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Abstract

Next generation sequencing tests are used routinely as first-choice tests in the clinic. However, systematic performance
comparing the results of exome sequencing as a single test replacing Sanger sequencing of targeted gene(s) is still lacking.
Performance comparison data are critically important for clinical case management. In this study, we compared Sanger-
sequencing results of 258 genes to those obtained from next generation sequencing (NGS) using two exome-sequencing
enrichment kits: Agilent-SureSelectQXT and Illumina-Nextera. Sequencing was performed on leukocytes and buccal-derived
DNA from a single individual, and all 258 genes were sequenced a total of 11 times (using different sequencing methods and
DNA sources). Sanger sequencing was completed for all exons, including flanking + 8 bp regions. For the 258 genes, NGS
mean coverage was >20 X for > 98 and > 91% of the regions targeted by SureSelect and Nextera, respectively. Overall, 449
variants were identified in at least one experiment, and 407/449 (90.6%) were detected by all. Of the 42 discordant variants,
23 were determined as true calls, summing-up to a truth set of 430 variants. Sensitivity of true-variant detection was 99%
for Sanger sequencing and 97-100% for the NGS experiments. Mean false-positive rates were 3.7E-6 for Sanger sequencing,
2.5E-6 for SureSelect-NGS and 5.2E-6 for Nextera-NGS. Our findings suggest a high overall concordance between Sanger
sequencing and NGS performances. Both methods demonstrated false-positive and false-negative calls. High clinical suspi-
cion for a specific diagnosis should, therefore, override negative results of either Sanger sequencing or NGS.
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Introduction

Next generation sequencing (NGS) has taken the fast lane
from the bench to the bedside. What was once a “last resort”
technique for exceptional cases in which a molecular diagno-
sis could not be achieved by standards means has become a
routine clinical test allowing physicians to translate genomic
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information into clinically actionable decisions (Goodwin
et al. 2016). NGS-based testing has thus largely replaced
Sanger sequencing, long considered to be the gold standard
of sequencing tests. This shift has occurred despite lack of
bidirectional performance comparisons of Sanger sequenc-
ing and NGS. Data on such comparisons can directly impact
the decision-making process of clinicians aiming to deter-
mine the genetic basis of various conditions.

