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Abstract

Background: Testing strategies is crucial for genetics clinics and testing laboratories. In this study, we tried to
compare the hit rate between solo and trio and trio plus testing and between trio and sibship testing. Finally, we
studied the impact of extended family analysis, mainly in complex and unsolved cases.

Methods: Three cohorts were used for this analysis: one cohort to assess the hit rate between solo, trio and trio
plus testing, another cohort to examine the impact of the testing strategy of sibship genome vs trio-based analysis,
and a third cohort to test the impact of an extended family analysis of up to eight family members to lower the
number of candidate variants.

Results: The hit rates in solo, trio and trio plus testing were 39, 40, and 41%, respectively. The total number of
candidate variants in the sibship testing strategy was 117 variants compared to 59 variants in the trio-based
analysis. We noticed that the average number of coding candidate variants in trio-based analysis was 1192 variants
and 26,454 noncoding variants, and this number was lowered by 50-75% after adding additional family members,
with up to two coding and 66 noncoding homozygous variants only, in families with eight family members.

Conclusion: There was no difference in the hit rate between solo and extended family members. Trio-based
analysis was a better approach than sibship testing, even in a consanguineous population. Finally, each additional
family member helped to narrow down the number of variants by 50-75%. Our findings could help clinicians,
researchers and testing laboratories select the most cost-effective and appropriate sequencing approach for their
patients. Furthermore, using extended family analysis is a very useful tool for complex cases with novel genes.
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Background

The advent of next-generation sequencing applications
and technologies has provided a low-cost opportunity to
examine a patient’s genome and establish molecular
defects [1-3]. The clinical evaluation of patients with
genetic disorders currently involves whole-exome se-
quencing (WES) or whole-genome sequencing (WGS),
and the diagnostic yield generally ranges between 25 and
49% in some populations, with a maximum yield of 40—
44% in trio analysis [4, 5]. The diagnostic yield of WGS
ranges between 7 and 20% [6]. Furthermore, family-
based analysis and studies of next-generation sequencing
provide considerable power to detect common and rare
variants [7], and family-based designs can be helpful for
cosegregation (e.g., for prioritizing variants and genes)
[8]. Additionally, several genes and disorders have been
discovered by testing extended consanguineous families
[9-11], mainly by autozygome and exome analysis [12].
However, one of the major limitations of these technolo-
gies in addition to their cost is the data interpretation.
On average, WES costs approximately $1500, and WGS
costs approximately $4000; the average number of called
variants in the variant call format (VCF) file in WES is
approximately 70,000 compared with approximately 5,
000,000 in WGS. Therefore, finding the right approach
for each case is crucial for clinicians to reach a final
diagnosis as well as for the health system to direct its
budget by providing the right test. In this study, we ex-
amined the best testing strategy by comparing the hit
rate of solo cases compared with the rate obtained by
extending the test to other family members (trio or trio
plus). Furthermore, we analyzed the impact of family
structure in cases of trio-based analysis compared with
sibship testing. Moreover, we studied the impact of test-
ing extended family members (up to eight members) on
narrowing the possible candidate variants, which would
require further investigation and manual curation.

Methods

We retrospectively reviewed all genetic cases that has
been seen at the genetic clinic at King Abdulaziz Med-
ical City, Riyadh, Saudi Arabia. Only patients who
underwent DNA sequencing; either WES or WGS were
recruited for the study. Data collection from patient’s
electronic medical records, as well as further analysis
were done for eligible patients. Clinical next-generation
sequencing based tests (WES and/or WGS) were per-
formed in commercial CAP/CLIA-accredited laborator-
ies. For the extended family analysis, WGS was carried
out either in clinical CAP/CLIA-accredited laboratories
or in a research laboratory at King Abdullah University
of Science and Technology (KAUST) as part of a collab-
orative project. [llumina NextSeq, Illumina HiSeq or Ion
Proton sequencers were used for WES. For WGS, only
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HiSeq 4000 sequencer were used. Cases who have been
tested with WES requires ~90x depth of coverage, and
the minimum coverage for any variant to be considered
is 20x. The average coverage depth for WGS cases was
~30X. The configuration of the pipeline was based on
the sequencing systems and types of kit. Ethical approval
for this study was obtained from the Institutional Re-
search Board of the King Abdullah International Medical
Research Center (KAIMRC) with a reference study num-
ber RC 16/113 and RC16/211/R2.

