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Abstract

The analysis of genomic variations in offspring after implantation has been infrequently studied. In this study,

we aim to investigate the extent of de novo mutations in humans from developing fetus to birth. Using high-
depth whole-genome sequencing, 443 parent-offspring trios were studied to compare the results of de novo
mutations (DNMs) between different groups. The focus was on fetuses and newborns, with DNA samples obtained
from the families’ blood and the aspirated embryonic tissues subjected to deep sequencing. It was observed that
the average number of total DNMs in the newborns group was 56.26 (54.17-58.35), which appeared to be lower
than that the multifetal reduction group, which was 76.05 (69.70-82.40) (F=2.42, P=0.12). However, after adjusting
for parental age and maternal pre-pregnancy body mass index (BMI), significant differences were found between
the two groups. The analysis was further divided into single nucleotide variants (SNVs) and insertion/deletion of a
small number of bases (indels), and it was discovered that the average number of de novo SNVs associated with the
multifetal reduction group and the newborn group was 49.89 (45.59-54.20) and 51.09 (49.22-52.96), respectively.
No significant differences were noted between the groups (F=1.01, P=0.32). However, a significant difference was
observed for de novo indels, with a higher average number found in the multifetal reduction group compared to
the newborn group (F=194.17, P<0.001). The average number of de novo indels among the multifetal reduction
group and the newborn group was 26.26 (23.27-29.05) and 5.17 (4.82-5.52), respectively. To conclude, it has been
observed that the quantity of de novo indels in the newborns experiences a significant decrease when compared
to that in the aspirated embryonic tissues (7-9 weeks). This phenomenon is evident across all genomic regions,
highlighting the adverse effects of de novo indels on the fetus and emphasizing the significance of embryonic
implantation and intrauterine growth in human genetic selection mechanisms.
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Introduction

The mechanisms of genetic selection are of utmost
importance in the progression of human reproduction,
encompassing the maturation of gametes, formation of
fertilized eggs, emergence of cleavage embryos, develop-
ment of blastocysts, implantation of embryos, and for-
mation of pregnancy embryos, ultimately culminating in
the birth of offspring. The precise expression of genetic
material serves as the fundamental basis for the normal
development of progeny [1]. Genomic variations, which
are directed by the reference of the genome sequence,
encompass modifications to the structural base pair
composition or sequence arrangement of genes. These
includes copy number variations (CNVs), single nucleo-
tide variants (SNVs), and insertion/deletion of a small
number of bases (indels) [2]. The occurrence of de novo
SNVs and indels has been reported at an average rate of
approximately 70 de novo mutations (DNMs) per individ-
ual [3]. These variations represent significant targets for
the operation of genetic selection mechanisms.

Certain genomic variations that are specific to cer-
tain regions or types can result in various complications
during pregnancy, including but not limited to oocyte
maturation impairment, fertilization anomalies, dimin-
ished embryonic developmental potential, biochemi-
cal pregnancies, and miscarriages, which ultimately
lead to pregnancy termination [4]. It is widely accepted
that embryonic chromosomal abnormalities are the
primary cause of early pregnancy loss, accounting for
more than 50% of early miscarriages. These abnormali-
ties can include anomalies in chromosome numbers
and structure, such as microdeletions and duplications
of chromosomal fragments [5, 6]. By means of genetic
selection, the majority of offspring with severe illnesses
and developmental abnormalities are effectively pre-
vented from being born, thereby significantly enhancing
the genetic stability of the human population. Gaining a
deeper understanding of how the quantity of each type of
genomic variation evolves during offspring development
can facilitate our comprehension of this mechanism and
enable more targeted research on the genetic safety of
offspring in clinical practice.

