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Abstract

Background Low-pass genome sequencing (LP GS) has shown distinct advantages over traditional methods for the
detection of mosaicism. However, no study has systematically evaluated the accuracy of LP GS in the detection of
mosaic aneuploidies and copy number variants (CNVs) in prenatal diagnosis. Moreover, the influence of sequencing
depth on mosaicism detection of LP GS has not been fully evaluated.

Methods To evaluate the accuracy of LP GS in the detection of mosaic aneuploidies and mosaic CNVs, 27 samples
with known aneuploidies and CNVs and 1 negative female sample were used to generate 6 simulated samples and
21 virtual samples, each sample contained 9 different mosaic levels. Mosaic levels were simulated by pooling reads
or DNA from each positive sample and the negative sample according to a series of percentages (ranging from 3
to 40%). Then, the influence of sequencing depth on LP GS in the detection of mosaic aneuploidies and CNVs was
evaluated by downsampling.

Results To evaluate the accuracy of LP GS in the detection of mosaic aneuploidies and CNVs, a comparative analysis
of mosaic levels was performed using 6 simulated samples and 21 virtual samples with 35 M million (M) uniquely
aligned high-quality reads (UAHRs). For mosaic levels >30%, the average difference (detected mosaic levels vs.
theoretical mosaic levels) of 6 mosaic CNVs in simulated samples was 4.0%, and the average difference (detected
mosaic levels vs. mosaic levels of Y chromosome) of 6 mosaic aneuploidies and 15 mosaic CNVs in virtual samples was
2.7%. Furthermore, LP GS had a higher detection rate and accuracy for the detection of mosaic aneuploidies and CNVs
of larger sizes, especially mosaic aneuploidies. For depth evaluation, the results of LP GS in downsampling samples
were compared with those of LP GS using 35 M UAHRs. The detection sensitivity of LP GS for 6 mosaic aneuploidies
and 15 mosaic CNVs in virtual samples increased with UAHR. For mosaic levels > 30%, the total detection sensitivity
reached a plateau at 30 M UAHRs. With 30 M UAHRSs, the total detection sensitivity was 99.2% for virtual samples.

Yangiu Liu, Shengju Hao and Xuegjin Guo contributed equally to
this work.

*Correspondence:
Yan Sun
sunyan2@bgi.com
Lijie Song
songlijie@bgi.com

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12920-023-01703-8&domain=pdf&date_stamp=2023-11-17

Liu et al. BMC Medical Genomics (2023) 16:294

Page 2 of 9

Conclusions We demonstrated the accuracy of LP GS in mosaicism detection using simulated data and virtual
samples, respectively. Thirty M UAHRs (single-end 35 bp) were optimal for LP GS in the detection of mosaic
aneuploidies and most mosaic CNVs larger than 1.48 Mb (Megabases) with mosaic levels > 30%. These results could
provide a reference for laboratories that perform clinical LP GS in the detection of mosaic aneuploidies and CNVs.

Keywords Low pass genome sequencing, Mosaic CNVs, Mosaic aneuploidies

Introduction

Mosaicism refers to the presence that an individual con-
tains more than one clone of cells, which are derived
from a single fertilized egg but with distinct genotypes
[1]. Many disorders, such as developmental delay, con-
genital anomalies and miscarriage, have been reported
to be related to mosaicism [2]. Depending on the propor-
tion of chromosomes or alleles and cells with the variant,
the pathogenicity, risk, and outcome of mosaic varied
a lot [2]. In a review of 660 cases of autosomal mosaic
trisomy detected in amniocytes from prenatal diagno-
sis, the risk of abnormal outcome was summarized to
improve the data available for genetic counseling [3]. To
provide a precise diagnosis and risk analysis for genetic
counseling, an assay for rapid and accurate mosaicism
detection is in need.

