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ABSTRACT

Approximately 2.6% of live births in the United States are conceived using assisted reproductive
technologies (ART). While some ART, including in vitro fertilization (IVF) and intracytoplasmic
sperm injection, are known to alter the epigenetic landscape of early embryonic development,
their impact on DNA sequence stability is unclear. Here, we leverage the strengths of the
laboratory mouse model system to investigate whether a standard ART series (ovarian
hyperstimulation, gamete isolation, IVF, embryo culture, and embryo transfer) affects genome
stability. Age-matched cohorts of 12 ART-derived and 16 naturally conceived C57BL/6J inbred
mice were reared in a controlled setting and whole-genome sequenced to ~50x coverage.
Using a rigorous pipeline for de novo single nucleotide variant (dnSNV) discovery, we observe a
~30% (95% CI: 4.5% - 56%) increase in the dnSNV rate in ART compared to naturally
conceived mice (P = 0.017). Analysis of the dnSNV mutation spectrum identified signatures
attributable to germline DNA repair activity but revealed no differentially enriched signatures
between cohorts. We observe no enrichment of dnSNVs in specific genomic contexts,
suggesting that the observed rate increase in ART-derived mice is a general genome-wide
phenomenon. Together, our findings show that ART is moderately mutagenic in house mice and
motivate future work to define the procedure(s) associated with this increased mutational
vulnerability. While we caution that our findings cannot be immediately translated to humans,
they nonetheless emphasize a pressing need for investigations on the potential mutagenicity of

ART in our species.
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INTRODUCTION

Worldwide, approximately 1,000,000 babies are born by assisted reproductive technologies
(ART) each year (ESHRE Factsheet on ART), accounting for over 2.5% of live births in the
United States (CDC 2024b) and many other Western countries (Smeenk et al. 2023; Katagiri et
al. 2023). This number has risen steadily over the last decade (CDC 2024a) and is projected to
grow further due to rising infertility rates (Nugent and Chandra 2024) and delayed reproduction
(Osterman et al. 2025). The human health consequences of the increased reliance on ART are
potentially substantial. Prior work has shown that various ART procedures are associated with
altered methylation patterns in both model organisms (de Waal et al. 2015; Koustas and
Sjoblom 2016; Yu et al. 2019; Ooga et al. 2023) and humans (Barberet et al. 2021; Choux et al.
2018; Ghosh et al. 2017; Mani et al. 2019; Haberg et al. 2022; Song et al. 2015), with
downstream consequences for the expression of key genes required for totipotency and early
development (Rivera et al. 2008; Giritharan et al. 2007; Hayashi 2003; Kohda 2013; Tan et al.
2016). These molecular changes are associated with increased rates of imprinting-related
disorders (Cortessis et al. 2018; Hattori et al. 2019), and may contribute to higher rates of
adverse pregnancy, perinatal, neonatal, and long-term health outcomes in ART-derived
offspring (McDonald et al. 2009; Palomba et al. 2016; Luke et al. 2021; Hart and Wijs 2022;

Zhang et al. 2025).

While it is well-established that various ART procedures can perturb the dynamics of epigenetic
reprogramming in the pre-implantation embryo and developing fetus (Mani et al. 2019), it is not
clear whether ART influences the integrity and stable transmission of the underlying DNA
sequence itself. Prior investigations exploring this possibility have yielded contradictory findings.
Some studies have concluded that ART is associated with an increased burden of structural
mutations and aneuploidies (Bean 2002; Bonduelle 2002; Lee et al. 2023), while other studies

have reported no significant increase in large-scale structural rearrangements in ART compared
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to naturally-conceived offspring (Zamani Esteki et al. 2019). Similarly, whereas a prior study in
mice found no evidence for an increased point mutation rate in animals born via in vitro
fertilization (IVF) (Caperton et al. 2007), a retrospective comparative analysis in humans
uncovered a significantly higher de novo point mutation rate in IVF-born children (Wang et al.
2021). However, the underlying etiology of subfertility or infertility may predispose patients
seeking ART to elevated rates of germline genome instability (Ruth et al. 2021), and any
observed increase in the mutation burden associated with ART could be due to ascertainment

bias.

Despite conflicting earlier findings, there are compelling lines of evidence to support the
hypothesis that ART procedures may be intrinsically mutagenic. First, epigenetic features,
including methylation at CpG dinucleotides and H3K9me3 marks, directly shape local mutation
rates (Makova and Hardison 2015; Chen et al. 2017). Thus, the genome-wide epigenetic
dysregulation observed in ART-derived embryos could secondarily alter the genomic distribution
and rate of new mutations compared to naturally conceived embryos (Mani et al. 2019).
Second, the first few embryonic cell divisions are especially error-prone and uniquely vulnerable
to the accumulation of large-scale structural mutations and aneuploidies (Vanneste et al. 2009;
Currie et al. 2022). Exposure to stressors unique to the in vitro environment may exacerbate
genomic instability at this critical time point in early development. In particular, ART-derived
embryos are often cultured at oxygen levels that do not precisely replicate those encountered in
the maternal reproductive tract (Konstantogianni et al. 2024); exposure to either hyperoxic or
hypoxic culture conditions can promote DNA damage and genomic instability (Gille et al. 1994;
Bristow and Hill 2008). Additionally, compounds such as glucocorticoids present in gamete and
IVF culture media could perturb the early epigenetic landscape of the developing embryo,
leading to widespread regulatory and metabolic changes with downstream implications for