The genetic selection mechanism, in fact, plays a cru-
cial role in all stages of embryonic development. With
the advent of assisted reproductive technology (ART),
individuals now have the opportunity to conduct in
vitro research on gametes and embryos at all stages of
development. Furthermore, the introduction of whole
genome sequence (WGS) technology has spurred inves-
tigations of DNMs in humans at the whole genome level.
Based on the available literature, the majority of studies
have focused on the genomic variation of oocyte, cleav-
age embryos, and blastocysts. Previous research, which
included copy number variation sequencing (CNV-seq)
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data [7-9], has demonstrated that high frequency aneu-
ploidy and large fragment (>2 Mb) of pathogenic CNVs
were present in oocytes, cleavage embryos and blas-
tocysts, but were largely absent in reduced fetal tissue
during early implantation of embryos. However, there
is limited research that has delved deeply into chromo-
somal variation from fetus to birth after implantation,
and even less is known about the timing and frequency
of these variants. A recent study of limited scope has pro-
vided evidence indicating that there were no significant
differences observed in the number of DNMs per child
for various methods of conception [10]. As such, the
present study aims to estimate the differences in de novo
variation between early gestational fetal tissue and new-
borns when subsequent to implantation. DNMs which
are known to cause most human genetic diseases, some
adverse perinatal outcomes, and congenital and devel-
opmental diseases of the offspring, were selected as the
target of this study [11]. WGS was conducted on parent-
offspring trios to identify DNMs.

Materials and methods

Ethical approval and study subjects

The present study was conducted under the auspices of
a license obtained from the Human Genetic Resource in
China ([2021] CJ0522). The Institutional Review Board
of the School of Medicine, Zhejiang University, China,
granted ethical approval for this project (approval num-
ber: 20,180,127), and written informed consent was
obtained from all participants. The study population was
divided into two groups: the multifetal reduction group
and the newborn group.

The multifetal reduction group

Between December 2018 and July 2021, a total of 57 mul-
tifetal reduction tissues were collected. The study invited
46 couples who had undergone in in-vitro fertilization
(IVF) and 11 couples who had undergone intracytoplas-
mic sperm injection (ICSI) to donate blood samples for
DNA extraction to aid in ongoing research. The multiple
pregnancies in question were a result of IVF and ICSI,
and all fetuses were either triplets or part of a gemel-
lary pregnancy. Multifetal reduction was performed at
7-9 weeks after the fetal heartbeat was observed, reduc-
ing the number of fetuses from triplets to twins or from
twins to a singleton. The most accessible gestational sac
was selected and aligned with the puncture guideline on
the screen. Or choose to the fetus with a relatively small
gestational sac, if the surgical path allows. After introduc-
ing the needle into the fetal echoes, suction was applied
repeatedly using a 50-mL syringe until all fetal parts were
aspirated. The analysis was conducted on a total fetus
that did not contain chorionic villi from the volunteered
reduction.
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The newborn group

Between December 2018 and October 2020, a total of
306 families who had undergone ART were recruited
for a study. This group consisted of 189 families who
had undergone IVF and 117 families who had under-
gone ICSI, resulting in a total of 386 infants (234 IVF
and 152 ICSI). The couples were invited to donate blood
samples for DNA extraction to assist in ongoing research,
and parental consent was obtained for the collection of
umbilical cord blood from the offspring at the time of
delivery. General paediatric examinations were con-
ducted at birth to identify any obvious somatic abnor-
malities in the children.

The criteria for exclusion from participation in this
study included the inability of any subject to undergo
blood or tissue sampling, the presence of known chromo-
somal abnormalities in either parent, the use of IVF/ICSI
following the donation of oocytes or semen, and a history
of chemotherapy or radiation therapy for malignancy in
either parent. The baseline characteristics of each indi-
vidual were meticulously collected.

Sequencing and variant calling

For each household, we extracted genomic DNA (gDNA)
from both the father and mother, as well as from the
multifetal reduction tissues or neonate umbilical cord
blood following live birth (triple DNA sample set). WGS
libraries were prepared using a Universal DNA Library
Prep Set in accordance with the manufacturer’s protocol
(MGI; Cat: 1,000,017,571). The gDNA was fragmented,
ligated with an adaptor after end repair and A-tailing,
amplified, and sequenced at the China National Gene-
Bank. A minimum of 500 million 100 bp paired-end
reads were obtained from each sample on the DNBSEQ-
T1 platform.

