (f) IGV picture of the HNRNPAB variant. Note the absence of
variant at this position. (g) IGV picture of the SHANK3 variant in the individual (top) and the parental pools (middle and bottom). Note the

presence of the variant in both parental pools

3.2 | Allelic balance, sensitivity, and
specificity

In the proof-of-concept cohort, the mean depth was 106X
(81-122), and it was 104X and 101X in the paternal and
maternal pool, respectively. The parental-pool ES strat-
egy identified the correct segregation of variants in all 6
controls. De novo variants were absent in both parental
pools, while inherited ones (X-linked or autosomal reces-
sive) were present with an AB ranging from 7% to 11% (ex-
pected value 8.3%; Table 3; Figure 2).

The distribution of AB of rare variants in all the pa-
rental pools was 8.97%, which is concordant with the ex-
cepted value of 8.3% and 10% in the 6 and 5 parental pools,
respectively (Figure 4a). But when considering the same
enrichment kits in the index cases and their parental pools

(Agilent-CRE-v2 and enriched TWIST-HCE Kkits), the
number of de novo variants in parental pools was higher
than in the individuals with trio-ES strategy for both kits
(Figure 4b). Interestingly, there was no significant differ-
ence in rare de novo variants between 295 pools and 281
trios (Figure 4c). Lastly, there was no significant difference
in the number of de novo variants between 5 and 6-sample
parental pools (Figure 4d).

In the second-tier parental-pool cohort, the sensitivity
(Se) and specificity (Sp) were 100% and 93%, respectively.
The positive predictive value (PPV) and negative predic-
tive value (NPV) were 89% and 100%, respectively. In the
first-tier parental-pool cohort the Se and Sp were 99% and
98%, and the PPV and NPV were 98% and 99%, respec-
tively. Overall, the Se and Sp were 99% and 96%, and the
PPV and NPV were 94% and 99%, respectively.
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FIGURE 4 (a)Distribution of the AB of rare variants in the entire parental pools. Note the Gaussian curve with a maximum around 9%.
(b) Comparison of the mean number of rare de novo variants in 295 pools (light gray; 288 TWIST-HCE and 7 CRE-v2) and 281 trios (dark
gray; 280 TWIST-HCE; and 1 CRE-v2) with two different enrichment kits (multiallelic, SnpCluster and outliers >500 de novo excluded;
individual depth >10). (c) Comparison of the mean number of rare de novo variants 281 in pools (light gray) and 291 trios (dark gray;
multiallelic, SnpCluster and outliers >50 de novo excluded; individual depth >10; rare <1%; NSSI only). NS, not significant. (d) Comparison

of the mean number of de novo variants in six (265; light gray) and five (50; dark gray) parental pools. NS: not significant

3.3 | Molecular results
In the second-tier parental-pool strategy, after excluding
3/74 individuals (4%) with non-interpretable data, we
identified 22 de novo, 2 homozygous, 1 biallelic, 1 hemizy-
gous, 2 inherited rare variants, and 1 CNV of clinical inter-
est in 29/71 individuals (41%). In the 22 individuals with
de novo variants identified with the parental-pool strat-
egy, Sanger sequencing found three variants inherited
from an unaffected parent (BRD7, GDPD4, and TADA2B
- 13%). The three individuals were reclassified as negative.
Overall, a causative diagnosis was identified in 18/71
individuals (25%; Table S1, Figure 1c), and nonconclusive
results were obtained in 8/71 individuals (11%; Table S2).
In 13/18 individuals with causative diagnosis (72%), the
strategy identified genes newly associated with human

disorders. In the 5/18 other individuals (28%), causative
variants (CRAT, PHIP, ASCL1, and TRAPPC11) or CNVs
((10:27702089_29599990)x1 including WAC) were identi-
fied in known OMIM-morbid genes (Table S1). These vari-
ants were not considered causative in the initial solo-ES
strategy.

We retrospectively looked at Sanger validations per-
formed for candidate variants after solo-ES and before
implementing the parental-pool strategy. Among the
71 individuals with interpretable parental-pool data, 59
Sanger validations were performed in 36 individuals, with
a mean of 1.5 variations per individual (1-6). Two thirds
of the Sanger validations (41/59- 69%) would have been
saved if the parental-pool segregations had been available.
In 37/41 (90%) Sanger validations, a heterozygous variant
was inherited from an asymptomatic parent and in the



TRAN MAU-THEM ET AL.

other 4/41 (10%), two variants were not compound het-
erozygous but inherited from the same parent.