genome integrity (Zhao et al. 2022).
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Here, we harness the efficiency of ART in the laboratory mouse to rigorously test whether a
standard regimen of ART procedures consisting of (1) ovarian hyperstimulation via
administration of exogenous hormones, (2) gamete isolation and culture, (3) in vitro fertilization
(IVF), (4) embryo culture, and (5) embryo transplantation into a receptive uterus influences the
stable transmission of the mammalian genome. We use whole-genome sequencing to identify
de novo mutations in cohorts of age-matched ART-derived and naturally conceived mice. Our
reliance on mice of a single inbred strain background allows us to rigorously control for potential
genetic influences and environmental exposures on mutation rates, eliminating these
confounding factors from our analysis and overcoming a major limitation of retrospective clinical
studies. Our study presents the first direct experimental test of the hypothesis that ART impact

genome integrity in a rigorously controlled in vivo mammalian model system.
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RESULTS

De novo single nucleotide variant discovery in natural and ART-conceived mice

We aimed to test whether a standard ART protocol influences the overall incidence of dnSNVs
arising in gametes and/or during early embryonic development in a mouse model. Specifically,
we focus on the sequential procedures of ovarian hyperstimulation by exogenous hormone
injection, oocyte collection, sperm isolation, gamete culture, in vitro fertilization, embryo culture
to the 2-cell stage (~1 day post fertilization), and fresh embryo transfer to a pseudo-pregnant
host dam. This series of ART procedures is routinely employed in the course of mouse
husbandry for strain rederivation and colony expansion, and parallels protocols used in human
fertility clinics, with some exceptions. Notably, human fertility clinics typically employ
intracytoplasmic sperm injection (ICSIl) to achieve fertilization, bypassing the natural
requirements for sperm motility and functional gamete interaction. Additionally, human embryos
are typically cultured to the blastocyst stage (~5 days post fertilization) and, in most cases,

undergo a freeze-thaw cycle prior to transfer.

We generated age-matched cohorts of natural- and ART-derived C57BL/6J mice from a
common GO founder pair (Figure 1A). Two G1 females were mated to a single male sibling,
yielding two litters of naturally conceived mice. To obtain a matched ART-derived cohort,
oocytes from two hormonally super-ovulated G1 female siblings were harvested and in vitro
fertilized with sperm from a second G1 male littermate. Two-cell embryos derived from each of
the two females were then transferred to two pseudo-pregnant C57BL/6J recipient dams and
reared to term. A total of 16 natural-born and 12 ART-conceived G2 progeny were whole-
genome sequenced to ~50-72x coverage using two independent sequencing libraries
(Supplemental Table 1; Supplemental Figure 1). The six G1 parents and two GO pedigree
founders were additionally sequenced to enable discrimination between dnSNVs and

segregating variants within our pedigree (>75x coverage; two libraries per sample;
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Supplemental Table 1; Supplemental Figure 2). By bottlenecking the breeders used in this
experiment through a single GO founder pair and using a common sire for each treatment group,
we minimize the number of background segregating mutations present in our G2 cohorts,
limiting this potential source of false positive dnSNVs. Simulations based on empirical coverage
estimates indicate that our study design has 80% power to detect a ~35% increase in the
dnSNV rate between the ART and naturally conceived cohorts, assuming a baseline mutation
rate equivalent to that previously reported for C57BL/6J mice (Lindsay et al. 2019)

(Supplemental Figure 3).

Sequencing reads from each sample were aligned to the GRCm39 mouse reference genome,
followed by SNV calling, dnSNV identification, and application of a post hoc filtering pipeline
informed by tailored simulations (Garretson et al. 2025) (see Methods). Our strategic use of the
reference strain, C57BL/6J, effectively eliminates reference genome biases to maximize the
accuracy of SNV calling and dnSNV discovery. On average, we identified 17.3 high-confidence
autosomal dnSNVs in samples from the natural mating cohort (range = 11-25), corresponding to
an estimated per base mutation rate of 3.88 x 10? per generation (per sample range: 2.47
x107° — 5.61 x 107°). This mutation rate estimate is in agreement with previously reported
mutation rates for house mice (~3.5-8.0 x 10 per site per generation) (Uchimura et al. 2015;
Lindsay et al. 2019; Bergeron et al. 2023; Lopez-Cortegano et al. 2025). In contrast, offspring
generated via ART exhibit a significantly elevated dnSNV burden, with an average of 22.1
autosomal dnSNVs per individual and a dnSNV mutation rate of 4.96 x 10° (range: 13-34;
range of mutation rate per sample: 2.91 x 10™° to 7.62 x 10™%; Negative Binomial Regression,
Incidence Rate Ratio (IRR) with natural cohort as baseline =1.276, 95% CI = 1.045-1.558, P-
value = 0.017; Figure 1B). A more complex model including sex and sex x cohort interaction
terms revealed no significant sex or interaction effects, suggesting that the elevated mutation