After implementing quality control measures and fil-
tering out low-quality reads, short variants of SNVs and
indels of each sample were identified by the Sentieon
pipeline [12] based on the human reference genome
(GRCh37). Subsequently, we utilized the module of
variants quality score recalibration (VQSR) within the
Genome Analysis Toolkit (GATK v3.4.46) as described
by McKenna, A., et al. (2010) [13]. This enabled us to
acquire high-confidence variants for all autosomes and
X chromosomes (tranche 0.99). For each trio, individual
genome variant call format files (gVCF) were jointly gen-
otyped using Genotype GVCFs, and variants that passed
the filter of VQSR were obtained for further analysis.

De novo mutation identification

We called DNMs using the DeNovoGear [14] TrioDe-
Novo [15] and GATK Genotype Refinement workflows
[13]. The results that were found to be consistent by
three pipelines were designated as DNM, provided they
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satisfied the following criteria: (1) passing the VQSR fil-
ter in the offspring; (2) genotype quality (GQ) greater
than 90 in the offspring; (3) GQ greater than 30 in both
parents; (4) read depth (DP) between 20 and 150 in the
offspring; (5) DP greater than 20 in both parents; (6)
alternative allele fraction greater than 0.2; and (7) located
on the autosomes. To assess the accuracy of our identi-
fication method, we selected all DNMs from 5 trios and
subjected them to Sanger sequencing (BGI TECH SOLU-
TIONS (BEIJING LIUHE) CO., LIMITED) to validate
these variants. We extracted sequences in the vicinity of
the variant sites and designed PCR primers for all these
sites using the Primer Design Tool from NCBL

De novo mutation interpretation

The DNMs were systematically classified as pathogenic,
likely pathogenic, benign, likely benign and uncertain
significance, employing InterVar based on a multitude
of factors including but not limited to allele frequencies
across populations, evolutionary conservation metrics,
and predictive functional annotations [16].

Statistical analysis

The data have been presented as the mean value along
with a 95% confidence interval [CI]. The Student’s t-test
has been employed to analyze the data, which conforms
to a Gaussian distribution. Furthermore, Chi-square
tests have been utilized to compare count data across
different groups. Additionally, a covariates test has been
conducted to eliminate any potential impact of clini-
cal background information. All statistical analyses were
conducted using IBM SPSS 26.0. A significance level of
P<0.05 was deemed statistically significant.

Result

Clinical data

As illustrated in Fig. 1, Our research encompassed a
total of 57 fetuses and 386 neonates, selected in accor-
dance with the corresponding criteria. Based on clinical
features, we established two distinct groups: the multi-
fetal reduction group and the newborn group. The clini-
cal background information of both groups is presented
in Table 1. The parental age for the newborn group was
32.16 (31.78-32.53) and 33.88 (33.40-34.36), respec-
tively, which was slightly higher than that of the multi-
fetal reduction group. The maternal pre-pregnancy body
mass index (BMI) in the multifetal reduction group was
22.14 (21.34—22.94) and in the newborn group was 21.49
(21.22-21.75). There was no significant difference in the
age of the parents or the maternal pre-pregnancy BMI
between the two groups (P>0.05). The distribution of the
DNMs between the two groups is discussed below.
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Multifetal reduction group (N=57)
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Newborn group (N=386)
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Fig. 1 Flowchart of the main results of the study

Table 1 Parental characteristics between the two groups

Multifetal reduction group (N=57) Newborn group (N=386) F Pvalue
Mean(95%Cl)
Maternal age (y) 29.84 (29.05-30.64) 32.16(31.78-32.53) 3.55 0.06
Paternal age (y) 32.25(31.23-33.26) 33.88 (33.40-34.36) 2.82 0.09
Maternal pre-pregnancy BMI (kg/m?) 2214 (21.34-22.94) 2149 (21.22-21.75) 343 0.07

Note: BMI=body mass index; ICSI=intracytoplasmic sperm injection

De novo events in the progeny from developing fetus to
birth subsequent to implantation

The sequencing results show a WGS depth of 30X ~40X per
sample, yielding approximately 120G of data and sequenc-
ing quality of Q20>95% and Q30>85%. Based on the
quantity of bases affected by the mutation, DNMs can be
classified into categories: SNVs and indels. For the purposes
of this study, only de novo SNVs and indels were analyzed.
The genomic region in which DNMs occur can be divided
into ten distinct groups based on their biological function
including downstream, exonic, intergenic, intronic, ncRNA-
exonic, ncRNA-intronic, splicing, upstream, UTR3, and
UTRS5. In this study, we focused on three major genetic
regions, which were analyzed as follows: the downstream
and upstream regions were classified as intergenic regions,
while the ncRNA-intronic and splicing regions were catego-
rized as intronic regions. Finally, the ncRNA-exonic, UTR3,
and UTR5 regions were grouped as exonic regions.