In the first-tier parental-pool strategy, all the data were
interpretable. We identified variants of clinical interest
in 176/324 individuals (54%), namely: 105 heterozygous
(80 de novo), 22 biallelic, 12 homozygous, 3 hemizygous
rare variants, and 22 CNVs in 143/324 individuals (44%).
Eight individuals also presented with possible double di-
agnostic: 6 with SNV and 2 with CNVs and heterozygous
SNV (Table 4). Two individuals presented a double hit in
GPR98 and STRC (SNVs + CNVs; Table S1; Table 4).

In 3/324 (0.9%) individuals, parental-pool ES strategy
indicated a de novo variant that was found inherited from
an unaffected parent after Sanger sequencing (ALGS,
HNRNPAB, and OTOA - Table 5). In 1/324 individuals,
parental-pool ES revealed an inherited SHANK3 variant
that was found to be de novo after Sanger sequencing. The
variant was a G duplication, present two times in each
parental-pool but located before an eight polyG track that
can cause misalignment (Table 5).

A causative diagnosis was identified in 116/324 in-
dividuals (36%; Table S1, Figure 1c) and nonconclusive
results in 57/324 individuals (17%). Among the 116 indi-
viduals with a causative diagnosis, variants, or CNVs were
identified in known OMIM-morbid genes in 106/116 in-
dividuals (91%) and also in nine genes newly involved in
human disorders in 10/116 individuals (9%; Table S1).

In three cases of the first-tier strategy, a parental ger-
minal mosaicism was highly suspected since siblings were
affected and the causative variant was absent in parental
pools and also not found by Sanger sequencing in healthy
parental DNA blood samples (SCN1A, YWHAE, and
ZMIZI).

4 | DISCUSSION

This novel study presents the feasibility and interest of a
parental-pool ES strategy for the diagnosis and molecular
analysis of individuals with rare diseases.

Regarding the metrics for validity and accuracy, the
overall Se and Sp for a variant to be de novo in the parental-
pool were 99% and 97%, respectively, and the PPV and
NPV were of 97% and 99%, respectively, close to what is
published from trio-ES (Kong et al., 2018). These values
indicate that a parental-pool strategy is an effective and re-
liable strategy for the diagnosis of rare diseases, both after
negative solo-ES (yield 24%) and as a first-tier approach
(vield 37%). This strategy is easy to implement both for the
laboratory technicians and for the bioinformatics pipe-
lines. More specifically, the creation of a parental-pool
only requires dosage and precise dilution with the use
of standard laboratory equipment. In addition, variant
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detection in the bioinformatics pipelines is barely modi-
fied since it still relies on individual rather than parental-
pool metrics. Only if a variant is detected in the individual
will the pipeline report the depth and allelic balance from
the parental-pool. However, only the most recent version
of GATK with HaplotypeCaller v4 can handle non-diploid
organisms and pooled data.

Nevertheless, pooling DNA complexify data analysis
since the AB of one variant will be divided by two times
the number of parents in the pool. Therefore, a heterozy-
gous variant will have an expected AB of 1/12 (8.3%) in
pools of 6 and 1/10 (10%) in pools of 5. These AB of less
than 20% are challenging to pinpoint in pipelines devoted
to constitutive variants with estimated AB of about 50%
(20-70; Anand et al., 2016). One study reported a pooling
strategy on 25 index cases but with a use of target enrich-
ment sequencing and a mean depth of 1.068X (Ryu et al.,
2018). The expected AB of a heterozygous variant in a pool
with this depth is 0.2136% (21 reads with the variant),
which was enough for the purpose of the study.

There are additional potential difficulties in the
parental-pool strategy. In ES, exon enrichment is currently
incomplete, and the sequencing depth is not homoge-
neous. Some exonic regions can have a depth lower than
20X, leading to a maximal AB of heterozygous variants
of 1.6% and 2% in a pool of 6 and 5 parental DNA sam-
ples, respectively (1 or 2 reads supporting the variants).
This can be confounded with sequencing errors or reads
misalignment (Bansal et al., 2010). Moreover, even if the
sequencing depth could be increased to improve the pre-
cision of the parental-pool, it is not certain that the region
poorly captured at 20X will be better captured with higher
depth and it will increase the sequencing cost.