NGS has been applied for a variety of purposes, includ-
ing exome/genome sequencing for diagnosis of genetic dis-
eases (Gilissen et al. 2014; Lee et al. 2014), cancer genomics
(Shen et al. 2015), discovery of transcription factor bind-
ing sites (Mundade et al. 2014), transcriptome profiling (Li
et al. 2014), DNA methylation sequencing (Brunner et al.
2009) and noncoding RNA expression profiling (Ching et al.
2015). In the clinical context, the wide scope of testing ena-
bled by NGS has facilitated the deciphering of the genetic
bases of various human diseases for which the molecular
mechanism was unknown (Ng et al. 2010), has expanded
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the number of genes known to be associated with defined
phenotypes (De Rubeis and Buxbaum 2015) and has led to
detection of novel mutations in genes with well described
functions (Lerat et al. 2016; Maksemous et al. 2016).
Molecular investigation of genetically heterogeneous
phenotypes often mandates the sequential or simultaneous
sequencing of multiple genes which can be achieved through
Sanger sequencing or NGS. Sanger sequencing entails the
design of specific primers to guarantee successful amplifi-
cation of regions of interest and may overcome difficulties
such as sequencing within GC-rich regions and separating
sequencing of genes from their pseudogenes (Wenzel et al.
2009; Sumner et al. 2014). However, Sanger sequencing of
multiple genes for diagnostic purposes is costly and time
consuming, whereas it is eminently feasible using NGS
(Rabbani et al. 2016). The advantages of NGS platforms
over Sanger sequencing with respect to genotyping capac-
ity and cost have been demonstrated repeatedly (Goodwin
et al. 2016). Indeed, NGS applications are readily avail-
able as gene panels or through exome sequencing (Iglesias
et al. 2014) for analysis of various phenotypes, e.g. non-
syndromic deafness, neuro-muscular diseases and Noonan-
spectrum syndromes (Ankala et al. 2015; Neveling et al.
2013; Wang et al. 2016; Yang et al. 2013). However, NGS
also has shortcomings. NGS solutions have been previously
associated with higher error rates as compared to Sanger
sequencing (Liu et al. 2012), which led to the common prac-
tice of confirming NGS results by Sanger sequencing. Other
common problems include unequal coverage throughout the
targeted region, sequencing of pseudogenes, and difficulty in
sequencing GC-rich regions (Chen et al. 2013). It is there-
fore surprising that unbiased, two-way systematic compari-
sons of performance between various NGS platforms and
Sanger sequencing is still rare, despite the important impli-
cations of such comparisons for genetic diagnostics.
Previous studies examined the ability of NGS to detect
variants identified by Sanger sequencing. For a panel com-
prised of a limited number of genes for hereditary colon
cancer, arrhythmias, cardiomyopathies, and other cardiovas-
cular-related genes, it was shown that all 919 variants previ-
ously observed by Sanger sequencing were also identified
by NGS (Baudhuin et al. 2015). Another study, however,
demonstrated that up to 18% of 137 pathogenic variants
identified by Sanger sequencing, in the context of neuro-
muscular diseases, were not identified by exome sequencing
due to low coverage (Ankala et al. 2015). In another study,
variants identified by clinical Sanger sequencing was com-
pared to results obtained from exome sequencing for the
same patients (Hamilton et al. 2016). Exome sequencing
identified 97.3% of the coding variants and 81.8% of the
non-coding variants detected by Sanger sequencing. One of
the discordant variants was proven to be Sanger-sequencing
false-positive call, while the rest was exome-sequencing

@ Springer

false-negative calls, despite sufficient coverage (30—60X).
Nine genes were excluded from the comparison due to con-
sistently low coverage in exome sequencing. These results
demonstrated molecular circumstances in which Sanger
sequencing performed better than NGS (Hamilton et al.
2016). Neither study examined performance of NGS inde-
pendently of the Sanger-sequencing results, e.g. if there were
additional variants identified by NGS that were missed by
Sanger sequencing. In fact, all these studies were one-way
comparisons that assessed sensitivity of NGS for vari-
ants identified by Sanger sequencing. None provided data
regarding NGS false positives or Sanger-sequencing false
negatives.

We present a comparative, unbiased evaluation of
sequencing results of 258 genes comprising ~ 1.3% of the
human exome. DNA from a single individual was extracted
from peripheral blood leukocytes and buccal swabs. The
platforms assessed were Sanger sequencing of the coding
exons + 8 bp of the 258 genes, the Agilent SureSelect?*T
exome capture kit (SureSelect) and the Illumina Nextera
Rapid Capture Expanded Exome (Nextera). We aimed to
shed light on the performance and accuracy of each of the
sequencing methods, from the two DNA sources, and to
assess the implications of replacing Sanger sequencing with
exome sequencing, using standard capture kits. Although
only one individual was sequenced, to ensure a single refer-
ence sequence, we performed 11 different sequencing exper-
iments for each of 258 genes, using different sequencing
strategies and different DNA sources. This enabled in-depth
comparisons between Sanger sequencing and NGS results.