Karyotyping is recognized as the gold standard assay
for the detection of aneuploidies, microdeletions and
duplications, and mosaicism of these variants [4, 5].
Other assays, such as fluorescence in situ hybridization
(FISH) and quantitative fluorescent PCR (QPCR) also
played an important role in the detection of mosaicism
[6, 7]. In recent years, new assays with higher through-
put and resolution were developed, such as chromo-
somal microarray analysis (CMA) and low pass genome
sequencing (LP GS, also known as CNV-seq) [8-10].
These assays offered distinct advantages over traditional
methods for the detection of mosaicism. LP GS is per-
formed on uncultured cells, therefore eliminating the
detection of pseudo mosaicism caused by cultural arti-
facts [11]. LP GS also showed greater potential for the
detection of low-level mosaicism compared with CMA
[12].

However, no study has systematically evaluated the
accuracy of LP GS in the detection of mosaic aneuploi-
dies and CNVs. It has been reported that the levels of
mosaicism of aneuploidies were different using karyotyp-
ing, CMA and LP GS [10, 13]. Although LP GS detected
more mosaicism (most of which were low level mosa-
icism), the accuracy was still unknown. What is more, the
influence of sequencing depth on LP GS in the detection
of mosaic aneuploidies and CNVs has not been fully eval-
uated. In genomic analyses, the number of UAHRs (DP)
is a crucial factor and key consideration for MPS-based
technology. The sequencing depth of LP GS is a key fac-
tor that has not been comprehensively studied. These
things still need to be systematically investigated before

LP GS can be used as a first-tier genetic test for the
detection of mosaic aneuploidies and CNVs in prenatal
diagnosis. The expected mean DP represents the average
number of times that a base is covered by high-quality
aligned reads [14]. To facilitate calculation and demon-
stration, in this study we used the number of UAHRs to
perform DP evaluation.

Regarding the range of mosaicism (percentage of
abnormal cells) used to determine an aneuploid embryo,
euploid embryo or mosaic embryo, some groups sug-
gested a typical cut-off level of <20% for euploid assign-
ment and >80% for aneuploidy assignment, while some
groups used a cut-off level of <30% for euploid assign-
ment and =70% for aneuploidy assignment [15, 16]. For
LP GS, a study suggested a lower cut-off value of 20%
mosaicism for clinical reporting of fetal aneuploidies and
unbalanced chromosomal structural abnormalities in
prenatal diagnosis in China [17].

In this study, we comprehensively evaluated the accu-
racy and benchmarked the optimal DP of LP GS in the
detection of mosaicism. We demonstrated the accuracy
of LP GS in the detection of mosaic aneuploidies and
CNVs using 6 simulated data and 21 virtual samples
with the same read amounts, respectively. We also found
that CNV size influenced the accuracy of LP GS in the
detection of mosaic aneuploidies and CNVs. Then, we
performed a depth evaluation of LP GS in mosaicism
detection. The results showed that the detection sensitiv-
ity of LP GS for mosaic aneuploidies and CNVs was influ-
enced by UAHR. As a result, the number of 30 M UAHRs
was recommended for the detection of mosaic aneuploi-
dies and identification of most mosaic CN'Vs with mosaic
levels>30%. These results could provide a reference
for laboratories to perform clinical LP GS in mosaicism
detection.

Methods

Study design and sample collection

To evaluate the accuracy and benchmark the optimal DP
of LP GS in the detection of mosaicism, evaluation strate-
gies were designed using simulated data and virtual sam-
ples, respectively (Fig. 1). The DNA of a total of 28 clinical
samples (S1~S28) (aborted fetal tissue, whole blood,
chorionic villus and amniotic fluid) were included in
this study (Supplementary Table S1). S1~S27 were posi-
tive samples with 27 known pathogenic aneuploidies and
CNVs (6 aneuploidies, 15 deletions and 6 duplications).
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Fig. 1 Study design

S28 was a negative female sample. Informed consent was
obtained from all the participants. All informed consent
forms indicate that the samples can be used for scientific
research after removing personally identifiable informa-
tion. This study and all the protocols followed herein
were approved by the Institutional Review Board of BGI
(NO. BGI-IRB 22062).

LP GS

LP GS (single-end 35 bp) of the 28 samples (S1~S28)
and 21 virtual samples prepared from these samples
was performed as described in previous studies using
MGISEQ-2000 platform [18-20].