The average number of total DNMs in the new-
borns was observed to be 56.26 (54.17-58.35), which
appeared to be lower than that in the multifetal reduc-
tion group, which was 76.05 (69.70-82.40) (F=2.42,
P=0.12). However, after adjusting for parental age and

maternal pre-pregnancy BM], significant differences were
observed between the two groups (F=50.60, P<0.001).
Furthermore, we categorized the total number of DNMs
into various genetic regions and found that the distribu-
tion of DNMs in genome sections varied. Notably, the
number of DNMs per capita in intergenic and intronic
regions was found to be the highest among all the groups.
The average number of DNMs in intergenic regions was
found to be 44.30 (40.47-48.13) in the multifetal reduc-
tion group and 30.80 (29.59-32.02) in the newborns
(F=3.72, P=0.05). Similarly, the average number of
DNMs in intronic regions was 29.84 (27.23-32.46) in the
multifetal reduction group and 23.79 (22.84-24.74) in the
newborns (F=0.05, P=0.83). After adjusting for parental
age and maternal pre-pregnancy BMI, it was determined
that the observed differences were statistically significant.
The average number of DNMs in exonic regions was 1.89
(1.49-2.30) in the multifetal reduction group and 1.60
(1.45-1.75) in the newborns (F=0.86, P=0.35).There is
no difference between groups in statistics. These findings
are presented in Fig. 2; Table 2.
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Fig. 2 The average number of DNMs catalogued between the multifetal reduction group and the newborns. (A) The occurrence of the average number
of total DNMs, de novo SNVs and de novo indels in the two groups. The results revealed a statistically significant decrease in the average number of total
DNMs and de novo indels in newborns (P<0.001). (B). The distribution of various genome regions in total DNMs, de novo SNVs and de novo indels. The
average number of total DNMs were significantly differences between the two groups in both intergenic and intronic regions. There were significantly
differences in the number of de novo indels across all regions examined (P<0.001). (C) The distribution of various mutation modes in de novo SNVs,
specifically C>T, G>A, A>G, and T>C, was analyzed. No significant differences were noted in the frequency of base exchange between the two groups

(P>0.05). *** indicates P< 0.001

Distribution of de novo SNVs

After conducting phased DNMs in two cohorts, we pro-
ceeded to perform similar workflows on de novo SNVs
and indels separately. Our findings revealed that tthe
average number of de novo SNVs associated with the
multifetal reduction group and the newborns was 49.89
(45.59-54.20) and 51.09 (49.22-52.96), respectively.
Notably, no significantly differences were observed
between the groups (F=1.01, P=0.32). Furthermore, we
subdivided the total number of de novo SNVs into differ-
ent genetic regions and found no significant difference
between the groups.

Out of the various modes of mutation, the four pri-
mary types, namely, C>T, G>A, A>G, and T>C, dem-
onstrated the highest frequency of occurrence, with
frequencies of 9.84 (9.39-10.29), 9.95 (9.50-10.41), 7.17
(6.81-7.53), and 6.93 (6.57-7.29) per newborn, respec-
tively. Similarly, with frequencies of 9.98 (8.89-11.07),
9.84 (8.58-11.1), 6.54 (5.71-7.38) and 6.39 (5.60-7.17)
per fetus in the multifetal reduction group, respectively.
There was no significant difference observed in the fre-
quency of base exchange between the two groups.

The extant literature reports indicate a correlation
between DNMs and paternal age. Our own observations,
after adjusting for parental age and maternal pre-preg-
nancy BMI using a multivariable regression model, reveal
a similar directionality between the two groups. These
findings are presented in Fig. 2; Table 2.

