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Purpose: Whole-exome sequencing (WES) and whole-genome
sequencing (WGS) are used to diagnose genetic and inherited
disorders. However, few studies comparing the detection rates of
WES and WGS in clinical settings have been performed.

Methods: Variant call format files were generated and raw data
analysis was performed in cases in which the final molecular results
showed discrepancies. We classified the possible explanations for
the discrepancies into three categories: the time interval between
the two tests, the technical limitations of WES, and the impact of
the sequencing system type.

Results: This cohort comprised 108 patients with negative
array comparative genomic hybridization and negative or incon-
clusive WES results before WGS was performed. Ten (9%) patients
had positive WGS results. However, after reanalysis the WGS

INTRODUCTION
Whole-exome sequencing (WES) and whole-genome sequen-
cing (WGS) methods are increasingly being applied in clinical
medicine for the diagnosis of genetic and inherited disorders.
WGS covers up to 98% of the whole human genome, and
WES covers nearly 95% of the coding regions but only 1-2%
of the genome. Compared with WGS, WES has a lower cost
per sample, a greater depth of coverage in target regions, and
fewer storage requirements, and the data analysis is easier to
perform.)? Depending on the sequencing platform and
implemented pipeline, WES generally requires a minimum
coverage of 20—40 x, whereas WGS only requires a mean of
14 reads to achieve a 95% on-target single-nucleotide
polymorphism detection sensitivity.>* The reported diagnos-
tic yield of WES generally ranges from 25 to 35% (refs. 5-7),
and in consanguineous populations, this diagnostic yield
can reach 49% (refs. 8,9). However, WGS is considered a
more powerful tool than WES for detecting potential disease-
causing variations and could be used as a single test to
capture nearly all known genetic variations, including

hit rate decreased to 7% (7 cases). In four cases the variants
were identified by WES but missed for different reasons. Only 3
cases (3%) were positive by WGS but completely unidentified
by WES.

Conclusion: In this study, we showed that 30% of the positive
cases identified by WGS could be identified by reanalyzing the WES
raw data, and WGS achieved an only 7% higher detection rate.
Therefore, until the cost of WGS approximates that of WES,
reanalyzing WES raw data is recommended before performing
WGS.
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single-nucleotide variants, small insertions/deletions (indels),
and copy-number variants,'” even within the regions of the
human genome covered by WES.!2 Previous studies
reported the diagnostic yield of WGS is 21-34% in individuals
with a broad spectrum of disorders or congenital malforma-
tions and neurodevelopmental disorders.!*!* A more recent
study,'® published mid-2017, reported diagnostic yield of
WGS up to 41%, which is nearly 26% higher than that of
WES, and that the yield is up to 57-73% in critically ill infants
and in patients with severe intellectual disability.'®!” How-
ever, few studies comparing WES and WGS in clinical settings
using a retrospective data analysis have been performed. In
the present study, we performed a comparative retrospective
analysis of 108 genetics patients who underwent both clinical
WES and clinical WGS.

MATERIALS AND METHODS
This study was approved by the Institutional Research Board

of King Abdullah International Medical Research Center. The
data collection and analysis were conducted retrospectively at
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King Abdulaziz Medical City, Riyadh, Saudi Arabia, by
reviewing the files of all patients with genetic diseases who
had been followed up at the genetics clinic. All cases that
underwent both WES and WGS between 2013 and 2017 were
enrolled irrespective of their phenotype. DNA sequencing
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using both WES and WGS was performed at commercial
College of American Pathologists/CLIA-accredited laboratories.
WES was performed using one of two different systems, i.e., the
[umina NextSeq, llumina HiSeq (Illumina Inc, CA, USA) or
Ion Proton system (Thermo Fisher Scientific, MA, USA), and
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Figure 1 lllustration of the automated bioinformatics pipeline workflow to generate processed vcf files followed by manual filtration. AD,
autosomal dominant; AR autosomal recessive; ESP, Exome Sequencing Project; EXAC, Exome Aggregation Consortium; MAF, minor allele frequency;
QC, quality control; SNV, single-nucleotide variant; UTR, untranslated region; VCF, variant call format; XL, X-linked.
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WGS was performed using the HiSeq 4000. The average
coverage depth for WES cases was ~95x with minimum
coverage of 20x for any considered variant, and average
coverage depth for WGS cases was ~30x. All patient
information was collected from the electronic system, and we
excluded patients with only WGS or WES, patients with
limited or no clinical information, and patients with limited or
no raw data. Variant call format (vcf) files were generated and
the raw data analysis was performed in cases in which the final
molecular results showed discrepancies, with positive results in
WGS and either negative or inconclusive results in WES; a
complete illustration of the pipeline and filtration processes is
shown in Figure 1. Customization of each step is based on the
sequencing systems, bioinformatics pipeline, and the type of
the capturing kits. We classified the possible explanations for
the discrepancies into three categories. First, during the time
interval between the two tests, as part of further studies of the
underlying disorder, additional clinical information or novel
genes/variants could have been discovered. Second, deep
intronic or large deletion variants may not have been
detected due to the technical limitations of WES. Third, the
type of sequencing system may have had an impact on the final
results.