burden associated with ART is not restricted to a single sex (Figure 1B; P > 0.3).
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Our finding of a significant increase in dnSNVs in ART-derived samples suggests that the tested
ART protocol adversely impacts genome stability in gametes, zygotes, or early-stage embryos.
However, systematic differences in sequencing data quality could also lead to differences in the
number of false-positive or false-negative dnSNV calls between cohorts. Importantly,
sequencing data quality is universally high across our G2 samples (Supplemental Figure 1),
dnSNV calls are supported by similar variant quality metrics in both cohorts (Supplemental
Figure 4), and our findings are recapitulated using sequencing data from replicate libraries from
each sample (see Methods; Supplemental Tables 3 and 4; Supplemental Figure 5). We
conclude that the observed differences in mutation burden between ART- and naturally-

conceived offspring cannot be explained by cohort-specific technical artifacts.

No difference in mutation spectra between naturally conceived and ART-derived mice

Exposure to specific environmental mutagens can alter the spectrum of mutations that
accumulate in somatic tissues (Pleasance et al. 2010; Alexandrov et al. 2020), prompting us to
ask whether the altered hormonal milieu and in vitro environment encountered during the
generation of ART-born mice modifies the prevalence of specific types of mutations compared
to those recovered in naturally-conceived animals. Both breeding cohorts exhibit qualitatively
similar transition and transversion fractions (Two-tailed Wilcoxon rank-sum test; P > 0.7; Figure
1C), with estimates closely approximating those from prior studies of germline mutations in
house mice (Lindsay et al. 2019; Lépez-Cortegano et al. 2024). Furthermore, the two cohorts
show no difference in the relative frequency of individual mutation types (Two-tailed Wilcoxon
rank-sum test, P > 0.1) or the overall single-base mutation spectrum (G-test, P > 0.05; Figure

1D).

We further partitioned dnSNVs by flanking nucleotide context and assigned spectra to known
mutation signatures (Alexandrov et al. 2020). The resulting trinucleotide mutation count matrix is

sparse, with 7 of 96 mutation classes with no observable dnSNVs in either cohort, and 28
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mutation classes featuring dnSNVs in only one cohort. Nonetheless, dnSNVs across both
cohorts exhibit patterns attributable to mutation signatures associated with germline DNA repair
activity (SBS5 and SBS30; Figure 2A), consistent with expectations for our data. We find no
significant cohort-level differences in the proportions of dnSNVs ascribable to defined mutational
signatures (Figure 2A), although ART samples exhibit a significant increase in the C[C>A]A
trinucleotide mutation fraction compared to natural-born samples (modified Chi-square, P =
0.019, Figure 2B). Taken together, these findings reveal broad similarities in the mutation
spectrum between ART-derived and natural-born mice, with the caveat that our analysis is likely

underpowered to detect subtle or moderate cohort differences.

Evaluating the genomic landscape of dnSNVs in natural-born and ART-derived mice

We next examined whether the distribution of new mutations differs between our two cohorts
with respect to various genomic features, including GC content, functional annotations, and
repetitive elements. dnSNVs ascertained in both cohorts are uniformly distributed across the
genome (Poisson test applied to mutation counts in 10Mb bins, P > 0.3; Supplemental Figure
6A) and arise in regions of similar GC content (Two-tailed Wilcoxon rank-sum test, P = 0.215
Supplemental Figure 6B). Likewise, we detect no significant enrichment or depletion of ART-
associated dnSNVs in CpG islands (Fisher's exact test, P = 0.686; Supplemental Figure 6C).
The majority of dnSNVs occur in intronic and distal intergenic regions (Figure 3A), with no
cohort differences in the distribution of dnSNVs across different genomic annotations (Two-
tailed Wilcoxon rank-sum test, P > 0.05; Figure 3). Similarly, there is no difference in the
predicted variant effects of new mutations between natural- and ART-born mice (Figure 3B).
The number of dnSNVs in ART-derived mice is modestly increased within LINEs, but the
difference does not reach statistical significance after applying a multiple test correction

(Fisher’'s exact test, Bonferroni-corrected P > 0.05; Figure 3C). Despite an overall increase in
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dnSNV rate in ART-derived mice, the genomic landscape of dnSNVs is largely indistinguishable

between breeding cohorts.

Contrasting the epigenomic and genome regulatory context of dnSNVs

Early development involves the coordinated erasure, deposition, and redistribution of numerous
DNA and histone modifications (Reik et al. 2001). Prior work has established that this epigenetic
reprogramming is perturbed under in vitro conditions relative to in vivo (Haberg et al. 2022).
Given that diverse chromatin modifications are associated with intragenomic mutation rate
variation (Makova and Hardison 2015), we next examined whether dnSNVs arise in distinct
epigenetic contexts in our two cohorts. We intersected dnSNV positions from both cohorts with
genome-wide maps of histone modifications in mouse embryonic stem cells (MESCs) (Yue et
al. 2014) and early mouse embryos (Liu et al. 2016). There is no cohort-level difference in the
proportion of dnSNVs that arise in regions associated with H3K27ac, H3K36me3, H3K4mel,
H3K4me3, H3K9ac, or H3K9me3 histone madifications in either mESCs or mouse embryos

(Fisher's exact tests, P > 0.25; Supplemental Figures 7, 8).