Distribution of de novo indels

It appears that indels occur at lower frequencies than
SNVs, likely due to their larger size which collectively
affects more base pairs. The average number of de novo
indels among the multifetal reduction group and the
newborns was 26.26 (23.27-29.05) and 5.17 (4.82-5.52)
respectively, and a statistically significant difference was
observed (F=194.17, P<0.001). The study also found sig-
nificant differences in the number of de novo indels in
intergenic, intronic, and exonic regions, which remained
significant even after correcting for clinical background
information. The multifetal reduction group had an aver-
age of 16.28 de novo indels in intergenic regions, 9.37 in
intronic regions, and 0.49 in exonic regions. In contrast,
newborns had averages of 2.63, 2.36, and 0.15, respec-
tively. All comparisons were statistically significant
(P<0.001). These results are presented in Fig. 2; Table 2.

Parental characteristics when divided by the number of
DNMs within the group

In this study, we categorized the parental age and the
maternal pre-pregnancy BMI within the multifetal
reduction group or newborn group based on the number
of DNMs, with the number of 60 as the cutoff point, to
investigate whether there were any differences. Within
the group of multifetal reduction, there was no statisti-
cally significant difference in parental age and the pre-
pregnancy BMI between those with less than 60 DNMs
and those with 60 or more DNMs. However, in the new-
born group, The maternal age for the group with 60 or
more DNMs was 33.14 (29.39-36.89), while the pater-
nal age was 34.99 (30.16-39.82). This represented a sig-
nificant increase in comparison to those individuals who
had fewer than 60 DNMs (F=4.09, P<0.001; F=4.67,
P<0.001, respectively) (Table 3).

Categorical on the pathogenicity of the DNMs

Next, we conducted a variant interpretation using Inter-
Var on all of the identified variants. Upon analysis, no
significant differences were observed across all groups in
terms of pathogenic and likely pathogenic mutations. The
pertinent data are presented in Fig. 3, while cases harbor-
ing pathogenic or likely pathogenic mutations are enu-
merated in Table 4.

Among the total DNMs, 86.07% and 94.82% of the vari-
ants were interpreted as having uncertain significance in
the multifetal reduction group and the newborn group,
respectively (F=447.77, P<0.001). 13.56% and 4.73%
of the variants were interpreted as benign, respectively
(F=487.05, P<0.001). There were statistically significant
differences in both variants of uncertain significance and
benign results between the two groups. Among the de
novo SNVs, there was no difference in the five pathoge-
nicity classifications between the two groups. Among the
de novo indels, 71.16% and 99.06% of the variants were
interpreted as having uncertain significance in the mul-
tifetal reduction group and the newborn group respec-
tively, with a significant difference (F=598.09, P<0.001).
Additionally, 28.77% and 0.55% of the variants were
interpreted as benign, respectively, also showing a signifi-
cant difference (F=622.987, P<0.001).



Zheng et al. Human Genomics (2024) 18:79 Page 7 of 11
Table 2 The average number of DNMs catalogued between the multifetal reduction group and the newborns

Multifetal reduction group (N=57) Newborn group (N=386) F P Adjusted F Adjusted P

Mean(95%Cl)
DNMs 76.05 (69.70-82.40) 56.26 (54.17-58.35) 242 012 50.60 0.00
De novo SNVs 49.89 (45.59-54.20) 51.09 (49.22-52.96) 1.01 032 091 0.76
De novo indels 26.26 (23.27-29.05) 7 (4.82-5.52) 19417 000  807.29 0.00
DNMs in intergenic 4430 (40.47-48.13) 30.80 (29.59-32.02) 3.72 0.05 68.05 0.00
DNMs in intronic 29.84 (27.23-32.46) 23.79 (22.84-24.74) 0.05 0.83 24.27 0.00
DNMs in exonic 1.89 (1.49-2.30) 1.60 (1.45-1.75) 0.86 035 204 0.15
De novo SNVs in intergenic 28.02 (25.48-30.55) 28.17 (27.09-29.25) 097 033 0.45 0.50
De novo SNVs in intronic 2047 (18.59-22.36) 2143 (20.57-22.29) 3.82 0.05  0.02 0.88
De novo SNVs in exonic 140 (1.07-1.74) 145 (1.31-1.59) 0.15 0.70  0.001 0.97
De novo indels in intergenic 16.28 (14.31-18.26) 2.63(2.41-2.85) 234.77 0.00 781.90 0.00
De novo indels in intronic 9.37 (8.18-10.55) 2.36(2.17-2.55) 95.61 0.00 39857 0.00
De novo indels in exonic 0.49 (0.31-0.67) 5(0.11-0.20) 4512 0.00 2117 0.00
De novo SNVs of C>T 9.98 (8.89-11.07) 9.84 (9 39-10.29) 018 0.67 0.51 047
De novo SNVs of G> A 9.84 (8.58-11.1) 9.95 (9 50-10.41) 0.03 087 014 0.71
De novo SNVs of A>G 6.54 (5.71-7.38) 7 (6.81-7.53) 0.71 0.40 1.04 0.31
De novo SNVs of T>C 6.39 (5.60-7.17) 6.93 (6 57-7.29) 2.54 0.1 0.18 0.68
Table 3 Comparison of parental characteristics devided by the number of DNMs