Materials and methods
Samples and sequencing

Samples from blood and buccal cells were taken the same
day from one healthy individual following informed con-
sent. All DNA handling and sequencing procedures were
completed at Gene by Gene’s CAP accredited laboratory in
Houston, Texas. DNA was extracted from blood (peripheral
leukocytes) and buccal swabs following standard protocols,
and quantitated with a SpectraMax190 (Molecular Devices,
Sunnyvale, CA). Sanger sequencing was completed for 258
genes on DNA extracted from buccal cells by amplifying
the coding exons and their flanking regions (approximately
20 bp from each side) using conventional PCR techniques.
PCR products were purified using magnetic-particle technol-
ogy (Seradyn, Inc.). After purification, all fragments were
sequenced with forward and reverse primers. Sequencing
was performed on a 3730x]1 DNA Analyzer (Applied Bio-
systems), and the resulting sequences were analyzed with the
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Sequencher software (Gene Codes Corporation). Variants
were analyzed relative to the reference sequences deposited
in the National Center for Biotechnology Information.

Exome sequencing was performed using the Agilent
enrichment capture kit (SureSelect®*T), and the Nex-
tera enrichment rapid capture kit (FC-140-1006) on DNA
extracted from both peripheral leukocytes and buccal cells.
exome-sequencing data were generated using the Illumina
HiSeq2500 with manufactures’ protocols for all runs. A
coverage of 70 X was considered the minimal threshold for
clinical grade sequencing.

Sequencing quality reassurance

For Sanger sequencing, each nucleotide was covered by at
least two different sequences, preferably by one forward and
one reverse sequences. In cases where this was not possible
due to poly-regions, two sequences from the same direction
were generated independently. The interpretation of the data
was done by two operators independently. We used a Phred
score of 30 as our confidence threshold.

Exome-sequencing data analysis and quality
reassurance

Each exome-sequencing sample was analyzed using the
Genoox platform (http://www.genoox.com). The NGS
pipeline was based on BWA aligner (Li and Durbin 2009),
and the two variant callers: GATK HaplotypeCaller (Mck-
enna et al. 2010) and FreeBayes (Garrison and Marth 2012).
Coverage reports were obtained from Genoox platform. The
minimal Mapping Quality (MQ) was MQ > 0 for each read.
The main parameters used for filtering were identical for
both variant callers and comprised a quality score > 100, a
depth (DP) >4 and the quality/depth ratio (QD) of 7.

Variants comparison

We included 258 genes in our analysis (Table S1). The list
of genes was assembled from the genes previously Sanger-
sequenced at Gene by Gene’s CAP accredited laboratory.
The only genes excluded were those expected to perform less
efficiently in NGS, due to issues involving pseudo genes or
GC-rich regions (i.e. GBA (OMIM 606463), MAPT (OMIM
157140), PMS2 (OMIM 600259)). The analyzed regions
include coding regions (exons)=+ 8 bp flanking introns
attempting to cover the splice sites. Following quality reas-
surance, we established the list of all the variants identi-
fied by any of the different platforms and experiments, and
checked systematically how many experiments detected each
variant. Variants that were detected by all experiments were
classified as true variants. Variants that were not concord-
ant between all experiments were considered potential false

positives or false negatives. The Sanger sequencing sus-
pected false positive or negative variants were re-sequenced
with an alternative primer pair. The NGS suspected false
positive variants were checked for their quality parameters
(DP<20; QD <7; QUALITY < 100).

Results

We compared the results of Sanger sequencing and exome
sequencing for 258 genes. We analyzed two exome-sequenc-
ing runs. In the first run, exome sequencing was performed
on DNA from both sources (leukocyte and buccal), once
using the SureSelect kit and once using the Nextera kit. Each
exome sequencing was performed in duplicate, so this run
included eight exome-sequencing tests, enabling within-run
comparisons. The second run included two exome-sequenc-
ing tests performed on leukocyte-extracted DNA, one using
the SureSelect kit and one using the Nextera kit. This ena-
bled between-run comparisons.

Targeted genomic region

The targeted genomic region, as noted above, included 258
genes (Table S1), with a total of 4629 exons. The genomic
region encompassed by these exons is 729,724 bps and
803,788 bps including + 8 bp of the intron/exon bounda-
ries. Table 1 summarizes the targeted genomic region, the
expected overlap according to the SureSelect and Nextera
BED files, and the actual adequately enriched regions
(>20x) obtained from the experiments. More than 98%/91%
of the region was covered with > 20 X coverage for the Sure-
Select/Nextera experiments.