Moreover, the calculation of AB was based on the as-
sumption that there would be an equal representation of
each parental allele in the pool. This hypothesis requires
an exact DNA assay with effective equimolar concentra-
tions of pool DNA samples. Over or under representation
of parental DNA in the pool can lead to biased AB, and to
false positive or negative results, with suspected de novo
variant in the individual. Indeed, Sanger sequencing val-
idation identified inherited variants in 3/22 of the pre-
sumed de novo variants from the second-tier parental-pool
cohort and in 3/80 from the first-tier parental-pool cohort.
The six heterozygous variants were considered de novo
since no read with these variants were detected in both
parental pools despite appropriate depths (>45) in 9/12
pools (Table 5). With these depths, the minimal expected
AB was 4%, which would have been enough to detect the
variants. In two cases (BRD7 and GDPD4 variants), the
IGV pictures were evocative of a strand bias (Figure 3a).
The OTOA variant had both parental-pool depths below
15X (expected AB <1.5%) and fell into a low mappability
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TABLE 4 Individuals with double hits and/or double diagnosis
Individual OMIM-morbid Gene
1 + ADNP ht
+ USP27X hmi
2 I ASL hm
- KANSL3 hm
3 + CBL ht
+ PTPN11 ht
4 aF BRCAI ht
Deletion 16q24.3 ht
5 + BRCA2 ht
Duplication 16p11.2
6 + BRCA2 ht
- CYFIP1 ht
7 + A2ML1 ht
+ TRIO ht
8 F PGM1 hte
= KIAA0368 ht
9 + GPR98** ht
Duplication 5q14.3
10 + STRC hm
Deletion 15q15.3 ht

Genotype Segregation

Genomic position

De novo chr20:g.49508824_49508827del
Maternally inherited chrX:g.49645630C>A
Paternally and maternally inherited  chr7:2.65548091C>T
Paternally and maternally inherited  chr2:g.97278215C>T

De novo chr11:2.119148891T>C
Maternally inherited chr12:2.112926909A>G

NR chrl17:2.41245479_41245482del
Maternally inherited chr16:g.89590412-89599046
NR chr13:g.32971125_32971126del
Maternally inherited chr16:2.8836685-29001335

NR chr13:g.32914699_32914702del
De novo chr15:2.22962436C>G
Maternally inherited chr12:2.9000236G>T
Maternally inherited chr5:g.14482785G>A

Paternally inherited
Maternally inherited
De novo

Paternally inherited
Maternally inherited
Maternally inherited

Paternally inherited

chrl:g.64100539T>G
chrl:g.64114218T>G
chr9:g.114184413C>T
chr5:2.89949539A>G
chr5:89969869-89986860
chr15:2.43897539G>A
chr5:g.43888604-43940261

Abbreviations, Hm, homozygous, hmi: hemizygous; ht, heterozygous; htc, compound heterozygous; NR, not reported.

region (Figure 3b). The TADAD2B variant had appropriate
depth in the individual and parental-pool, with no strand
bias or misalignment (Figure 3c). The ALGS variant was
inherited from the maternal pool where the depth was
lower, with an expected AB of the variant at 37X of 3%
(Figure 3d). The HNRNPAB frameshift variant was a dele-
tion of 38 nucleotides, which was not present on the pa-
rental IGV (Figure 3f).

Our overall false positive rate (FPR; 1.5%, 6/395 indi-
viduals) was lower than what has been estimated else-
where. Indeed, the FPR in pooled DNA is thought to be
3-6.3% (Bansal et al., 2010; Ryu et al., 2018), which was
estimated by comparing randomly selected variants iden-
tified in pooled individuals and genotyping results [29].
However, with three variants (2 strand bias and 1 low
mappability) that could not have been verified, the over-
all FPR rate would have been less than 1% (3/395 individ-
uals), or 1.4% (1/71) and 0.6% (2/324) in the second-tier
and first-tier parental-pool cohorts, respectively. The use
of distinct enrichment kits for individuals and parental
pools may also have led to more errors, since only 24% of
individuals were enriched with the same kit as the pools
in the second-tier parental-pool cohort. The FPR may
also be related to the increased number of parents in the
pools, resulting in lower reliability for parental AB. We

also observed a false negative result due to a misalignment
in SHANK3 (Figure 3g, Table 5). Therefore, unlike classi-
cal trio-ES, we advocate that Sanger sequencing remains
mandatory to confirm the segregation of the candidate
variants identified with our parental-pool strategy. With
additional costs (consumable, demultiplexing), barcoding
each parent before pooling could help determining segre-
gation and improve accuracy.

Moreover, in 3/74 (4%) individuals from the second-
tier parental-pool cohort, the ES data could not be inter-
preted because of an excess of de novo variants. In two
cases, this difference could be explained by a discrepancy
between enrichment kits used for ES in the index case and
the parental-pool, resulting in too many de novo variant.
We therefore encourage laboratories that might opt for a
parental-pool strategy to ensure that individuals and par-
ents are sequenced with the same ES enrichment Kkits.