Bioinformatics analysis was performed on 6 simulated
samples, 21 virtual samples, and down-sampling samples
from both simulated and virtual samples. In general, after
initial quality control, reads were aligned to SOAP2 to
generate UAHRs. For CNV detection, the optimum win-
dow size was 50 K bp. First, a two-step correction proce-
dure was performed to remove the local GC content bias
and multiplex-related bias, and an unbiased relative copy
ratio for each window was generated using UAHRs, then
the candidate CNV breakpoints were identified using a
binary segmentation method, and finally a combined sta-
tistics test using U-test and Parallelism-test was recruited
to determine CNV genotypes and filter out false positives
[18—20]. Mosaic levels of mosaic aneuploidies and mosaic
CNVs were estimated by the differences of observed
copy ratio (Ropservea) compared with a normal copy ratio
(Rconv). Mosaic levels of mosaic aneuploidies and mosaic
CNVs were denoted by the following formulas:
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Mosaicism detection evaluation using simulated samples
Six (S1~S6) positive samples (6 known CNVs) and 1
negative female sample (S28) were collected to generate
6 simulated samples (Fig. 1). The 6 known CNVs ranged
in size from 1.62 Mb to 9.88 Mb, involving 4 diseases
(Supplementary Table S1). After LP GS of the 7 samples,
9 different mosaic levels were simulated for each posi-
tive sample. Mosaic levels were simulated by pooling
reads from each positive sample and the negative sample
according to a series of percentages (3%, 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40%) using seqtk (https://github.
com/lh3/seqtk). First, the total number of reads (nptq1)
of the negative sample was calculated. Then, the number
of reads required from the positive sample ("’positive) and
the negative sample ("negative) to simulate a mosaic level
(mosaicy) is calculated by the following formula:

Npositive = Nitotal * TNOSALC (1)
Nnegative = Mtotal — Mpositive (2)

For accuracy evaluation, UAHR was used to gener-
ate down-sampling samples for 6 simulated samples,
each contained 9 different theoretical mosaic levels (3%,
5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%) (Fig. 1). For
each simulated sample at a certain mosaic level, ran-
dom downsampling using seqtk (https://github.com/
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1h3/seqtk) was performed to generate35 M UAHRs. For
each sample (each contained 9 mosaic levels) with 35 M
UAHRs, random down-sampling were repeated 3 times.

It was reported that CNVs larger than 751 kb were
readily detected at 30% mosaic level with a read-depth of
about 0.25X [12]. To further study the detection accuracy
of LP GS for mosaicism, we increased the depth to 35 M
UAHRSs (equivalent to a read-depth of 0.41-fold).

To evaluate the accuracy of LP GS in the detection of
mosaic CNVs, a comparative analysis of the detected
mosaic levels at 35 M UAHRs and the theoretical mosaic
levels was performed for 6 mosaic CNVs (Supplementary
methods). In addition, we also compared the mosaic lev-
els of Y chromosome and the theoretical mosaic levels for
4 mosaic CNVs in 4 male simulated samples (Supplemen-
tary methods).

Mosaicism detection evaluation using virtual samples

Twenty-one (§7~S527) positive male samples (known 6
aneuploidies and 15 CNVs) and 1 negative female sam-
ple (528) were collected to prepare 21 virtual samples
(Fig. 1). We selected male samples to verify the success
of the experiment by comparing the mosaic levels of Y
chromosome with the theoretical mosaic levels. The 6
aneuploidies and 15 CNVs ranged in size from 1.48 Mb
to 115.17 Mb, involving 21 diseases (Supplementary
Table S1). After LP GS of the 22 samples, 9 different
mosaic levels were simulated for each positive sample.
Mosaic levels were simulated by pooling the DNA from
each positive sample and the negative sample accord-
ing to a series of percentages (3%, 5%, 10%, 15%, 20%,
25%, 30%, 35%, 40%). First, each sample was diluted to
the same concentration and the required DNA amount
from positive sample ("positive) was determined. Then,
the required DNA amount from the negative sample
(Mnegative) was computed by the following formula:

1 — mosaics

3)