Overall NGS performance

We performed ten NGS experiments. Table 2 highlights
the pivotal metrics including the mean coverage obtained
for the exome sequencing as well as the targeted region,
and the percentage of bps obtained at a coverage of
0x, <10x, <20 X and > 20x.

Comparison of duplicate experiments within run 1, and
comparison of run 1 and run 2 demonstrated no statistically
significant differences for the major displayed metrics. For
the entire exome, mean coverage was 166 X with the SureSe-
lect kit and 90 X with the Nextera kit. In the targeted region
(258 genes, including the exon + 8 bp intron/exon bounda-
ries), mean coverage of the SureSelect kit was about double
that of the Nextera kit (Table 2). Notably, the total number
of aligned reads was similar in both capture kits (>99%),
but the SureSelect kit mean coverage was about double that
of the Nextera kit mean coverage since a large proportion of
Nextera reads did not align to the target region. For both the
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SureSelect and the Nextera capture kits, less than 1% of the
nucleotides had 0 X coverage in any of the experiments. The
mean proportion of nucleotides with 0 X coverage across all
experiments of the same kit were 0.1% and 0.62% for the
SureSelect and Nextera, respectively.

Identified variants

We analyzed the exome-sequencing data using standard
NGS analytic pipelines with predefined quality thresholds
(Methods). A total of 449 variants were identified at least
once, in a total of 258 genes (range of 0—13 variants per
gene) (Table 3, Table S2, Table S3). The majority of those
variants, 407/449 (90.6%), were detected by all platforms
and experiments. The remaining 42/449 (9.4%) discordant
variants were examined further to determine whether they
represent true or false variants (Table 3, Table S3).
Discordant variants were classified into two groups:
variants discordant between Sanger sequencing and NGS
(Sanger—NGS discordance) and variants discordant within
NGS experiments (within-NGS discordance). Sanger—NGS
discordance was defined as discordance between Sanger
sequencing and most (>5) NGS experiments. Within-NGS
discordance was defined as discordance between NGS
experiments, where the majority of NGS results (> 5) were
concordant with Sanger-sequencing results. Thirteen vari-
ants were Sanger—NGS discordant and 29 variants were
within-NGS discordant (Table 3, Table S3). Among the 13
Sanger—NGS discordant variants, four variants (in the DLL3
(OMIM 602,768), CACNAIA (OMIM 601,011) and PIK3R2
(OMIM 603,157) genes) represent NGS false negatives due
to coverage failure (< 10x), since they were identified by
Sanger sequencing and by all NGS experiments with suf-
ficient coverage. In the other nine Sanger—-NGS discordant
variants, there was sufficient coverage in all NGS experi-
ments. For these variants, we repeated Sanger sequenc-
ing using an alternative primer pair. Discrepancies were
resolved for seven of the nine variants, showing that the
original Sanger sequencing included four false-negative and
three false-positive calls. All three false positives were in
the same PCR amplicon of the same gene (ABCC6 (OMIM
603,234)), which lies within a segmental duplication region.
The two remaining variants (CFTR (OMIM 602,421) and
NOTCH3 (OMIM 600,276) genes) were not detected by
repeated Sanger sequencing despite several primer redesign
attempts, and were thus considered as NGS false positive
calls. Twenty-nine variants were within-NGS discordant. Of
these, 14 variants were not detected by Sanger sequencing
and detected by only one of all NGS experiments: eight in
leukocyte-derived DNA and four in buccal-swab DNA with
Nextera capture; one in leukocyte DNA and one in buccal-
swab DNA with SureSelect capture. These variants barely

passed the quality filters, and had coverage < 20 and/or Qual-
ity < 100 and/or QD < 7. Therefore, they are considered as
NGS false positives due to low quality. Of the remaining 15
variants, 13 were detected by the Sanger sequencing, the
SureSelect experiments and at least one Nextera experi-
ment. The other two variants were detected by the Sanger
sequencing, the Nextera experiments and at least one Sure-
Select experiment. All these 15 variants are thus considered
as NGS false negatives. In 12 of them, lack of detection is
explained by low coverage (<20x).