In somatic cells, transcription-coupled repair reduces dnSNV rates in highly expressed genes
compared to more lowly expressed or transcriptionally silenced genes (Moore et al. 2021).
Although gene expression differences have been documented between ART-derived and
natural-born progeny (Song et al. 2015), we find no cohort-level difference in the transcriptional
activity of genes neighboring dnSNVs in C57BL/6J-derived mESCs (Two-tailed Wilcoxon rank-

sum test, P = 0.89; Supplemental Figure 9).

Most dnSNVs are thought to arise from errors in DNA replication, with later-replicating regions
of the genome exhibiting elevated mutation rates compared to early-replicating regions
(Stamatoyannopoulos et al. 2009). Using published replication timing profiles from mESCs, we

replicate this prior result, confirming that dnSNVs aggregated across both cohorts are enriched
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in late-replicating regions (Two-tailed Wilcoxon rank-sum test, P < 10”%; Supplemental Figure
10A,B). However, we find no evidence of differences in overall replication timing at dnSNV sites
between cohorts (Two-tailed Wilcoxon rank-sum test, P > 0.5; Supplemental Figure 10C,D)

(Pratto et al. 2021; Dey et al. 2015).

No difference in the developmental timing of dnSNVs between ART-derived and
naturally-conceived mice

The excess dnSNVs recovered in our ART-derived mice may have originated during (i) gamete
formation in vivo, (i) in vitro gamete manipulation and culture, (iii) the transition from zygote to
2-cell stage, or (iv) later stages of embryonic development, resulting in somatic mosaicism. We
profiled the allele-depth ratio (i.e., the proportion of sequencing reads supporting the alternative
allele) across all dnSNVs to assess the developmental timing of mutations in our two cohorts.
dnSNVs that arise in parental gametes will be constitutively present in the genome of offspring
and will appear with an allele-depth ratio of approximately 0.5, whereas mutations that arise
during the zygote to 2-cell transition will have an allele-depth ratio ~0.25. Mutations arising later
in development will exhibit lower allele depth ratios and are unlikely to be detected given our
sequencing depth (~50x) and reliance on a single tissue type. We observed no significant
difference in the distribution of allele-depth ratios for dnSNVs between animals conceived via
ART and those conceived naturally (Two-tailed Wilcoxon rank-sum test, P = 0.29;
Supplemental Figure 11), indicating no evidence of differences in the developmental origin of

dnSNVs between cohorts.

No detectable difference in de novo structural variation rates between ART-derived and
natural-born mice

The rate of de novo SV is predicted to be at least one order of magnitude lower than the single-
nucleotide mutation rate (Belyeu et al. 2021a), a consideration that limits our power to detect

small or modest differences in SV mutation rate (Supplemental Figure 3). However, a recent
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report identified a ~5-fold increase in the rate of de novo structural variants (SVs) in cattle born
via ART compared to naturally conceived animals (Lee et al. 2023), motivating efforts to
guantify de novo SV rates in our cohorts. We utilized an ensemble SV calling approach to
identify de novo deletions and duplications >50 bp in G2 samples (see Methods). We identified
eight high-confidence germline de novo SVs (4 deletions and 4 duplications) in natural-born
samples and seven (4 deletions and 3 duplications) in ART-derived samples—an insignificant
difference (ART cohort as baseline, IRR = 1.14, 95% CI: 0.41 — 3.19, P = 0.796; Supplemental
Table 5). Approximately half of these SV calls localize to a cluster of C2H2 KRAB zinc finger
proteins on distal Chromosome 4 (145.3 Mb), a locus recently shown to be highly copy number
variable in house mice (Bruno et al. 2025). SVs at this genomic position include reciprocal
~2.3Mb duplications and deletions, with both duplication and deletion alleles present in samples
from the ART-derived and natural-born cohorts. While these patterns could suggest germline
mosaicism in the GO founders that escaped detection in our G1 mice or extreme instability of
this locus, we think it most likely that these calls are artifacts caused reference assembly errors
at this locus (Bruno et al. 2025). Our findings underscore the challenges and limitations of SV
calling in short read data and motivate the future adoption of long-read sequencing technologies

to enable accurate discovery of de novo SVs in this experimental paradigm.
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DISCUSSION

Prior work has shown that ART is associated with epigenetic and transcriptomic changes in
early embryos, but the potential impact of ART procedures on DNA sequence integrity is not
well understood. Here, we took advantage of a carefully controlled mouse model system to
directly estimate the burden of dnSNVs in C57BL/6J inbred mouse cohorts conceived through a
standardized ART protocol or via natural mating. We document a statistically significant
increase in the overall dnSNV rate in ART-derived mice compared to their age- and genetically-
matched natural-born counterparts. Our dnSNV discovery pipeline surpasses field standards for
rigor, relying on two independent sequencing libraries for each sample and using a simulation-

informed protocol for dnSNV discovery in inbred mouse genomes (Garretson et al. 2025).