In order to obtain a diagnosis for cases that has been
sent for genetic testing, several factors incorporated in to
reach one (or few) pathogenic variants. These factors in-
clude but not limited to: 1) the patient clinical presenta-
tion, 2) mode of inheritance observed in the family, 3)
results of additional metabolic analysis, 3) allele frequency
in population databases, and others. When considering
testing the extended family to facilitate the analysis; the
testing cost and hit rate are the major two considerations.

For the different analyses, we divided our main cohort
into three cohorts. The first was a clinical cohort used to
assess the hit rate of each test type (solo vs. trio vs. trio
plus). The second cohort was used to assess the testing
strategy between trio-based analysis and siblings only
with no parents for the trio vs. sibship-based analysis.
The third cohort was employed to assess the impact of
testing additional family numbers on the total number
of candidate variants for the extended family analysis.
Each cohort structure is illustrated in Fig. 1.

Cohort structures

Clinical cohort

In this cohort, families were tested for complete clinical
analysis, including variant confirmation and clinical
reporting. All clinical cases that underwent WES and/or
WGS between 2014 and 2018 were enrolled irrespective
of their phenotype. Cases were sorted based on their test
type (solo, trio or trio plus), where solo indicates testing
performed only in the index case; trio indicates testing
performed on the index case and both parents; and trio
plus indicates testing performed on the index case, both
parents and an additional sibling (either affected or not af-
fected). Finally, we classified each identified variant for
clinical significance as pathogenic/likely pathogenic (P/
LP), a variant of uncertain significance (VUS) or benign
according to the ACMG criteria [13]. Detailed clinical in-
formation in the human phenotype ontology (HPO) for-
mat and the variant classification of all positive and
inconclusive cases are provided in supplementary material
Variant Database (Additional file 3). All identified disease-
causing variants in this cohort were confirmed by either
Sanger sequencing or fragment analysis. Several tools were
used for the raw data analysis, including Alamut® Visual
(http://www.interactive-biosoftware.com/alamut-visual/),
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Fig. 1 illustration of the three cohort structures enrolled in this study. a Clinical testing cohort with the number of enrolled families, individuals
and test type; the white rectangle represents the positive results for each test type. b Trio vs. sibship cohort, with the number of candidate
variants. ¢ Extended family analysis cohort; the white rectangle shows the number of candidate variants after adding each family member.

BaseSpace Variant Interpreter (https://variantinterpreter.
informatics.illumina.com/), Ingenuity Variant Analysis -
QIAGEN Bioinformatics (https://variants.ingenuity.com/
va/), Varsome The Human Genomics Community
(https://varsome.com/), the UCSC Genome Browser
(https://www.genome.ucsc.edu/) and the Integrative Gen-
omics Viewer [3].

Trio vs. sibship testing

In this cohort, we enrolled families with a family history
suggestive of autosomal recessive disorders and five
members (index, both parents and two siblings) for the
raw data analysis. Then, we compared the number of
coding variants in the same family in the trio-based ana-
lysis (index and parents), where the variant was present
in both parents in a heterozygous state and in a homozy-
gous state in the index patient, with the sibship-based
analysis (index and siblings with no parents), based on
health status and the shared and nonshared variants be-
tween affected and nonaffected siblings.

Extended family analysis cohort

This cohort mixed families from the clinical and other re-
search cohorts to analyze the number of candidate vari-
ants based on the family structure using family-based
designs (e.g., co-segregation for prioritizing variants and
genes). For the extended family analysis, we only used the
vcf files generated by the local pipeline. We considered

families in which three or more individuals were being
tested in this analysis. Candidate variants were considered
after annotating the variants as either coding or noncod-
ing (exonic or intronic) variants based on the most severe
impact at the mRNA and transcript levels. The total num-
ber of identified variants was based on the index case and
then narrowed by adding family members (supplementary
material Table 2). The extended family analysis focused
on the shared and nonshared variants between affected
and nonaffected individuals; both homozygous and het-
erozygous variants were considered.