The parental-pool strategy presents additional limits. ES
detected candidate CNVs in 27/395 (6.8%) affected individ-
uals (including double hit and double diagnosis), but con-
trary to current trio-ES strategy, parental-pool ES cannot be
used to establish parental segregation. Our CNV detection
strategy is based on XHMM, which relies on read depth dif-
ference between samples (Fromer et al., 2012; Fromer &
Purcell, 2014). Because potential CNV depth is smoothed
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c.DNA protein
NM_015339.2:c.2424_2427del p-(Lys809Serfs*19)
NM_001145073.1:c.720C>A p.(Phe240Leu)
NM_000048.3:c.376C>T p-(Argl26Trp)
NM_001115016.2:c.998G>A p-(Arg333Lys)
LRG_608t1:c.1111T>C p-.(Tyr371His)
LRG_614t1:c.1529A>G p-(GIn510Arg)
LRG_292t1:¢.2066_2069del p-(Ser689Lysfs*11)
LRG_293t1:c.9592_9593 p-(Cys3198Tyrfs*23)
LRG_293t1:¢c.6207_6210del p-(Glu2070Valfs*10)

NM_014608.2:¢.2160-4C>G p.?

NM_144670.4:c.1775G>T p-(Arg592Leu)
NM_007118.2:c.6560G>A p.(Arg2187His)
NM_002633.2:c.722T>G p-(Leu241Arg)
NM_002633.2:c.1175T>G p-(Leu392Arg)
NM_001080398.1:¢.1866+1G>A p-?
NM_032119.3:c.4148A>G p.(Tyr1383Cys)
NM_153700.2:c.3853C>T p-(GIn1285*)

by the other parents’ reads prior to XHMM launch, the
read depth difference between samples is not sufficient for
the software to detect CNV in the parental pools. Therefore,
compared to a solo strategy, parental-pooling strategy does
not appear helpful for CNV interpretation. Additional
methods such as qPCR or FISH are still required to es-
tablish CNV segregation in the parental samples. In addi-
tion, a parental mosaicism was highly suspected in three
cases since the variant, which was absent in parental-pool,
was also found in an affected sibling. Parental mosaicism,
which is a challenge even in classical ES with average
depth of 70X and often requires high depth sequencing,
cannot be detected by parental-pool sequencing.

The contribution of ES is now undisputed in the iden-
tification of causative variants in Mendelian disorders.
Nevertheless, the best approach in terms of diagnostic yield
and cost-effectiveness is not clear-cut for laboratories choos-
ing to currently perform ES. Extending solo-ES analysis to
non-OMIM morbid or non-OMIM genes can be time con-
suming without information about inheritance. One could
focus on truncating variant in genes with pLI >0.9 and/or
o/e <0.3, but interpretation would be more difficult for mis-
sense variants. One of the major advantages of the trio-ES
strategy is that, thanks to availability of parental segrega-
tion, it speeds up the selection of candidate variants such as
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CADD polyphen GERP misZ pLI
2.22 1
3.28 0.93
14.6 1 3.98 0.95
23.9 0.77 5.29 2.58 1
25.3 1 5.65 1.16 0
23.9 1 5.13
0.85 0
2.73 0.97
28.1 0.97 2.74 0.46 0
24 0.94 5 5.6 1
18.9 1 5.13 —0.06 0
32 1 6.06
254 4.22 1.9 1
26.4 1 5.48 0.07 0
21 5.46 1.41 0

compound heterozygous or de novo variants [Deciphering
Developmental Disorders Study, 2017; Rauch et al., 2012].
Therefore, non-OMIM (morbid) genes can be analyzed
more quickly with trio-ES, accelerating translational re-
search. The diagnostic rate is also slightly higher, but the
likelihood of identifying a known or novel molecular cause
either is doubled'”. In the first-tier parental-pool cohort, the
diagnostic yield (36%) is similar to the results obtained with
current trio-ES strategy. The major interest of the parental-
pool strategy after negative solo-ES was therefore for trans-
lational research, considering the identification of a number
of highly candidate genes susceptible to be involved in
novel human disorders (13/18 individuals - 72%; Table S1).
These genes, mostly sporadic de novo missense variants
(12/13 - 61.5%), were suspected because of compatible fa-
milial segregation. Their implication was strengthened by
the identification of identical types of variants in individ-
uals with overlapping phenotypes (Salpietro et al., 2019;
Snijders Blok et al., 2019). This approach also has an inter-
est for routine diagnostics since four variants in well-known
OMIM-morbid genes initially not considered as pathogenic
in solo-ES strategy were retained as causative (Table S1):
(i) two genes (CRAT, PHIP) recently implicated in rare dis-
eases were not related to OMIM-disorders at the time of
solo-ES analysis [Drecourt et al., 2018; Jansen et al., 2018];
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TABLE 5 False positive and false negative variants identified in the cohort