The biological mechanisms underlying the elevated rate of dnSNVs in ART-derived mice remain
unclear. Known mutational processes often leave distinct genomic signatures, including
signatures attributable to oncogenic processes (Alexandrov et al. 2020) and germline DNA
repair mechanisms (Garcia-Salinas et al. 2025). While the modest number of dnSNVs identified
may obscure subtle differences in the mutational landscape, we find no differential enrichment
of mutation signatures in our ART-derived and natural-born cohorts. Further, we find no
differences in the transition/transversion ratio, the mutation spectrum, or the genomic
distribution of dnSNVs between cohorts. Similarly, we observe no differential enrichment of
dnSNVs across various epigenetic contexts or with respect to GC content, local transcriptional

activity, or replication timing.

Future studies will be necessary to determine whether the elevated mutation burden observed
in ART-derived mice arises from a specific step in our ART protocol or reflects the cumulative
effects of multiple procedures. One plausible contributor is ovarian stimulation using exogenous

follicle-stimulating hormone and human chorionic gonadotropin. These hormones induce the
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resumption of meiosis in oocytes, a process known to be highly error-prone (Hassold and Hunt
2001). Indeed, there is some empirical support that hormone-induced ovulation is mutagenic.
Ovulation induction has been associated with elevated risks of miscarriage and congenital
anomalies in humans (Hansen et al. 2013; Davies et al. 2012), and a recent retrospective
analysis suggested a link between this intervention and increased maternally transmitted
mutations (Wang et al. 2021). Additionally, there is growing evidence linking ovulation induction
with transcriptional and epigenetic alterations to oocytes (Market-Velker et al. 2009; Lopes et al.
2002; Xie et al. 2024), including changes in the expression of genes implicated in DNA damage
repair (Daugelaite et al. 2023). Nonetheless, we cannot exclude the potential influence of other
ART-related factors, such as mechanical stress during embryo manipulation or the
physicochemical properties of the in vitro culture environment. Our use of male and female
parents from a single inbred strain limits the ability to assign the parental origin of the dnSNVs
reported here, an advantage that could help future studies pinpoint the source of the excess

dnSNV burden associated with ART.

Overall, the ~30% mutation rate increase observed in ART-derived offspring is unlikely to have
substantial implications for the mutation load in laboratory populations maintained via recurrent
cycles of IVF-based rederivation (Yamauchi et al. 2022) or husbandry programs that utilize ART
to rederive strains at regular intervals to curtail genetic drift (Taft et al. 2006). Assuming that
~0.5% of new single nucleotide mutations are strongly deleterious (Dukler et al. 2022), a
baseline mouse mutation rate of p= 0.5 x 10~%/bp/gen (Lindsay et al. 2019; Uchimura et al.
2015; Lopez-Cortegano et al. 2025), and genome size of 2.7 Gb, we expect ~0.067 new
deleterious mutations per mouse per generation under a traditional breeding program (0.5 x
107° x 2.7 Gb x 0.005 = 0.067). Using ART, the number of expected new deleterious mutations
is increased to ~0.088 per genome per generation. Thus, for every ~50 ART-derived mice, one

additional highly deleterious dnSNV is expected to be recovered compared to the natural-born
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baseline. The magnitude of this impact is roughly equivalent to an increase in mouse paternal

age of ~30 weeks (Lindsay et al. 2019).

While our findings reveal a moderate mutagenic impact of ART in mice, we emphasize that our
conclusions cannot be readily extrapolated beyond the mouse model system profiled here.
Notably, mice and humans differ in their reproductive physiology, dynamics of epigenetic
reprogramming, and timeline of early embryonic development, considerations that may
influence both the rate and spectrum of dnSNVs and the sensitivity of mutation accumulation
under ART. Additionally, ART protocols employed in human fertility clinics typically include
fertilization via ICSI, prolonged embryo culture to the blastocyst stage, and an embryo freeze-
thaw cycle. These steps present clear departures from the use of naturally fertilized embryos
that were freshly transferred at the 2-cell stage in our mouse protocol. Whether or how these
protocol differences impact potential mutation rate differences associated with ART is unknown.
In particular, prior work suggests that ICSI is associated with increased risks of birth defects
compared to traditional IVF (Davies et al. 2012), lending strong motivation to future studies
exploring the impact of ICSI on genome integrity. We also acknowledge that our study is limited
to evaluating the effect of ART on mutation accumulation in a single genetic background
(C57BL/6J). Additional studies are needed to evaluate whether our findings are generalizable
across mouse strains, including mouse models of reduced fertility or infertility. Finally, while our
reliance on inbred mice from a single strain background controls for inter-individual variation in
mutation rate to the maximum possible extent, we cannot discount the possibility that stochastic,
inter-individual differences in mutation rate contribute to the observed difference between

cohorts.