Cumulatively, we determined that of the 42 discordant
variants, 23 were true variant calls, including four Sanger-
sequencing false negatives and 19 NGS false negatives.
The remaining 19 variants were false positives, includ-
ing three Sanger-sequencing calls and 16 NGS experi-
ments calls (Table 3, Table S3). False-positive NGS calls
included 9/16 with poor coverage (<20x), and 7/16 vari-
ants with > 20 X coverage, but borderline quality (QD < 7).
Notably, 12 of the 16 NGS false positives (75%) have rs IDs.

Thus, together with the 407 variants detected by all exper-
iments, a total of 430/449 (95.8%) variants were defined
as “true variants”, and regarded as the truth set for further
analysis.

Comparative sequencing performance

As shown in Fig. 1, overall, sensitivity was >97% in all plat-
forms and experiments. Sanger sequencing had a detection
rate of 99%. In NGS experiments, higher coverage resulted
in better detection rates. The mean sensitivity of SureSelect
and Nextera experiments was 99.5% and 98.5%, respectively.

Figure 2 presents the false-positive and false-negative
calls for each of the platforms and experiments. In general,
the number of false-negative calls in the NGS experiments
decreased with higher coverage. None of the differences was
statistically significant using Chi-square test (p > 0.05). The
PPV (positive predictive value) and NPV (negative predic-
tive value) for all experiments were both >0.99.

Zygosity discordance between platforms
and experiments

We observed zygosity discordance for a total of ten variants
(Table 4). In 5/10 cases, the discordance was between Sanger
sequencing and all NGS experiments (Sanger—-NGS discord-
ance). In four of those five cases, Sanger sequencing suggested
a homozygous state while all NGS experiments suggested
heterozygosity. In the fifth case, the opposite was noted. The
NGS coverage for these variants ranged from 27 X to 307x
(average 183x). For the other 5/10 variants there was within-
NGS zygosity discordance: Sanger sequencing and SureSelect
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Table3 Discordant variants® Gene cDNA rs number True variant Conclusion
ABCC6 c.841A>G rs879274205 N Sanger FP
ABCC6 c¢.855C>T rs4780605 N Sanger FP
ABCC6 c.955A>G rs72657699 N Sanger FP
10CB1 c.1301G>A rs17849995 Y Sanger FN
OPAl c473G>A rs7624750 Y Sanger FN
TSC2 ¢.5202T>C rs1748 Y Sanger FN
TSC2 ¢.5397G>C rs1051771 Y Sanger FN
CFTR c.1251C>A rs4727853 N NGS FP
NOTCH3 c2742A > G rs1043997 N NGS FP
CACNAIA ¢.6669 T>C rs16051 Y Nextera FN
DLL3 c515T>G rs8107127 Y NGS FN
DLL3 c.546C>G rs8106337 Y NGS FN
PIK3R2 ¢.700A >C rs2241088 Y NGS FN
COL5A1 c.4560C>T rs2228559 Y SureSelect bl-R1DA FN
COL6A2 c.1333-8 T>C 1573159701 Y SureSelect bu FN
CDH1 c48+6C>T rs3743674 Y Nextera FN
FRMD7 c.1101 T>C rs7051368 Y Nextera FN
MENI] c.435C>T rs61736636 Y Nextera bl FN
FGF3 c.69G>T rs41538178 Y Nextera bl-R1DA FN
GLIS3 c.1270 T>C rs806052 Y Nextera bl-R1DB FN
COL6A2 c.2979C>T rs6652 Y Nextera bl-R1DB FN
LMXIB c.326+7G>C rs1336980 Y Nextera R2 FN
NF1 c.702G> A rs1801052 Y Nextera bu-R1DB FN
COL5A2 c.315C>A rs4128539 Y Nextera bu-R1DB FN
EIF2AK3 c407C>G rs867529 Y Nextera bu-R1DA FN
MESP2 c.531G>A rs75049807 Y Nextera bu-R1DB FN
MYH7 c.1095G> A rs735711 Y Nextera bu-R1DA FN
USH2A c.3812-8 T>G rs646094 Y Nextera bu-R1DA FN
GPC3 ¢.338-5delT rs370737647 N SureSelect bu-R1DA FP
MESP2 c.558G>A rs28546919 N SureSelect R2 FP
CFTR c.1365G>T rs79074685 N Nextera bl-R1DA FP
COLIAI ¢.3046-6_3046-5delCT rs138425306 N Nextera bl-R1DA FP
PIGN ¢.2620-5delT rs11437076 N Nextera bl-R1DA FP
APP c.10G>T .. N Nextera R2 FP
FRMD7 c.575A>C 1s746689690 N Nextera R2 FP
NOTCH3 c4215C>T N Nextera R2 FP
NOTCH3 c.4208G>T . N Nextera R2 FP
SCNNIB c275T>C rs15968604 14 N Nextera R2 FP
RAGI c.461delT e N Nextera bu-R1DA FP
FOXC1 ¢.1359_1361delCGG rs398123612 N Nextera bu-R1DB FP
EFNBI ¢.*731_%*732insC rs61387446 N Nextera bu-R1DB FP
EFNBI ¢.*732_*733insCAC rs58007755 N Nextera bu-R1DB FP