Mpegative = Mpositive .
mosaicCg

For accuracy and depth evaluation, down-sampling sam-
ples for 21 virtual samples were used, each contained 9
different theoretical mosaic levels (3%, 5%, 10%, 15%,
20%, 25%, 30%, 35%, 40%). For each virtual sample at a
certain mosaic level, random downsampling was per-
formed to generate 12 different sequencing depths (target
numbers of the UAHRs: 100 K, 300 K, 500 K, 1 M, 3 M,
5M,10M,15M, 20 M, 25 M, 30 M, 35 M) using seqtk
(https://github.com/lh3/seqtk). For each sample (each
contained 9 mosaic levels) with a certain UAHR, random
down-sampling were repeated 12 times.

For simulated samples, 3 downsampling samples with
35 M UAHRs were used for the accuracy evaluation. For
virtual samples, 3 downsampling samples with the same
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sequencing depth (35 M UAHRs) were randomly selected
to evaluate the detection accuracy. In addition, we used
the results of 3 downsampling samples with 35 M UAHRs
as a reference standard for comparison with the results
after downsampling to ensure that the depth evaluation
was performed under the same standard.

To evaluate the detection accuracy of LP GS in the
detection of mosaic aneuploidies and CNVs, a compara-
tive analysis of the detected mosaic levels, the mosaic lev-
els of Y chromosome, and the theoretical mosaic levels
was performed for 6 mosaic aneuploidies and 15 mosaic
CNVs (Supplementary methods).

For depth evaluation of LP GS in the detection of
mosaic aneuploidies and CNVs, the results of LP GS in
downsampling samples were compared with those of LP
GS using 35 M UAHRSs (Supplementary methods).

Results

Accuracy evaluation of LP GS using simulated samples

To evaluate the accuracy of LP GS in the detection of
mosaic CNVs, we performed computational simulations
using 6 positive samples and a female negative sample
to generate 6 simulated samples (6 mosaic CNVs), each
sample contained 9 different mosaic levels. About an
average of 62.20 M UAHRs (single-end 35 bp) were
obtained for each simulated sample (Table S2). The dif-
ferences between the detected mosaic levels and the the-
oretical mosaic levels were used to evaluate the accuracy
of LP GS in the detection of mosaic CNVs. The results
of simulated samples with 35 M UAHRs were shown in
Fig. 2A. For 6 mosaic CNVs with mosaic levels>30% (the
cutoff level for euploid assignment suggested by pub-
lished studies [15, 16]), the average difference between
the detected mosaic levels and the theoretical mosaic
levels was 4.0%. In addition, LP GS could not detect low
mosaic levels ranging from ~3% to ~10% for 3 CNVs
ranging in size from 1.62 Mb to 3.14 Mb. For 2 mosaic
CNVs ranging in size from 1.62 Mb to 1.71 Mb, the
detection rate was 61.1% (11/18), the average difference
in mosaic levels was 6.5%. For 4 mosaic CNVs ranging
in size from 3.14 Mb to 9.88 Mb, the detection rate was
91.7% (30/36), the average difference in mosaic levels
was 2.8%. The results indicated that LP GS had a higher
detection rate and accuracy for mosaic CN'Vs with larger
CNV size.