Divided by the number of DNMs F Pvalue
<60 =60

Multifetal reduction group (N=57) N=11 N=46
Maternal age (y) 28.82 (25.60-32.04) 30.09 (27.16-33.02) 0.15 0.88
Paternal age (y) 32.09 (28.39-35.79) 32.28(28.39-36.17) 127 0.21
Maternal pre-pregnancy BMI (kg/mz) 21.73 (18.66-24.80) 22.24(19.20-25.28) 0.49 0.62
Newborn group (N=386) N=218 N=168
Maternal age (y) 31.39(27.82-34.96) 33.14(29.39-36.89) 4.09 0.00
Paternal age (y) 33.02 (28.45-37.59) 34.99 (30.16-39.82) 4.67 0.00
Maternal pre-pregnancy BMI (kg/m?) 21.36 (18.65-24.07) 21.65(19.18-24.12) 1.09 0.28

Discussion

The occurrence of spontaneous DNMs in the germline
is known to promote evolution by providing material
for natural selection to act upon. The distribution and
frequency of DNMs across the genome contribute to
virtually every aspect of an organism’s function and fit-
ness [17]. Spontaneous abortion occurs in 8—20% of rec-
ognized pregnancies and typically occurring in the first
trimester (7-11 weeks) [18]. Recent research reports
suggest that mutations in genes responsible for proper
fetal development are a more frequent cause of repro-
ductive failures than chromosomal aberrations. Devel-
opmental disorders caused by DNMs have an average
prevalence of 1 in 213 to 1 in 448 births, depending on
parental age [19]. The study conducted by Kowalczyk
et al. has revealed that up to 17.1% of small aberrations
cannot be identified through conventional chromosome
analysis. These aberrations include genes important for
fetal development, and their mutations could cause spon-
taneous abortion [20]. However, there is a dearth of pub-
lished research on DNMs that vary from the fetus to the
newborn.

Our study was the first to show a significant reduction
in the number of de novo indels in offspring compared
to early pregnancy embryos, across all genomic regions.
The differences were statistically significant even after
adjusting for factors like parental age and other clini-
cal backgrounds. The estimated indel mutation rate is
approximately 4x107!% per position, leading to roughly
three new indels per genome per generation [21]. Data
from Lithuania’s general population, using whole-exome
sequencing (WES), showed a de novo indel mutation
rate of 1.77x10~8 per position per generation [22]. We
found that the frequency of de novel indels was about
26.16 per genome per generation in post-implantation
early pregnancy embryos, which was approximately five
times higher than that in the newborns (5.17 per genome
per generation). It was observed that fetal mutation rates
were about fivefold higher than in tissue matched adult
stem cells [23]. Elevated mutation accumulation rates are
common in fetal cells of various tissues, suggesting that
rapid cellular expansion during development is associ-
ated with increased mutation accumulation.
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Fig. 3 The pathogenicity of DNMs catalogued between the multifetal reduction group and the newborns. Among the total DNMs and de novo indels,
there were statistically significant differences in both variants of uncertain significance and benign results between the two groups (P<0.001). However,
no significant difference was observed in the five pathogenicity classifications of the de novo SNVs between the two groups (P>0.05). *** indicates
P<0.001. Note P = Pathogenic; LP = Likely Pathogenic; B = Benign; LB = Likely Benign; VUS = Variant of Uncertain Significance