While we caution that our work has no immediate implications for human clinical practice, our
findings nonetheless strongly motivate further investigations to assess the potential mutagenic

impact of ART in humans. This need is particularly urgent given forecasted trends toward
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341  greater reliance on ART driven by sociodemographic shifts and increasing demaocratization of

342  access to ART (CDC 2024a).
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MATERIALS AND METHODS

Animal husbandry and establishment of breeding cohorts

A single C57BL/6J breeding pair was obtained from The Jackson Laboratory and housed in a
low-barrier room. All procedures were conducted in accordance with an animal care protocol
approved by The Jackson Laboratory’s Animal Care and Use Committee (Protocol #17021).
Two G1 females from the initial litter born to this GO C57BL/6J founder breeding pair were
mated to a single male G1 littermate. One of these G1females produced a litter of nine live-born
pups and the second gave birth to a litter of seven mice (Figure 1A). All 16 natural-born G2
pups were reared to four weeks of age and euthanized by exposure to CO, prior to terminal

tissue collection.

Two additional females and one male from the same GL1 litter were transferred to The Jackson
Laboratory’s Reproductive Services Facility at four weeks of age. Females were injected with 5

IU PMSG followed 48 hours later by a 5 IU hCG trigger to induce ovulation. Oocyte clutches

were then harvested from the ampullae of each superovulated female and incubated in 150uL

Cook RVF media supplemented with an additional 50uL of reduced glutathione (GSH) media at

37°C under mixed gas (5% CO,, 5% O,, and 90% N,) for 30-60 minutes. Concurrently, sperm
were isolated from the caudal epididymides of the donor male and incubated in TYH media

supplemented with 0.75mM Methyl-B-cyclodextrin at 37°C under mixed gas for 40-60 minutes.

Following incubation, egg clutches and 10uL of sperm were transferred to a 1mL drop of Cook

RVF media covered with mineral oil. Fertilization occurred over approximately 2-6 hours at 37°C
under mixed gas. Zygotes were then washed by transfer through two sequential droplets of
Cook RVF media and incubated overnight in a final droplet of Cook RVF media at 37°C under

mixed gas. Sixteen two-cell embryos from each donor female were subsequently transferred to
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the oviducts of two pseudo-pregnant C57BL/6J dams and reared to term. A total of 29 live-born
ART-derived G1 pups were euthanized by CO, at approximately four weeks of age for terminal
tissue harvests (transfer to live-birth success rate: 90.6%). Of these, 12 mice (six from each
litter; Figure 1A) were randomly selected for whole-genome sequencing (see below). Only live
cells or embryos were advanced at any step of the ART protocol; no additional selection was

performed on the basis of morphology or other criteria.

DNA extraction, library preparation, and sequencing

The GO founder breeding pair, 6 G1 parents, 16 natural-born G2 mice, and 12 ART-derived G2
mice were selected for whole-genome sequencing (n = 36 samples; Figure 1A). Genomic DNA
isolation, library preparation, and sequencing were performed in duplicate for all samples, with
an initial round of data collection performed in 2020 and a second batch completed in 2023.
Genomic DNA was isolated from flash-frozen mouse tails using the NucleoMag Tissue Kit
(Macherey-Nagel) according to the manufacturer’s protocol. Mouse tail tip tissue is composed of
a mix of epidermis, dermis, peripheral nerves, blood vessels, bone, and cartilage. These tissue
types include representatives from both the ectoderm (epidermis, dermis, peripheral nerves)
and mesoderm cellular developmental lineages (blood vessels, bone, cartilage). DNA
concentration and quality were assessed using the NanoDrop 8000 spectrophotometer (Thermo
Scientific), the Qubit Flex dsDNA BR Assay (Thermo Scientific), and the Genomic DNA
ScreenTape Analysis Assay (Agilent Technologies) and judged to be sufficient for library
preparation for all samples. Paired-end 150 bp whole-genome libraries were constructed using
the KAPA HyperPrep Kit (Roche Sequencing and Life Science) according to the manufacturer’s
protocols, targeting an insert size of 400 base pairs. Briefly, the protocol entails shearing the
DNA using the E220 Focused-ultrasonicator (Covaris), size selection targeting 400 bp, ligation

of lllumina-specific barcoded adapters and 9 bp UMI adapters, and 1 cycle of PCR amplification.
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Library quality was assessed using the D5000 ScreenTape (Agilent Technologies) and

concentration was determined by a Qubit dsDNA HS Assay (ThermoFisher).

The initial set of paired-end 150 bp Illumina libraries were prepared and sequenced to ~20-30x%
coverage on an lllumina NovaSeq 6000 using a combination of S2 and S4 flow cells. A second
set of paired-end 150 bp libraries were pooled and sequenced to ~30x coverage (~90
Gb/sample) on an lllumina NovaSeq 6000 using the S4 Reagent Kit v1.5. For clarity,

sequencing data from these two libraries are referred to as “Seql” and “Seq2”.