In addition, we also compared the detected mosaic lev-
els of Y chromosome and the theoretical mosaic levels
for 4 male simulated samples (S1, S2, S5, S6) with 35 M
UAHRSs. The results showed that the average differences
between the mosaic levels of Y chromosome and the the-
oretical mosaic levels were 1.5% (Fig. 2B). Moreover, for
the 4 mosaic CNVs, the differences between the mosaic
level of Y chromosome and the theoretical mosaic levels
were smaller than the corresponding differences between
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A
Sample CNV Theoretical mosaic levels (%)
size 3 5 10 15 20 25 30 35 40
S1 1.62 Mb NA NA NA 6.1 59 47 57 51 56 0.1
S2 1.71 Mb NA NA NA NA [86 79 75 69 76
S3 3.14 Mb NA NA NA 03 13 22 17 25 29 53
S4 7.18 Mb NA 27 29 34 30 30 37 30 30
S5 7.67 Mb NA 32 18 09 20 30 27 23 20 107
S6 9.88 Mb NA 42 45 37 37 41 39 33 34
B
Sample CNV Theoretical mosaic levels (%)
size 3 5 10 15 20 25 30 35 40 0.1
S1 1.62 Mb 21 20 20 17 17 14 13 11 1.1
S2 1.71 Mb 19 21 22 21 22 22 21 20 18 53
S5 7.67 Mb 21 20 16 15 12 12 11 09 07
S6 9.88 Mb 23 18 13 12 08 04 03 01 04 107
C
Sample CNV Theoretical mosaic levels (%)
size 3 5 10 15 20 25 30 35 40
S7 1.48 Mb NA NA NA NA 70 /88 6.1 01 54 0.1
S8 1.74 Mb NA NA NA NA NA 37 35 26 038
S9 2.08 Mb NA NA 13 01 41 18 17 07 21 53
S10 3.37Mb NA NA 35 16 NA 39 None 1.8 1.0
S11 364Mb NA NA NA NA 38 02 03 29 16 107
S12 569Mb 10793 86 72 /95 64 /86 68 7.0
S13 767Mb NA NA 07 23 01 05 17 12 04
S14 969Mb NA NA 19 27 26 32 None 22 31
S15 10.85Mb NA 28 NA 10 19 21 25 0.7 31
S16 1287Mb NA NA 15 None 1.3 10 11 03 1.0
S17 1454Mb 12 01 NA 03 11 01 03 06 04
S18 1491Mb NA 30 36 21 35 20 23 21 19
S19 1779 Mb  NA NA |89 34 6.1 7.3 None 7.5 6.5
S20 2348Mb NA NA 11 29 1.1 None 16 14 15
S21 4813Mb 20 26 19 11 03 11 03 05 17
S22 51.30Mb 26 15 16 07 12 11 15 08 0.8
S23 5948Mb 03 01 04 01 02 04 03 04 01
S24 7808Mb 35 30 19 18 05 06 05 02 1.3
S25 81.20Mb 16 12 11 13 13 03 07 00 1.5
S26 90.35Mb 22 21 11 12 00 01 03 0.7 06
S27 11517Mb None 29 25 20 12 15 11 0.7 0.8

Fig. 2 Accuracy evaluation of LP GS in the detection of mosaic aneuploidies and CNVs in simulated samples and virtual samples. (A) Differences (%)
between the detected mosaic levels and the theoretical mosaic levels for 6 mosaic CNVs in 6 simulated samples. (B) Differences (%) between the mosaic
levels of Y chromosome and the theoretical mosaic levels for 4 mosaic CNVs in 4 male simulated samples. (C) Differences (%) of the detected mosaic levels
and the mosaic levels of Y chromosome for 6 mosaic aneuploidies and 15 mosaic CNVs in 21 virtual samples.'NA' shows that the mosaic level was not
detected in at least one of 3 downsampling samples at 35 M UAHRs/None’shows that the number of UAHRs of the sample is less than 35 M.

the detected mosaic levels and the theoretical mosaic
levels (Fig. 2A and B). Therefore, we used the difference
between the mosaic level of Y chromosome and the theo-
retical mosaic level as the benchmark to verify the suc-
cess of the experiment for the preparation of various
mosaic levels. For low-level mosaicism, such as 3%, it was
difficult for an experiment to have a very small error such
as 1%, which leads to the difference between the actual
mosaic level and the theoretical mosaic level. So, it was
hard to accurately prepare low mosaic levels by experi-
mental methods. For virtual samples, the mosaic levels

of Y chromosome were used for comparison analysis in
accuracy evaluation.