Results

Clinical cohort

The cohort comprised 1091 individuals from 435 families.
In 322 families (74%), the index was in the pediatric age
group (< 12years), and in 113 (26%), the index belonged
to the adult group; 237 (54%) were male, and 196 (45%)
were female. All cases were enrolled through the genetics
clinic and received a complete clinical evaluation, includ-
ing metabolic workup, array comparative genomic
hybridization, WES and then WGS if all the previous ana-
lyses were negative. In total, 74% were consanguineous
families compared with 24% nonconsanguineous, and 2%
had an unknown status. The overall hit rate of all the co-
horts (WES + WGS) was 40% (WES =47%, WGS = 15%).
The complete breakdown of the results is provided in the
supplementary material (Table 1).
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Table 1 Showing the number of test type (enrolled family
members for testing), and the total number of families for each
test type for example we have 8 families where we tested 4
individuals (trio plus), 6 individuals underwent WES, and 2
individuals underwent WGS

Test type Total number of families WES WGS
3 (Trio) 20 13 7
4 (Quartet) 8 6 2
5 (Quintet) 10 5 5
6 (Sextet) 4 0 4
7 (Septet) 2 0 2
8 (Octet) 3 0 3

Hit rate in solo, trio and trio plus

The total number of WES cases was 335 (110 solo, 172
Trio, 53 Trio plus), of the solo cases, 52 (47%) were posi-
tive, compared with 79 (46%) of trio and 27 (51%) of trio
plus cases were positive. The total number of WGS cases
was 100 (35 solo, 42 Trio, 23 Trio plus), of the solo cases
5 (14%) were positive, compared with 6 (14%) of trio cases,
and 4 (17%) of trio plus cases were positive (Fig. 2).
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Trio plus affected and trio plus nonaffected

In total, 76 families underwent trio plus testing, 53 fam-
ilies underwent WES, and 23 families underwent WGS.
The WES cases were divided into 41 families with af-
fected individuals and 12 families with unaffected indi-
viduals. The hit rate between the two cohorts was 51%
(21/41 families) when the trio plus family member was
affected and 50% (6/12 families) when the trio plus fam-
ily member was nonaffected. For the WGS cases (23
families), 15 families had affected individuals, and eight
families had unaffected individuals. The hit rate was 13%
among the affected plus cohort (2/15 families) and 25%
in the nonaffected plus cohort (2/8 families) (supple-
mentary material Table 1).

Mode of inheritance and testing type

If we consider the mode of inheritance as a clinical guide
to testing, among all the positive cases with a family his-
tory suggestive of autosomal recessive disorders, the
positive results were 70% in solo testing (40 cases), 75%
in trio testing (64 cases) and 71% in trio plus testing (22
cases). For families with a suggestive autosomal domin-
ant mode of inheritance, the positive results for solo, trio
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and trio plus were 25% (14 cases), 20% (17 cases), and
13% (4 cases), respectively (supplementary material file 1:
Table 1).

Sibship testing cohort

For the trio vs. sibship genome, we enrolled families to
test the best strategy and compared the trio-based ana-
lysis with testing siblings. In particular, we compared
trio-based testing where the index and both parents
were involved in sibship genome testing without parents.
This approach examined the number of candidate vari-
ants in the trio-based analysis vs. testing siblings without
parents in families with a family history highly suggestive
of autosomal recessive disorders to lower the number of
candidate variants. For this analysis, we had 15 families
with five members, and raw data, detailed family pedi-
grees (Additional file 2) are provided in the supplemen-
tary material. We compared the number of coding
variants in the trio-based analysis, where the variant was
present in both parents in the heterozygous state and in
the index patient in the homozygous state, with testing
only siblings without parents. We found that the average
number of candidate variants in the trio-based analysis
was 59 compared with 117 under the sibship testing
strategy (Fig. 1). When we consider if all the siblings are
affected (nonaffected), the average number of shared
homozygous variants is 90 (88) variants. However, these
are the raw results and had limited statistical significance
due to the sample size limitation, which occurred be-
cause of the testing costs.

Extended family analysis cohort

This cohort includes 47 families (204 individuals) (Table
1). For the extended family analysis; we used the VCF
files from families to test the impact of testing additional
family members to lower the number of candidate vari-
ants that would require further analysis. In particular,
we assessed shared and nonshared variants among af-
fected and nonaffected family members based on differ-
ent modes of inheritance and allele state. After applying
basic filters, including quality filters and allele fre-
quency < 1.5%, we found 27,646 variants in trio families.
We split the analysis into two types: (i) coding and non-
coding variants and (ii) homozygous and heterozygous
variants. Here, variants on the X chromosome were con-
sidered homozygous in cases of males. After we applied
filters to look for shared variants between affected mem-
bers, the number of candidate variants dropped by 50—
75% after using the parent results (trio-based analysis)
and by 25-50% after adding each additional family
member. The average coding homozygous candidate
variants dropped to only <= 6 variants after adding the
fifth family member and to 2 coding variants after add-
ing the eighth family member. The coding heterozygous
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variants dropped to 100 variants after adding the sixth
family member and to 43 in families with eight family
members. The average number of noncoding variants
per index was 72,660 after passing the threshold for
quality and allele frequency. However, after adding the
eighth family member, the number of noncoding vari-
ants dropped to 66 homozygous and 135 heterozygous
variants (Table 2, Fig. 3).