Maternal Maternal

Paternal Paternal

pool

Index case
allelic

pool allelic

balance

pool allelic pool

balance

Index case

Sanger segregation

depth

balance depth

allelic depth

genomic position

Genotype
ht

Gene

Strategy

Paternally inherited

99
50
48

87
46

0.51
0.67
0.50
0.33
0.40

125

chr4:g.7056620C>T

TADA2B

BRD7

Second-tier

Maternally inherited

16
24
45

chr16:g.50354575T>C

ht
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Maternally inherited

52
54
132

chrl1:2.76979979C>A
chrl1:g.77825024G>A

GDPD4

AL

Maternally inherited

37
131

ht

G8

First-tier

Maternally inherited

chr5:g.177637237_177637274del
chrl6:2.21763731_21763732del

chr22:g.51159940dup

ht

HNRNPAB
OTOA

Maternally inherited

11
119
103

6
72
91

De novo
Absent

0.02

0.02

113

0.5

ht

SHANK3
TANGO6

99

0.28

chr16:g.69056767A>C

ht

Abbreviations: Hm, homozygous, hmi, hemizygous; ht, heterozygous; htc, compound heterozygous.

(ii) the phenotypic spectrum made variants difficult to in-
terpret in the solo strategy, especially for missense variants.
For example, a sporadic ASCL1 variant (p. Glu127Lys) was
identified in an individual with apnea, bradycardia, vagal
hypertonia, language delay, and Hirschprung disease when
ASCLI1 variants have mostly been associated with congen-
ital hypoventilation or Haddad syndrome (OMIM: 209880;
de Pontual et al., 2003).

The majorobstacle forlaboratories performing diagnostic
trio-ES is the additional cost of parental sequencing, which,
despite falling costs, remains expensive. The parental-pool
ES strategy is thus a promising compromise considering the
diagnostic yield and costs. The per-individual sequencing
costs for the 5 and 6-sample parental-pool ES first-tier strat-
egy (666 and 700 dollars, respectively) is drastically lower
than a first-tier trio-ES approach (1,500 dollars; Figure 1d).
In addition, parental-pooling reduces the number and costs
of Sanger sequencing performed for parental segregation
to help variant interpretation, especially for missense vari-
ants. In the second-tier parental-pool cohort, two thirds of
the Sanger validations performed for solo-ES interpretation
would not have been needed if ES were available for the
parents. Even if parental-pool ES strategy would be more
cost-efficient than trio strategy, the calculation of the cost-
saving cannot to be limited only to sequencing and Sanger
costs reduction. It depends on multiple factors (biological
time for interpretation and multidisciplinary meetings,
technical time and consumables for primer design, and
PCR analyses). Additional in-depth medico-economic stud-
ies would be useful to precisely evaluate the cost-efficiency
of both strategies.

In the coming years, ES might be replaced by GS, which
detects exonic regions, intronic, and structural variants
more efficiently [Belkadi et al., 2015; Redin et al., 2017].
Interestingly, this strategy could be transposed to GS, but
with fewer parents per pool or increased sequencing depth.
Since the mean depth of GS currently used in constitutional
analysis is around 30X, the expected AB at this depth would
be 7.5X by pooling two parents. However, GS does not re-
quire enrichment and its sequencing depth is more uniform
than ES. Therefore, additional studies would be necessary
to determine the AB threshold and the number of parents
that could be pooled. Similar to ES, a parental-pool GS strat-
egy would decrease sequencing costs and facilitate the in-
terpretation of variants since parental segregation would be
immediately available. These advantages appear essential
for the analysis of the vast amount of data produced by GS.

5 | CONCLUSIONS

Parental-pool ES provides a promising alternative to trio-
ES by combining decreased parental sequencing costs,
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rapid parental segregation, and straightforward appli-
cation to non-OMIM (morbid) genes analysis. It is an
efficient strategy for increasing diagnostic yield and ac-
celerating translational research. This strategy could be
applicable in GS, but additional feasibility and validation
studies are required.
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