Accuracy evaluation of LP GS using virtual samples

To evaluate the accuracy of LP GS in the detection of
mosaic aneuploidies and CNVs, 21 virtual samples (6
mosaic aneuploidies and 15 mosaic CNVs) were pre-
pared at 9 different mosaic levels. An average of 60.28 M
UAHRs (single-end 35 bp) were obtained for virtual
samples (Table S2). The differences between the detected
mosaic levels and the mosaic levels of Y chromosome
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were used to evaluate the accuracy of LP GS in the detec-
tion of mosaic aneuploidies and CNVs. The results of vir-
tual samples with 35 M UAHRs were shown in Fig. 2C.
For 6 mosaic aneuploidies and 15 mosaic CNVs with
mosaic levels>30%, the average difference between the
detected mosaic levels and the mosaic levels of Y chro-
mosome was 1.8%. In addition, for 14 mosaic CNVs rang-
ing in size from 1.48 Mb to 23.48 Mb, the detection rate
was 73.6% (89/121), the average difference in mosaic
levels was 2.9%. For a mosaic CNV and 6 mosaic aneu-
ploidies ranging in size from 48.13 Mb to 115.17 Mb,
the detection rate was 100% (62/62), and the average dif-
ference in mosaic levels was 1.1%. The results indicated
that LP GS had a higher detection rate and accuracy for
mosaic aneuploidies and CNVs with larger CNV size,
especially for mosaic aneuploidies.

Depth evaluation of LP GS using virtual samples

To evaluate the influence of sequencing depth on LP
GS for mosaic aneuploidies and CNVs, UAHRs were
used to generate downsampling samples for 6 mosaic

A
i H 0
UAHRS Mosaic level intervals (%)
<=3 3-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 Total
100K _- '
300K

v
817 967 935 948 951 933 917 750_ 917

0
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aneuploidies and 15 mosaic CNVs. The results showed
that the detection sensitivity of LP GS for mosaic aneu-
ploidies and CNVs increased with UAHR (Fig. 3A and
B). For mosaic levels>30%, the total detection sensitivity
reached a plateau at 30 M UAHRs. With 30 M UAHRs,
the total detection sensitivity was 99.2% for 6 mosaic
aneuploidies and 15 mosaic CNVs (Fig. 3C and D).

Discussion

In our study, we performed accuracy and depth evalua-
tion of LP GS in the detection of mosaic aneuploidies and
CNVs using simulated data and virtual samples, respec-
tively. First, we demonstrated the accuracy of LP GS in
mosaicism detection using simulated samples and virtual
samples, respectively. We also found that CNV size influ-
enced the accuracy of LP GS in the detection of mosaic
aneuploidies and CNVs. LP GS had a higher detection
rate and accuracy for mosaic aneuploidies and CNVs
with larger CNV size, especially for mosaic aneuploi-
dies. In addition, we performed depth evaluation of LP
GS on mosaicism detection. The results showed that the

C
UAHRS Mosaic level intervals (%)
>3 >5 >10 >15 >20 >25 =>30 >35 >40
--------I
78 56 38 15

™ 50 ; : : F 50
3M  98.3 [[100]4007 99.0 100" 100" 100 96.7 [100! 99.5 3M 529 543 569 602 648 681 655 621 62.9
5M  98.3 [[100]1007 99.0 100" 100" [[100] 1001 100" 99.7 5M 616 632 675 72.8 789 794 779 739 735
10M --_-_--_--I 100 10M 707 727 785 84.8 397 89.2 888 87.1 909 100
15M 100 100 100 100 100 100 100 927 '
20M 100 (100 (100 100 100 100 100 100 100 100
25M 100 100 100 100 (100 100 100 100
30M 100 100 100 100 100 100 100 100 100 100

B35M 100 1100 100 100 100 100 100 | 100 100 100
UAHRS Mosaic level intervals (%)

3-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 >40 Total

100K 5 0
300K
500K
1M 50
3M
5M |
10M 56.9 w 100
15M 63.4
20M 943 67.8 ,
25M : .572708_ nm_ms 0 —
30M  27.8 185 59.4 |74.1 [100] 1990 983 100 723 FFSN TS
35M 278 185 656 722 992 (942 (990 992 100 732 a8