Research on de novo indels is somewhat limited com-
pared to that on de novo SNVs, primarily due to the cur-
rent WGS technology’s limited accuracy in detecting de
novo indels [24, 25]. Recent large-scale exome sequencing
projects found that de novo indels can can lead to many
different diseases, ranging from complex neurological
diseases to rare Mendelian disorders [26, 27]. The study
also shows that de novo indels could potentially harm the
fetus. The presence of these indels after embryo implan-
tation may be key to fetal health. The obstetrical epide-
miological data indicates that the incidence of abortion
is approximately 12% [28]. In this study, the total num-
ber of de novo indels in 9 families during the first trimes-
ter exceeded 40, resulting in an incidence of about 16%

(9/57). Interestingly, none were found in the newborns
with a number exceeded 40, while only two newborns had
a total number of de novo indels exceeding 20, 26, and 35,
respectively. While the embryo’s intrinsic characteristics
or the mother’s physiological and biochemical composi-
tion may explain this phenomenon, fetuses with a high
number of de novo indels did not survive later stages of
prenatal development. Natural selection mechanism had
a boundary in the selection of de novo indels during preg-
nancy. Embryos with a high frequency of de novo indels
in their genome may be eliminated through fertilization,
embryonic development, and selective growth. Another
possible reason is that during fetal reduction, a relatively
smaller gestational sac may be selected for reduction.
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Table 4 Summary of pathogenic or likely pathogenic DNMs detected
Group Sample Chr  Position Ref Alt Location  Consequence Ref.Gene Interpretation OMIM
Multifetal reduction group
IVF_34 1 229,568,595 G GCT Exonic Frameshift ACTAT LP 102,610
Newborn group
ICSI_11 19 3,983,288 C CAGTTG Exonic Frameshift EEF2 LP 130,610
ICSI_11 19 6,702,590 C CTCCTGGCC  Exonic Frameshift c3 LP 120,700
AGGCCCAGG
TGGCTGGCC
CGCGCGTG
ICSI_11 22 36,684,985 C CA Exonic Frameshift MYH9 LP 160,775
ICSI_48_ B 8 87,591,395 TC T Exonic Frameshift CNGB3 LP 605,080
ICSI_20 1 151,396,424 C A Splicing POGZ P 614,787
ICSI_33 22 41,924,576 G A Exonic Nonsynonymous — ACO2 LP 100,850
ICSI_35 1 12,398,359 A T Exonic Stopgain VPS13D P 608,877
ICSI_11_B 9 140,851,226 A T Exonic Nonsynonymous  CACNAITB LP 601,012
ICSI_F_49 21 35,138,202 A G Exonic Nonsynonymous  [TSN1 LP 602,442
ICSI_F_52 2 179,585,709 G T Exonic Stopgain TN LP 188,840
ICSI_F_64 3 119,666,195 G A Exonic Stopgain GSK3B P 605,004
IVF_22_B 12 122,701,409 T TAAAC Exonic Frameshift DIABLO LP 605,219
IVF_65 13 58,209,060  TC T Exonic Frameshift PCDH17 LP 611,760
IVF_11 12 104,461,873  ATAAT A Exonic Frameshift HCFC2 LP 607,926
GTTC
CcC
IVF_15 1 162,746,131 C T Exonic Nonsynonymous — DDR2 LP 191,311
IVF_42 15 59,179,576 G A Exonic Stopgain SLTM P .
IVF_43 2 152,421,564 G T Exonic Stopgain NEB LP 161,650
IVF_F_81 16 89,351,960 cT C Exonic Frameshift ANKRD11 LP 611,192
IVF_F_70 4 57,871,884 G C Exonic Nonsynonymous  POLR2B LP 180,661
IVF_F_96 6 52,101,967 C G Splicing IL17F p 606,496
IVF_F_33 19 36,582,178 C A Exonic Stopgain WDR62 P 613,583

Note: LP=Likely pathogenic, P=Pathogenic

Fetuses from smaller gestational sacs may inherently have
a higher possibility of mutations and are more likely to
be eliminated during later development. However, in our
study, there were significant differences in benign varia-
tions of de novo indel in the fetuses compared to those
in the newborns, while the variations in uncertain sig-
nificance are more significant in the newborns. This phe-
nomenon requires further research to clarify.