We examined the vcf files from both the WES and the WGS
studies that were generated for the same case at the time of
collection of the final molecular results. The identified
phenotype-related variants were crosschecked using the same
genome map and genomic coordinates. In addition to
performing several laboratory checkpoints and assessing
quality-control measures that were already implemented
using different identifiers, such as medical records number,
sample ID, laboratory accession number, and date of birth,
multiple single-nucleotide polymorphisms were crosschecked
between the WES and the WGS vcf files to confirm the
identity of the individuals and to verify that both vcf files
belonged to the same patient. For each variant, we confirmed
whether it was identified in the vcf file and verified the read
depth and coverage of the reference and alternate alleles in
both the WES and the WGS studies (Table 1). Finally, we
further reanalyzed each variant identified by WGS for clinical
significance and classified the variants as pathogenic/likely
pathogenic, a variant of uncertain significance, or benign
according to the American College of Medical Genetics and
Genomics criteria.!® Detailed clinical information in Human
Phenotype Ontology format and variant classification of all
positive cases are provided in Supplementary Material 2
online, and detailed family pedigrees for all positive cases
with segregation analysis are provided in the Supplementary
Material as well. All identified disease-causing variants were
confirmed by either Sanger sequencing or another related
method (i.e., fragment analysis, quantitative polymerase chain
reaction, and fluorescence in situ hybridization studies).
Several tools were used for the raw data analysis, including
Alamut Visual (http://www.interactive-biosoftware.com/ala
mut-visual/), VarSeq from GoldenHelx (http://www.goldenhe
lix.com/), the University of California—Santa Cruz Genome
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Browser (https://www.genome.ucsc.edu/), the Integrative
Genomics  Viewer  (http://software.broadinstitute.org/soft
ware/igv/), Genome Analysis Toolkit Best Practices (https://
software.broadinstitute.org/gatk/), =~ SAMtools  (http://www.
samtools.sourceforge.net/), and Freebayes (https://github.com/
ekg/freebayes).

RESULTS

In total, 154 patients recruited for the study had negative
array comparative genomic hybridization and negative or
inconclusive WES results. However, 36 patients were excluded
because their WGS results were incomplete or because further
testing, such as a segregation analysis or clinical examination,
was required. The remaining 118 patients had complete
clinical and final results available; of these patients, 20 (17%)
had positive WGS results, 5 (4%) had inconclusive results,
and the 93 (79%) remaining patients had negative results.
However, we further excluded 10 positive cases, of which 4
cases had loss-of-function variants and 2 cases had missense
variants, because the WES was performed many years ago and
thus the raw WES data (vcf or BAM) were not available for
retrieval and comparison. In the other 4 cases, the variants
were found in both the WES and the WGS raw data but were
apparently missed and thus not reported in the WES results
following the final interpretation and filtration processes.
Therefore, in this study, we only considered the 108 patients
with complete clinical information and raw data.

Demographic data

The gender distribution was equal between males and females.
The cohort was enriched in pediatric (< 14 years) patients (98
(91%) patients) and included only 10 (9%) adults. Addition-
ally, our cohort was enriched in cases from consanguineous
unions (76 (70%) cases compared with 32 (30%) nonconsan-
guineous cases); of the consanguineous cases, 71% were
reported as first-cousin unions (Table 2).