Discussion

In this study, we examined the advantages of additional
family members. Previously, we noticed no differences in
the hit rate between solo and trio in our population, and
we wanted to further test this observation [3, 4]. In this
analysis, we confirmed that the hit rate between solo and
other extended family analyses has limited clinical utility.
One possible explanation is that the majority of the disease-
causing variants in our population were homozygous in the
autosomal recessive disorder where both parents were car-
riers. Furthermore, autosomal dominant disorders account
for only 10% of all detected disorders in genetics clinics
[4, 5], and our cohort of both adult and pediatric cases
would capture autosomal dominant late-onset disor-
ders. However, even with similar hit rates, one of the
advantages of trio or trio plus testing over solo testing
is reducing the turnaround time and providing results

Table 2 Showing the average number of variants either shared
or not shared after adding each family member (complete
details about filtration process of shared not shared variants are
provided in supplementary material file 1:Table 2)

Coding

Number of tested Total Homozygous Heterozygous
individuals Variants Variants Variants
Index 1196 165 1031

Trio 1010 38 972

Quartet 591 20 571

Quintet 242 6 236

Sextet 104 4 100

Septet 84 3 81

Octet 45 2 43
Non-Coding

Number of tested Total Homozygous Heterozygous
individuals Variants Variants Variants
Index 72,660 9162 63,498

Trio 15,451 1361 14,090
Quartet 11,410 660 10,750
Quintet 6309 174 6135

Sextet 3757 113 3644

Septet 2792 1M 2681

Octet 201 66 135
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faster than by performing segregation analysis for the
candidate variants.

After considering family history as a clinical tool to de-
termine the testing type, we found no differences in the
hit rate (solo vs. trio vs. trio plus) between families with
autosomal recessive disorders and families with auto-
somal dominant disorders. This extended testing showed
no additional advantages for the hit rate, but it might
provide useful information for databasing.

In large families, it is always challenging for clinical ge-
neticists and genetics counselors to decide who to test. To
further evaluate the impact of additional family members,
we tested the power of lowering the possible candidate
variants that would require further evaluation. For homo-
zygous variants that support autosomal recessive disor-
ders, testing parents under the traditional trio-based
approach would provide a lower number of candidate var-
iants compared with sibship testing with no parents.

To test the impact of adding family members to the
number of candidate variants, we found that each add-
itional family member could lower the number of

candidate variants in the coding region by 25-50%.
Hence, while this method might be expensive, we could
solve two cases and establish the molecular defect
(underwork in different research project). However, this
approach might not always explain the phenotype if the
variants are in genes unrelated to the phenotype or if
the variants are in novel genes, and further research is
required to investigate the gene function and relation
with the phenotype.

In addition, we previously showed the limited clinical
utility of WGS compared with WES [5]. In this study,
we confirmed our previous observations. Indeed, of all
14 of the cases identified by WGS, the variant was called
in the vcf files from the exome in 13 cases. One possible
explanation for overlooking these cases during the ana-
lysis rather than the advantages of WGS is that we tend
to consider WGS as a more rigorous form of testing.
Moreover, we examine the VCF file in more detail than
with WES data, which normally passes through the rou-
tine pipeline of clinical evaluation. We re-emphasize our
previous recommendation to reanalyze WES before
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performing WGS. This would improve the hit rate of
WES and save a significant amount of money. For ex-
ample, in one case, we performed WGS trio plus, which
cost approximately $13,000, and we identified a missense
variant that was found by WES but overlooked during
the analysis; in another example, we spent approximately
$100,000 on only three families to perform WGS for all
eight family members. This amount could be saved, and
we could test sixty-six families for solo WES and reach a
similar diagnostic hit rate. Furthermore, the average
number of total called variants in WGS is 5,000,000 per
individual, and even with trio or trio plus family analysis,
the average number of identified variants would drop to
8000-15,000 after applying all routine filters (allele fre-
quency, low quality, shared and nonshared variants),
with approximately 96-97% being intronic variants.
With the current stage of knowledge, it is not possible
to examine this large number of variants, and testing la-
boratories focus only on 2—3%, which covers the coding
exonic part of the genome, or look for previously re-
ported intronic variants. Therefore, until the price of ge-
nomes falls or knowledge and databases grow to
increase our understanding of the noncoding regions for
analysis and classification, we recommend performing
WES and a reanalysis of the raw data from WES.