Previous research utilized WES to examine deceased
fetuses with ultrasound anomalies, revealing diagnostic
genetic variants in 20% of cases [29]. Another study eval-
uated diagnostic or potentially clinically relevant genetic
variant in genes associated with developmental disorders
in 12.5% of fetuses with structural abnormalities after
11 weeks of gestation [30], many genetic variants in this
study were caused by new mutations. Nevertheless, the
available literature detailing the pathogenesis that may
lead to fetal demise remains insufficient in providing a
comprehensive list of mutations or genes responsible
for this process. In this study, we selected offspring con-
ceived through ART. There is no evidence of increased
DNM load or altered mutation spectrums in mice or

humans born through ART compared to spontaneously
conceived offspring [31]. Our research team also con-
ducted the same analysis on early artificial abortion tis-
sue and offspring born through natural conception, and
found consistent trends (not yet published). However, it
is widely acknowledged that infertility itself is linked to
unfavorable outcomes in children [32]. To confirm this
conclusion, larger sample sizes and core family sequenc-
ing results are required, and a thorough characterization
of the mechanisms underlying de novo indel genesis and
evolution in the human genome is necessary.

Our results show no significant difference in the fre-
quency of de novo SNVs between the two groups.There
are also no significant differences in all genomic regions,
including intergenic, intronic, and exonic areas. It is sug-
gested that the occurrence of de novo SNVs is mainly
determined after successful implantation. Previous stud-
ies on humans have shown that approximately 73-78%
of de novo SNVs are of paternal origin [33]. The inves-
tigators noted a rise in the overall count of de novo
SNVs, specifically 1.28 de novo SNVs per year of pater-
nal age and 0.35 de novo SNVs per year of maternal age.
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Additionally, both paternal and maternal age were found
to be significantly linked to the number of de novo indels,
with an increase of 0.071 de novo indels per year of pater-
nal age and a smaller increase of 0.019 de novo indels per
year of maternal age [34]. In this study, the parental age
represented a significant increase in comparison to those
individuals who had fewer than 60 DNMs in the newborn
group.

In the process of interpreting our findings, it is impor-
tant to acknowledge the limitations of our study. In this
study, there was natural heterogeneity in the selection
of samples. The embryonic tissue aspirated from the
multifetal reduction group were fetal tissues, indicating
sample heterogeneity with neonatal cord blood. Report
has shown that mutation rates during prenatal develop-
ment seem to vary among tissues [23]. Another notewor-
thy aspect is the fact that we were unable to distinguish
the infertility factors for the rare samples of multifetal
reduction group. Moreover, we could not fully investigate
the parental origin of DNMs, only approximately 26%
of DNMs in our study could be successfully phased and
parent-of-origin called. It has been reported that 15-20%
of DNMs can be successfully phased and parent-of-origin
called by short-read WGS of parent-offspring trios [35].
Therefore, further exploration is required to improve the
detectable rate. One potential approach to achieve this
is through the use of multiplexed long-read sequencing
[36]. Moreover, it is hard to figure out how those DNMs
were associated with the phenotype, and the absence of
information about children’s diseases restricted the clini-
cal significance of assessing those DNMs.

Conclusions

Collectively, we have demonstrated that the occurrence
of de novo SNVs in offspring is essentially determined
after successful implantation. The quantity of de novo
indels in neonates experiences a significant reduction
in comparison to that in early pregnancy embryos post-
implantation, and this trend is evident across all genomic
regions, underscoring the adverse influence of de novo
indels on fetal growth after implantation. Nevertheless,
to validate these findings further, incorporating a wider
range of samples in future studies would aid in iden-
tifying more nuanced effects and potentially uncover
genetic interactions during intrauterine growth and
development.
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SNVs Single nucleotide variants
DNMs  De novo mutations
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