UAHRs

Fig. 3 Depth evaluation of LP GS in the detection of mosaic aneuploidies and CNVs in virtual samples. (A) Detection sensitivity (%) of LP GS for 6 mosaic
aneuploidies in different mosaic level intervals at each sequencing depth. (B) Detection sensitivity (%) of LP GS for 15 mosaic CNVs in different mosaic level
intervals at 12 different sequencing depths. (C) Detection sensitivity (%) of LP GS for 6 mosaic aneuploidies and 15 mosaic CNVs in different mosaic level
intervals at 12 different sequencing depths. (D) Detection sensitivity of LP GS for 6 mosaic aneuploidies and 15 mosaic CNVs with mosaic levels >30% at
12 different sequencing depths using virtual samples. The dotted green line shows the number of UAHRs (30 M) when the detection sensitivity reached

a plateau
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detection sensitivity of LP GS for mosaic CNVs was influ-
enced by UAHR. As a result, the number of 30 M UAHRs
(single-end 35 bp) were recommended for the detection
of mosaic aneuploidies and most mosaic CNVs larger
than 1.48 Mb with mosaic levels>30%.

The setting (mosaic CNV detection) closely mir-
rors CNV detection in non-invasive prenatal testing
(NIPT), where “mosaicism” is inherently present due
to the fraction of fetal DNA. We compared the find-
ings with 2 previous studies regarding CNV detec-
tion in the NIPT setting. Using LP GS (approximately
0.2-fold), a simulation study (17.5%, 15%, 12.5%, 10%,
7.5%, and 5% mixtures) demonstrated that the sensitiv-
ity difference between their method and the theoretical
limit was <5% for MDs>9 Mb [21]. In our study, for 5%
mosaic level, with 20 M UAHRs (approximately 0.23-
fold), the total detection sensitivity was 61.4% for mosaic
MDs>9.69 Mb. An in-silico study showed sensitivity of
79.3% for 10% fetal fraction with 20 M UAHRs (2x35 bp,
approximately 0.47-fold), which further increased to
98.4% if only for deletions longer than 3 Mb [22]. In our
study, for 10% mosaic level, with 35 M UAHRs (approxi-
mately 0.41-fold), the total detection sensitivity was
85.4% for mosaic aneuploidies and CNVs>3.37 Mb.
Comparing with the 2 studies in NIPT setting [21, 22],
the detection sensitivity in our study was lower. The dif-
ferences in detection sensitivity may be due to different
methods and sample sets for testing. For example, 45
gDNA mixture models were created simulate 7 mixtures
(20%, 17.5%, 15%, 12.5%, 10%, 7.5%, 5%), and methods for
removing sequencing bias (data normalization), localiz-
ing the CNV breakpoints (circular binary segmentation),
and combating false positives (decision tree) were used to
detect aneuploidies or microdeletion/microduplications
(MDs). In our study, 6 simulated samples and 21 virtual
samples were used to simulate 9 different mosaic levels
(3%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%), and simi-
lar CNV detection methods were used. However, the 45
samples only involved four diseases (DiGeorge, Cridu-
chat, Prader-Willi, Angelman, and 1p36 deletion syn-
dromes). The position of CNV regions was an important
factor affecting detection sensitivity [21]. Sensitivity for
only 4 regions may be biased. In addition, some details
of the specific methods were different, such as statisti-
cal methods, z-score was used in the study, while U-test
and Parallelism-test were used in our study. Therefore,
different methods and sample sets may yield different
sensitivities.

We compared the findings with a study regarding CNV
detection in the mosaic setting [12]. A data simulation
study demonstrated that 15 M reads (single-end 50 bp,
approximately 0.25-fold) were required for 30% mosaic
level to be readily detected, and CNVs larger than 2.5 Mb
are also detectable at mosaic levels as low as 20% [12].
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In our study, for 30% mosaic level, with 20 M UAHRs
(approximately 0.29-fold), the total detection sensitivity
was 98% for mosaic aneuploidies and CNVs>1.48 Mb.
For 20% mosaic level, with 20 M UAHRs (approximately
0.29-fold), the total detection sensitivity was 99.5% for
mosaic aneuploidies and CNVs>5.69 Mb. Comparing
with the study [12], despite the differences in methods
and sample sets, the result was not significantly different
and was basically consistent.