Variants discordant between the Sanger and NGS experiments (N=13) (bold); variants discordant within
the various NGS experiments (N =29)

bl blood, bu buccal, D duplicate, FP false positive, FN false negative, R run, N no, Y yes

experiments were concordant but there was discordance with
one of the Nextera experiments. Coverage was <20 X in four
of the cases, and 41 X in the fifth case (Table 4).

We repeated Sanger sequencing using an alternative
primer pair for all 10 variants. The zygosity status changed
for the first 5 variants, which indicates Sanger sequenc-
ing error due to primer design in the first sequencing. The
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het 106/130
het 118/88

het 155/152
het 128/143

het 124/163
het 135/124

het 27/32
het 79/60

het 37/40
het 92/93

het 57/72
het 86/86

ATPI3A2 159435659 hom

B3GLCT
MESP2

het 91/58

hom

rs1041073

rs75049807 het

het 6/35

rs34227891 hom

PIGN
FGF3

hom 0/4

rs41538178 het
rs7580482
rs238547

het 1/10
het 1/5

hom

SCNIA

hom

SCNNIB

hom homozygote, het heterozygote, dup duplicate

#For each variant, the numbers below the zygosity indicate the number of reference calls (left) and the number of variant calls (right). Results are shown only for NGS experiments discordant

with Sanger sequencing

zygosity status of the other five variants did not change,
which indicates a single NGS experiment error.

Discussion

Accuracy of NGS platforms and the ability to obtain full
exome/genome-sequencing information are critical ele-
ments of clinical genetic testing and of precision medicine
initiatives (Ashley 2016). We compared the performance
of Sanger sequencing and NGS for 258 genes that are com-
monly sequenced in a commercial laboratory. Sequencing
these genes is generally requested as part of routine clini-
cal testing for well-defined OMIM (https://omim.org/) phe-
notypes or during the investigation of less defined, orphan
phenotypes with unknown molecular bases. OMIM phe-
notypes are assigned to 257 of 258 genes included in our
study and 30 are among the 59 genes listed in the American
College of Medical Genetics and Genomics recommenda-
tions for reporting of incidental findings in clinical exome
and genome-sequencing (Kalia et al. 2017). Accordingly,
the genes we examined can be regarded as representative
of common clinical scenarios mandating single or multiple
gene sequencing. These scenarios often present the dilemma
of choosing between Sanger sequencing of specific gene(s),
NGS of a gene panel including the requested gene(s), or
full exome sequencing that might serve both immediate and
future needs of the patient. Compared to exome sequenc-
ing, sequencing specific gene(s) by either Sanger or NGS,
involves higher sequencing costs per gene, and incurring
additional costs of further genetic testing if a molecular
diagnosis is not confirmed in the first round of testing. How-
ever, sequencing of single genes or gene panels are more
likely to provide complete coverage of the targeted genes.