Read processing and mapping

Read quality assessment and adaptor trimming were performed on each sample library using
fastp (v. 0.23.4) (Chen 2023). Processed reads were then mapped to the GRCm39 mouse
reference genome using default parameters in BWA MEM (v. 0.7.17-r1188) (Li and Durbin
2009) and indexed using SAMtools (v. 1.21) (Li et al. 2009). Duplicate reads were identified

using a series of SAMtools commands:

samtools collate -O -u $BAM_FILE |\
samtools fixmate -m -u - - |\
samtools sort -u - |\
samtools markdup --use-read-groups -f $STATS_FILE \

-S -d 2500 --mode s --include-fails - SMARKED_BAM_FILE

Mapping metrics were computed for each sequenced library using the flagstat and idxstats
commands in SAMtools (Supplemental Table 1). The two independent libraries generated from
each sample were then merged using SAMtools, and mapping metrics re-computed on the

merged file (Supplemental Table 1).

Single nucleotide variant calling
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Single sample variant calling was performed using DeepVariant (v. 1.6.1) with the pre-trained
WGS model (Poplin et al. 2018; Yun et al. 2021). A joint call set including all 36 samples was
derived using GLnexus (v. 1.2.7) (Yun et al. 2021). In parallel, we used mpileup was run via the
‘beftools call’ command in BCFtools (v. 1.9-1) with default parameters to produce a second joint
call set (Li 2011). These variant calling steps were executed on the individual Seql and Seq2
BAM files from each sample, as well as the merged BAM file integrating data from both Seql
and Seq2. Calls from the merged data were used as the primary source for dnSNV discovery
(see below), with the Seql and Seq2 call sets offering supportive confirmation of dnSNVs in two

independent libraries.

De novo mutation discovery

dnSNV discovery was performed using the joint SNV call sets generated from merged BAM files
containing reads from both sequencing libraries (Seql and Seq2). The joint VCF file was filtered
using BCFtools (v. 1.16) (Danecek et al. 2021) to retain only autosomal, biallelic SNVs that were
present in a heterozygous state in a single G2 individual and absent from all other individuals in
the pedigree. Following simulation-based recommendations for dnSNV discovery in mice, we
retained only calls supported by both mpileup and DeepVariant and applied regional filters to
remove dnSNVs residing in genomic regions prone to false-positives (Garretson et al. 2025).
Specifically, putative dnSNVs were excluded if they (i) overlapped with any of the following
annotations defined by the RepeatMasker track accessed from the UCSC Genome Browser
(Kent et al. 2002): low complexity regions, rRNA, satellite DNA, scRNA, simple repeats, SnRNA,
srpRNA, and tRNA; (ii) were flanked on one or both sides by an A/T homopolymer run >5 bp;
(i) were located within 35 bp of another SNV; or (iv) overlapped a manually-curated set of
highly copy number variable genes in the mouse genome (Supplemental Table 6). We next
ensured that putative G2 dnSNVs surviving these strict filters were independently supported by

calls in both Seql and Seqg2. This step eliminated <5% of identified dnSNVs, revealing high
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concordance between the two sequenced libraries. The final set of dnSNVs is provided in

Supplemental Table 2.

We employed an identical procedure for dnSNV discovery in the individual Seql and Seq2 data
sets, excluding the requirement that dnSNVs are confirmed by both sequence batches

(Supplemental Tables 3 and 4).

De novo mutation rate estimation and analysis of mutation spectrum

To assess differences in de novo mutation counts between cohorts, we fit a generalized linear
model with the form Count ~ Cohort using the MASS package in R (Venables and Ripley 2002).
dnSNV counts were modeled as a negative binomial random variable with a log link function,
rather than a Poisson random variable, as preliminary exploration of the count data revealed
mild overdispersion (mean = 19.4, variance = 35.1). Nonetheless, our findings are robust to
distributional assumptions (Poisson: IRR = 1.276, 95% CI: 1.078 - 1.510, P = 0.0046; Negative
Binomial: IRR=1.276 (95% CI: 1.045 - 1.558), P = 0.017). The cohort effect was interpreted on
the multiplicative scale as an incident rate ratio (IRR), specifying the natural mating cohort as

the reference.

The per base de novo mutation rate (u) was estimated for each G2 sample using the following

formula:

M

u:(2><(;)’

where M is the number of dnSNVs per G2 sample, and G is the effective haploid genome size in
base pairs. G was calculated as the total length of the 19 mouse autosomes (2.44 Gb) minus

masked regions described above, resulting in an effective genome size of 2.23 Gb.

De novo SNV spectra were obtained for each G2 sample using the TsTv-summary output flag in

VCFtools (v. 0.1.16) (Danecek et al. 2011). dnSNVs were further annotated by their trinucleotide
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context (i.e., the focal dnSNV and its immediate 3’ and 5’ flanking nucleotides) using the R
libraries SomaticSignatures (v. 2.38.2) (Gehring et al. 2015) and VariantAnnotation (v. 1.48.1)
(Obenchain et al. 2014). We used a modified Chi-square test with P-values corrected for non-
independence to test for differences in the fraction of each mutational type between the two
cohorts, following the approach described by Harris and Prichard (2017). We then aggregated
the trinucleotide spectra across our two breeding cohorts to assess relationships with defined
COSMIC single-base mutation signatures (v. 3.4) (Alexandrov et al. 2020) for the mouse
reference genome (mm10) using SigProfilerAssignment in Python (v. 0.2.3) (Diaz-Gay et al.
2023). Because both ART-derived and natural-born cohorts feature individuals not exposed to
environmental toxins or chemotherapeutics, we excluded mutation signatures not relevant to our
unexposed samples (e.g., aristolocholic acid, colibactin, UV damage, tobacco smoking, and

chemotherapy treatment signatures), applying this filter to all samples.