WGS hit rate before reanalysis of results

Of the 108 patients, 10 (9%) had positive WGS results and
previously negative WES results, 5 (5%) had inconclusive
results, and 93 (86%) had negative results (Figure 2). Of the 5
cases with inconclusive results, 4 with the same variants were
found by both WES and WGS, and in case 5, a deep intronic
variant was identified only by WGS.

Effect of time interval between WES and WGS

The average time interval between the WES and the WGS for
the 10 positive cases was 5 months (1-16 months, SD 4.9). We
examined the indication for the testing during the interval
between the two tests and whether any new clinical data
resulted in significant changes in the classification, and we
found that none of the 10 positive cases had new clinically
significant data, although certain cases underwent additional
investigations, such as brain imaging or tissue analysis.
Nevertheless, for cases 1, 2, and 3 (Supplemental Cases 1-3
online), the variants were identified using both WES and
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Table 2 Demographic and diagnostic information for the
cohort based on the whole-genome sequencing results

Positive Inconclusive  Negative Total
Gender
Male (56%) 4 (7%) 4 (7%) 53 (87%) 61
Female (44%) 6 (13%) 1 2%) 40 (85%) 47
Age
Adult (9%) 0 0 10 (100%) 10
Pediatrics (91%) 10 (10%) 5 (5%) 83 (85%) 98
Consanguinity
Yes (70%) 6 (8%) 4 (5%) 66 (87%) 76
No (30%) 4 (13%) 1 (3%) 27 (84%) 32

Hit rate in WGS before reanalysis Hit rate in WGS after reanalysis

86% 89%

B Positive [ Inconclusive [0 Negative

Figure 2 Pie chart showing the whole-genome sequencing (WGS)
hit rate before and after reanalysis of the clinical information and
raw data.

WGS; however, the variants were not reported at the time of
WES because the disease-causing genes were only described
after the WES was performed (Table 1 and Supplementary
Material 2 online).

Effects of structural rearrangements and noncoding
variants

Cases 4, 5, and 6 (Supplemental Cases 4-6 online) were
detected by WGS and not detected by WES. In particular, case
4 presented with idiopathic congenital central hypoventilation
syndrome, a disorder caused by polyalanine expansion in
PHOX2B,' with typical presentation. Sanger sequencing of
PHOX2B was ordered first and failed to identify the
expansion, similar to WES; however, WGS showed possible
expansion in exon 3, which was confirmed by fragment
analysis (data not shown). Meanwhile, case 5 included a
large deletion spanning different exons in the TPM3 gene
(exon 3 to exon 9). In case 6, the variant was a deep intronic
single-nucleotide variant in the TSC2 gene (Table 1)
(Supplementary Material 1 online, Figure 1).

Effect of sequencing system
Cases 7, 8, and 9 (Supplemental Cases 7-9 online) involved
a frequent variant in the ADAT3 gene, and case 10
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(Supplemental Case 10) involved a variant in SLC35A2. For
these four cases, WES was performed using the Ion Proton
system, and the variants were missed and thus undetected
(Table 1). Unfortunately, no BAM files were available from
the Ion Proton system for visual inspection or confirmation of
the coverage of these two genes, and the outsourced
sequencing laboratory does not keep FASTQ or BAM files
for longer than 6 months. However, in the subsequent WES
analyses and tests using the Illumina system, we were able to
detect the ADAT3 variant in the heterozygous state in four
individuals and to identify one positive case with the same
variant in SLC35A2. Additionally, in new analyses, we
confirmed that there was enough coverage of both genes
(~30 x for SLC35A2 and ~ 90 x for ADAT3) (Supplementary
Material 1 online, Figure 2).

Impact of consanguinity

Autosomal recessive (AR) and homozygous variants repre-
sented 50% of the positive cases, and autosomal dominant
(AD) and X-linked cases represented 50% of the positive
cases. Of the seven positive cases detected only by WGS, four
had a documented history of consanguinity, three (75%) had
an AR disorder with homozygous variants, and one (25%) had
an AD disorder with a heterozygous variant. Among the
remaining three positive cases with no documented history of
consanguinity, one had an AR disorder with a homozygous
variant, one had an AD disorder with a heterozygous variant,
and one (a male patient) had an X-linked dominant disorder
with a hemizygous variant. Of these seven cases, family
history was significant in three (43%) and unremarkable in
four (57%) (Supplementary Material online, Tables 1 and 2).