Although we only sequenced one individual in this study,
the study we performed is unique in providing bidirectional
comparison of Sanger sequencing and NGS. Using different
sequencing strategies, different NGS solutions and different
DNA sources, each gene was sequenced a total of 11 times.
This way we could determine with confidence whether each
variant observed represents a true or false call, examine false
negative and false positive rates of the methods, and evaluate
characteristics of both true and false calls.

We first examined the effect of the DNA source and
capture kit on NGS results, as well as consistency of NGS
results between duplicates and between different runs. NGS
experiments were performed using the exact guidelines of
the respective manufacturers. Within each of the kits, it is
evident that no statistically significant differences were noted
between duplicates in the same run or different sequencing
runs (Table 2). Differences in performance between cap-
ture kits have been previously reported (Asan et al. 2011;
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Chilamakuri et al. 2014; Clark et al. 2011). Our results dem-
onstrate that the mean coverage obtained by the SureSe-
lect kit was higher, reaching 182x/183 x for DNA extracted
from leukocytes or buccal cells, respectively. There were no
significant differences in the performance of NGS on DNA
extracted from these two different sources.

We then determined the rates and types of false calls in
both Sanger sequencing and NGS. The detection rate of
true variants was 99.1% (426/430) for Sanger sequencing,
and ranged between 97.9 and 100% in the NGS experi-
ments (Fig. 1). Although the sensitivity, false-positive and
false-negative rates calculated for all experiments were not
statistically different, probably due to the small number of
discordant variants, the differences observed offer important
insights into the strengths and weaknesses of each sequenc-
ing method.

For Sanger sequencing, the false-positive rate was 3.7E-
6, and the false-negative rate was 0.009. Sanger false posi-
tives all occurred in a single amplicon of one gene (ABCC6
(OMIM 603234)), whereas false negatives occurred in three
different genes. All false Sanger calls were resolved using
alternative primer pairs. The false-negative calls could be
idiosyncratic to polymorphisms in the tested individual,
while the false positive calls are most likely explained by
insufficiently specific primers in an amplicon located in a
segmental duplicated region.

For NGS, the mean false positive rate was 2.5E-6 in the
SureSelect experiments, and 5.2E-6 in the Nextera experi-
ments. The mean false negative rates were 0.005 for Sure-
Select experiments, and 0.01 for Nextera experiments.
Most false positive NGS calls were singular events, i.e.
they occurred in only one of 10 NGS experiments. These
variants had barely passed the quality filter, and failed one
or more of the basic quality parameters (DP>20; QUAL-
ITY > 100; QD > 7). Changing the quality filter thresholds
might obviously decrease the number of false positives, but
this would come at the cost of an increase in false nega-
tives. Interestingly 15/19 (78.9%) of false-positive calls,
including all three Sanger-sequencing false-positives, have
rs IDs. This may indicate that current databases contain false
positive calls presented as true variants. Conversely, all 430
true variants were detectable by NGS, as long as coverage
was adequate and quality parameters were fulfilled, consist-
ent with previous reports that there is no need for Sanger-
sequencing confirmation of such high-coverage/high-quality
variants (Goldfeder et al. 2016).