For simulated samples, the accuracy of LP GS in the
detection of mosaic aneuploidies and CNVs was evalu-
ated by the difference between the detected mosaic lev-
els and the theoretical mosaic level. However, for virtual
samples, the accuracy of LP GS in the detection of mosaic
aneuploidies and CNVs was evaluated by the differences
between the detected mosaic levels and the mosaic lev-
els of Y chromosome. As mentioned in the accuracy
evaluation using simulated samples, for 4 mosaic CNVs
in 4 male simulated samples, the differences between
the mosaic levels of Y chromosome and the theoretical
mosaic levels were smaller than the corresponding differ-
ences between the detected mosaic levels and the theo-
retical mosaic level (Fig. 2A and B). So only male samples
were selected to prepare virtual samples to verify the suc-
cess of the experiment by comparing the mosaic levels
of Y chromosome with the theoretical mosaic levels. We
found that the differences between the mosaic levels of
Y chromosome and the theoretical mosaic levels fluctu-
ated greatly in virtual samples (Supplementary figure S1).
It was difficult to obtain a small difference between the
mosaic level of experimental preparation and the theo-
retical mosaic level, especially for low-level mosaicism.
Therefore, for virtual samples, the mosaic level of Y chro-
mosome was used for comparison analysis in accuracy
evaluation.

For virtual samples, we found that some differences
between the detected mosaic levels and the mosaic levels
of Y chromosome were relatively large, especially sample
S12. Sample S12 (Prader-Willi syndrome/Angelman syn-
drome) with a mosaic CNV (del15q11.2q13.1, 5.69 Mb)
had the largest average difference of 8.2% among the 21
virtual samples (Fig. 2C). It could provide a reference
for laboratories using clinical LP GS in the detection of
mosaic deletions in region 15q11.2q13.1. The reason for
the large mosaic level difference in this region needs fur-
ther study.

The reasons for using pathogenic aneuploidies and
CNVs for accuracy and depth evaluation of LP GS in
this study: (1) For symptoms of aneuploidies and CNVs,
it was more significant to study pathogenic aneuploidies
and CNVs than non-pathogenic aneuploidies and CNVs;
(2) There were no systematic reviews of studies perform-
ing risk prediction for mosaic CNVs, and only sporadic
reports of a CNV at a mosaic level had clinical symptoms.
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Therefore, the mosaic aneuploidies and mosaic CNVs
in the positive samples selected in this study were all
pathogenic.

The minimum mosaic level tested in this study was
~3%. LP GS can be used for the detection of low-level
mosaicism. But it has been reported that the low-level
mosaicism has lower pathogenicity [13], which may be
less meaningful for the study of lower mosaic levels, and
it is difficult to prepare such low mosaic levels for experi-
ments. Low-level mosaicism has different risks for dif-
ferent types of variants. It was reported that low-level
mosaic aneuploidy was a genetic risk factor for autism
[23], schizophrenia pathogenesis [24], and neurodevel-
opmental disorders [20]. Low-level mosaic CNVs were
reported in several conditions such as holoprosenceph-
aly [23], Waardenburg syndrome [25], tuberous sclerosis
complex [26]. However, there is a possibility that tradi-
tional methods for detecting CN'Vs cannot detect the low
mosaic levels, so few pathogenic cases of low mosaic lev-
els have been reported. Therefore, with LP GS, the study
of pathogenicity of very low-level mosaicism is an inter-
esting topic, which beyond the scope of this study.

In summary, the accuracy and the optimal sequencing
depth of LP GS in the detection of mosaic aneuploidies
and CNVs in prenatal diagnosis requires a comprehen-
sive validation and evaluation. In this study, we first vali-
dated the accuracy of LP GS in the detection of mosaic
aneuploidies and CNVs. Then we performed depth eval-
uation and found that the number of 30 M UAHRs (sin-
gle-end 35 bp) was sufficient for the detection of mosaic
aneuploidies and most mosaic CNVs with mosaic lev-
els>30%. This study could provide a reference for labora-
tories perform clinical LP GS in the detection of mosaic
aneuploidies and CNVs.
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