While solo exome testing might provide the best clin-
ical practice in our population, there might be other sce-
narios in which extended analysis is required, such as
when results are urgently required for medical or non-
medical reasons, when other family members might not
be available in future visits or when segregation analysis
for any identified variant is not possible.

Conclusion

There was no difference in the hit rate between solo and
extended family members. Trio-based analysis was a bet-
ter approach than sibship testing. However, each add-
itional family member helped to narrow down the
number of variants by 50-75%. These findings could help
clinicians, researchers and testing laboratories select the
most cost-effective and appropriate sequencing approach
for their patients. As with any research, some potential
limitations should be further studied in future researches.
For instance, this study needs to be extend to wider range
of individuals as our study is limited by a small sample size
due to the nature and cost of WES and WGS.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512920-020-00743-8.

Additional file 1.
Additional file 2.
Additional file 3.

Page 7 of 8

Abbreviations

WES: Whole-Exome Sequencing; WGS: Whole-Genome Sequencing;

VCF: Variant Call Format; CAP: College of American Pathologists; CLIA: Clinical
Laboratory Improvement Amendments; KAUST: King Abdullah University of
Science and Technology; P : Pathogenic; LP: Likely Pathogenic; VUS: Variant
of Uncertain Significance; ACMG: American College of Medical Genetics and
Genomics; HPO: Human Phenotype Ontology

Acknowledgments
This research used resources from the Core Labs of King Abdullah University
of Science and Technology (KAUST).

Authors’ contributions

LA, TA and AA1 designed the study, interpreted the clinical data, and wrote
the article. LA, TA and AA2 collected samples, genotyped the cases and
helped in statistical analysis. RA, MA2, NA, and AA7 contributed to data
collection and the extended family analysis. AA5, AA6, WE, MA1, FA1, FA2
and MA4 contributed in samples collection, clinical correlation and
manuscript revision. AA3, AA4, MR, MA3, SK, KM, NC, AMA, SB, YF, XZ, IR, RH
and TG contributed to the design and development of WES and WGS
sequencing pipeline. All authors have read and approved the final
manuscripts and to have agreed both to be personally accountable for the
author's own contributions and to ensure that questions related to the
accuracy or integrity of any part of the work, even ones in which the author
was not personally involved, are appropriately investigated, resolved, and the
resolution documented in the literature.

Funding
Not applicable.

Availability of data and materials

The authors declare that the data supporting the findings of this study is
available within the paper and its supplementary information files. All
variants identified through this study is available in ClinVar database and
accession numbers are provided for each variant in the supplementary
documents (Additional file 3). All variants has been submitted by the study
group under this link https://www.ncbi.nlm.nih.gov/clinvar/submitters/50651
7/. The raw datasets generated during the current study are not publicly
available because it is possible that individual privacy could be
compromised. This risk was noted by the ethics committee that approved
our study and one of the conditions of approval was that the raw data
could not be made publicly available.

Ethics approval and consent to participate

This study was approved by the Institutional Research Board of the King
Abdullah International Medical Research Center (RC 16/113 and RC16/211/
R2). No administrative permissions and/or licenses were acquired in order to
access the data used in this research. All patients has been consented to be
enrolled in this study, a written consent form was obtained from all subjects
and/or their parents or legal guardians in the case of minors who are aged
16 years old or younger.

Consent for publication

Written informed consent for all article details including patient's personal or
clinical details was obtained from all of the participants that will be freely
available on the internet and may be seen by the general public. For any
participant under the age of 18, a written informed consent for publication
was obtained from the parents or legal guardians. No identifying images
were required from participants.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Pathology and Laboratory Medicine, King Abdulaziz Medical
City, Riyadh, Saudi Arabia. “Department of Pediatrics, College of Medicine,
Qassim University, Qassim, Saudi Arabia. *Qassim University, Department of
Pediatrics, Almulyda, Saudi Arabia. “Division of Genetics, Department of
Pediatrics, King Abdulaziz Medical City, Riyadh, Saudi Arabia. *king Abdullah
International Medical Research Center, Riyadh, Saudi Arabia. ®*Computer,
Electrical & Mathematical Sciences and Engineering Division, Computational


https://doi.org/10.1186/s12920-020-00743-8
https://doi.org/10.1186/s12920-020-00743-8
https://www.ncbi.nlm.nih.gov/clinvar/submitters/506517/
https://www.ncbi.nlm.nih.gov/clinvar/submitters/506517/