NGS false negatives were all associated with low (<20x)
coverage. In some cases, low coverage was a singular
event (e.g. COL5A (OMIM 120215) or COL5A2 (OMIM
120190)), but in other cases low coverage was systematic to
a specific kit (e.g. PIK3R2 (OMIM 603157) in SureSelect
or FRMD7 (OMIM 300628) in Nextera), or to both capture
methods (e.g. DLL3 (OMIM 602768)). Systematic false

negatives indicate problematic genomic regions in which
variant detection is hampered. This is a concern, since it
was previously shown that large areas of medically action-
able genes fall within low confidence regions (Baudhuin
et al. 2015), which might explain consistently low cover-
age for some variants. In this study, using exome sequenc-
ing to target a specific set of genes encompassing ~1.3%
of the exome, resulted in adequate coverage (> 20X)
of >98% and > 91%, of exons + 8 bp with the SureSelect
and the Nextera Kkits, respectively (Table 1). This suggests
that~ 16,075 and ~ 72,340 bp (of a total of 803,788 bp in
258 genes), would not be adequately covered. Clearly, dis-
ease causing variants could be located in such regions with
insufficient coverage. Taken together, our data suggest that
exome sequencing could miss ~2-3% of the coding variants
and up to 7% of the non-coding variants. These results are
in agreement with Hamilton et al. (Hamilton et al. 2016)
who demonstrated a 92.3% concordance between exome
sequencing and Sanger sequencing in the + 20 bp intronic/
exon boundaries.

We also found zygosity status errors for both Sanger
sequencing and NGS. As presented in Table 4, Sanger
sequencing determined a false zygosity status of five variants
(four false homozygotes and one false heterozygote) that was
correctly assessed in repeated Sanger sequencing using an
alternative primer pair. In five additional variants, there was
a zygosity status error in a single NGS experiment, which
in 4/5 of cases was associated with low coverage (< 20X).

In the clinical setting, false negatives are more concerning
than false positives. Whereas false positives can be re-evalu-
ated, detecting false negatives requires complete re-testing,
which is unlikely to be routinely performed. The number of
false negatives indicated are for ~ 1.3% of the exome, so over
an entire exome the absolute number of false negatives will
be correspondingly higher. We also note that these results
overestimate the performance of NGS over the entire exome,
since we purposely did not include genes in which the NGS
is expected a priori to be less effective, e.g. genes that are
GC rich or known to have pseudogenes.

In summary, our results confirm the notion that neither
Sanger sequencing nor NGS can be regarded as a “gold-
standard” method, as both had false-positive and false-neg-
ative calls. We have demonstrated that the performances
of both NGS and Sanger sequencing are satisfactory, and
that no statistically significant differences were noted
between the two sequencing methods with respect to the
ability to sequence the targeted regions, and the observed,
high (>98%) variant detection rates. Within NGS, it is evi-
dent that while clear differences were noted in the obtained
sequencing coverage for the different capture kits, the detec-
tion rates of the true calls were not significantly different,
at least when reaching the preset threshold of 70 X cover-
age. Bearing in mind the potential caveats that might be
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associated with pseudogenes or GC-rich regions, our data
cautiously suggests that off-the-shelf exome-sequencing
solutions might serve as a viable and practical alternative to
gene(s) or gene-panel sequencing, albeit with a false nega-
tive rate of at least 1-3%. Nevertheless, physicians must be
aware of the limitations of both Sanger sequencing and NGS.
As demonstrated herein, Sanger-sequencing primer binding-
site polymorphisms and chance or systematic NGS-coverage
failure are integral hurdles of these methods. We show that
Sanger sequencing and different NGS solutions are synergis-
tic, as any combination of the Sanger sequencing, SureSelect
and Nextera experiments yielded an overall greater detection
rate. Accordingly, high index of suspicious for a given clini-
cal diagnosis must overcome negative molecular results of
either Sanger sequencing or NGS and repeated investigation
with an alternative method should be considered.
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