WGS hit rate after reanalysis of raw data

Of the 10 cases identified as positive by WGS, only 7 (cases 4—
10) were detected by WGS and not detected by WES; hence,
compared with WES, the WGS hit rate decreased to only 7%
(7/105) (Figure 2).

DISCUSSION
Whereas previous reports have shown that the WGS hit rate
was nearly 26% over WES, in our study, without considering
any reanalysis of the raw data or the clinical information, the
hit rate was 9%. However, after reanalyzing and comparing
the raw data from both the WES and WGS, the hit rate for the
positive cases detected only by WGS decreased to 7%, which
illustrates the importance of reanalyzing WES results before
performing further testing. Furthermore, when only con-
sidering the 7 cases (cases 4-10) detected by WGS but not by
WES, in three cases, the variant in ADAT3 was not identified;
however, in subsequent analyses, the ADAT3 and SLC35A2
genes were well covered, and we were able to identify
heterozygous variants in other carriers and one additional
positive case of SLC35A2 with the same variant. If we exclude
these four cases, the WGS hit rate decreases even further, to
only 3% (3/101). However, because these variants remained
undetected after reanalyzing the vcf files, WGS might have
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been required. Therefore, we considered these cases to belong
to the group of cases detected by WGS.

In this study, there are several different explanations for
why variants were not reported in WES final results: the time
interval between the WES and the WGS (three variants), the
limitations of WES coverage or technology (i.e., for copy-
number and deep intronic variants) (three variants), and the
limitations of the sequencing systems (four variants). Of the
10 positive cases, 3 could be detected by reanalyzing the raw
data and vcf files from previous WES analyses before
performing WGS, particularly via reassessment of newly
discovered genes or reported variants, which accounted for
30% of positive cases in our study that were not detected by
WES but were subsequently detected by WGS. Considering an
average time interval of only 5 months between WES and
WGS, the utility of WES reanalysis could be even greater in
the context of a longer time interval between the two tests.
Therefore, until the cost of WGS approximates that of WES,
this approach could help to increase the detection of variants
by WES.

Previously, we showed that most positive cases in clinical
whole-exome studies in Saudi Arabia were in consanguineous
populations with AR disorders.® Although the sample size in
this study was small, i.e., 108 patients and 10 positive cases, no
difference in WGS hit rate was observed between the
consanguineous and the nonconsanguineous cases. Addition-
ally, the modes of inheritance in the positive cases were
equally distributed between AR and non-AR disorders, likely
because most of the positive cases were detected by WES, so
the utility of WGS might be limited in our population.
However, further studies with larger sample sizes are required
to confirm our observation.

The major limitation of WGS is cost. In this study, all
clinical testing was performed as a part of routine clinical
patient care; in this context, each WES costs approximately
$1,200, the calculated WES reanalysis costs approximately
$250 (accessible raw data storage and retrieval, reanalysis time
with 5 hours on average for each case), and each WGS costs
approximately $4,200. If we include the 4 positive cases in
WGS that were missed by WES during interpretation, then
for all 112 cases (108 cases and 4 cases missed during
interpretation), approximately $604,800 was spent to perform
both WES and WGS. Half of the positive (7/14) cases detected
by WGS could have been identified by reanalyzing the raw
WES data from all 112 cases, which would cost around
$28,000, thus saving a substantial amount of money. The
likely explanation is that the gene was reported and
discovered either during the interval between the two tests
or secondary to the interpretation and filtration processes
during the final steps before reporting, rather than being
related to the technical advantages of WGS. However, we
spent an additional $529,200 from the health-care system
budget to achieve a 7% higher detection rate.

In conclusion, although WGS is a more powerful tool
than WES, in this study, we showed that WGS has additional,
but limited, clinical utility compared with reanalyzing WES
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data, and until the cost of WGS approximates that of
WES, reanalyzing WES raw data is recommended before
performing WGS.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the
paper at http:/www.nature.com/gim
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