Alfares et al. BMC Medical Genomics (2020) 13:103 Page 8 of 8

Bioscience Research Center, King Abdullah University of Science and
Technology (KAUST), Thuwal 23955-6900, Saudi Arabia. 7King Saud bin
Abdulaziz University for Health Sciences, King Abdulaziz Medical City, Riyadh,
Saudi Arabia. ®Department of Clinical Laboratory Sciences, College of Applied
Medical Sciences, King Saud bin Abdulaziz University for Health Sciences,
Riyadh, Saudi Arabia. “King Abdullah University of Science and Technology
(KAUST), Core Labs, Thuwal 23955-6900, Saudi Arabia. '°Department of Basic
Medical Sciences, College of Medicine, QU Health, Qatar University, Doha,
Qatar. ''Biological and Environmental Science and Engineering Division,
Computational Bioscience Research Center, King Abdullah University of
Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia.

Received: 8 May 2019 Accepted: 19 June 2020
Published online: 17 July 2020

References

1. Ng SB, Turner EH, Robertson PD, Flygare SD, Bigham AW, Lee C, et al.
Targeted capture and massively parallel sequencing of 12 human exomes.
Nature 2009;461(7261):272-276.

2. Bainbridge MN, Wiszniewski W, Murdock DR, Friedman J, Gonzaga-Jauregui
C, Newsham |, et al. Whole-genome sequencing for optimized patient
management. Science translational medicine 2011,3(87):87re3.

3. Gonzaga-Jauregui C, Lupski JR, Gibbs RA. Human genome sequencing in
health and disease. Annu Rev. Med. 2012,63:35-61.

4. Alfares A, Alfadhel M, Wani T, Alsahli S, Alluhaydan I, Al Mutairi F, et al. A
multicenter clinical exome study in unselected cohorts from a
consanguineous population of Saudi Arabia demonstrated a high
diagnostic yield. Mol Genet Metab. 2017;121(2):91-5.

5. Yang Y, Muzny DM, Reid JG, Bainbridge MN, Willis A, Ward PA, et al. Clinical
whole-exome sequencing for the diagnosis of mendelian disorders. N Engl
J Med. 2013;369(16):1502-11.

6. Alfares A, Aloraini T, Subaie LA, Alissa A, Qudsi AA, Alahmad A, et al. Whole-
genome sequencing offers additional but limited clinical utility compared
with reanalysis of whole-exome sequencing. Genet Med. 2018;20(11):1328-
33.

7. Zhu'Y, Xiong M. Family-based association studies for next-generation
sequencing. Am J Hum Genet. 2012,90(6):1028-45.

8. Thomas DC, Yang Z, Yang F. Two-phase and family-based designs for next-
generation sequencing studies. Frontiers in genetics. 2013;4:276.

9. Monies D, Abouelhoda M, AlSayed M, Alhassnan Z, Alotaibi M, Kayyali H,
et al. The landscape of genetic diseases in Saudi Arabia based on the first
1000 diagnostic panels and exomes. Hum Genet. 2017;136(8):921-39.

10.  Alfadhel M, Nashabat M, Qahtani HA, Alfares A, Mutairi FA, Shaalan HA, et al.
Mutation in SLC6A9 encoding a glycine transporter causes a novel form of
non-ketotic hyperglycinemia in humans. Hum Genet. 2016;135(11):1263-8.

11, Shashi V, Magiera MM, Klein D, Zaki M, Schoch K, Rudnik-Schéneborn S,
et al. Loss of tubulin deglutamylase CCP1 causes infantile-onset
neurodegeneration. EMBO J. 2018;37(23).

12. Maddirevula S, Alzahrani F, Al-Owain M, et al. Autozygome and high
throughput confirmation of disease genes candidacy. Genet Med. 2019;
21(3):736-42. https://doi.org/10.1038/541436-018-0138-x.

13. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet Med. 2015;
17(5):405-24.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in Ready to submit your research? Choose BMC and benefit from:
published maps and institutional affiliations.

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions k BMC



https://doi.org/10.1038/s41436-018-0138-x

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Cohort structures
	Clinical cohort
	Trio vs. sibship testing
	Extended family analysis cohort


	Results
	Clinical cohort
	Hit rate in solo, trio and trio plus
	Trio plus affected and trio plus nonaffected
	Mode of inheritance and testing type
	Sibship testing cohort
	Extended family analysis cohort

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