To evaluate the statistical significance of signature contributions between the two cohorts, we
randomly shuffled the cohort labels of dnSNVs in their trinucleotide contexts and re-computed
mutation signatures. We then compared the observed absolute cohort difference in trinucleotide
mutation proportions to a null distribution of 1000 randomly permuted differences. A P-value
was calculated as the probability of observing a difference as large or larger than the observed
difference. All statistical analyses were performed in R (v. 4.2.2) and RStudio (v. 4.2.2) (R Core

Team 2023).

Genomic annotation and epigenomic enrichment of dnSNVs

dnSNVs were annotated using SnpEff (v. 5.0) (Cingolani et al. 2012). The intersect command
within BEDTools (v. 2.28.0) (Quinlan and Hall 2010) was used to determine the numbers of
dnSNVs overlapping various classes of repeat elements annotated in the GRCm39/mm39
reference genome using the RepeatMasker track extracted from UCSC Table Browser (Kent et

al. 2002). Similarly, we interrogated SNP locations over CpG islands by intersecting dnSNVs

22


http://genome.cshlp.org/
http://www.cshlpress.com

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

with the ‘CpG Island’ track from the UCSC Genome Browser. To compare GC content between
cohorts, we calculated GC content within a 201 bp window centered on each dnSNV and

contrasted the resulting cohort-specific distributions.

BEDTools was used to intersect dnSNVs with CTCF binding sites and various histone
modifications assayed by ChlIP-seq in C57BL/6J mouse ESCs under the Mouse ENCODE
Project (Stamatoyannopoulos et al. 2012) and early mouse embryos (Liu et al. 2016). dnSNV
coordinates were first lifted over to mm10 reference genome coordinates to ensure compatibility
with ChlP-seq peak positions reported in ENCODE datasets. Differential enrichment of dnSNVs
between cohorts was assessed by Fisher’s exact tests. Similarly, dnSNVs were intersected with
guantitative estimates of transcript abundance in C57BL/6J mouse ESCs (Stamatoyannopoulos
et al. 2012), specifying a 2.5 kb window upstream of the gene start and downstream of the gene
end. Cohort differences in the mean expression level of genes neighboring dnSNVs and the
proportion of dnSNVs neighboring active versus inactive genes were assessed by a two-tailed
Wilcoxon rank-sum test and a Fisher's exact test, respectively. To evaluate potential cohort
differences in the replication timing of genomic regions where dnSNVs arise, dnSNVs were
intersected with published Repli-seq replication timing estimates on mESCs (Pratto et al. 2021;
Dey et al. 2015). Shifts in the distribution of replication timepoints between ART-derived and

natural-born mice were evaluated by two-tailed Wilcoxon rank-sum tests.

Structural variant calling and de novo structural variant discovery

SV discovery was performed on each cohort using DELLY (v. 0.8.7) (Rausch et al. 2012) and
Manta (v. 1.6.0) (Chen et al. 2016). We used default settings in DELLY to perform per sample
germline SV calling against the GRCm39 reference and subsequently merged calls across all
samples in our pedigree. In parallel, we used Manta to jointly call germline SVs in each of the 28
parent-offspring trios embedded in our pedigree (Figure 1A), followed by merging of these per

trio SV call sets. (Running a joint sample analysis with Manta on larger sample sets caused run
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time challenges and proved to be infeasible with our compute resources). We then intersected
the two final SV call sets from Manta and DELLY using the collapse command in Truvari (v.
4.0.0) (English et al. 2022) with the following parameters: -pctsize 0.75 —pctovl 0.5 —pctseq 0.7 -
s 20 -S 10000000 -k common --chain. We retained only calls that were supported by both
callers and that were unique to a single G2 sample. We focused on deletions and duplications,
excluding complex and copy number neutral SVs due to the inherent limitations of short-read
data. These candidate de novo SVs were then visually inspected for read depth signatures
consistent with duplications and deletion calls using Samplot (v. 1.1.6) (Belyeu et al. 2021b).
Only calls visually supported by expected read depth patterns were retained. This manual filter
resulted in the exclusion of 462 deletions and 108 duplications. De novo SVs were annotated for
predicted functional effects using the Ensembl variation effect predictor (v. 2.0) (McLaren et al.
2016). Cohort-level differences in de novo SV rate were evaluated by fitting a negative binomial

regression, as for dnSNVs.
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FIGURE LEGENDS

Figure 1. dnSNV rates in ART-derived and natural-born mice. (A) A single founder mating pair
(green; GO) produced six G1 breeders that were used to establish two cohorts, one derived by
natural mating (purple) and the other derived through a series of ART procedures (orange).
Each cohort consists of two litters of half-siblings. Circles represent females and squares
represent males. (B) Boxplots showing the median, interquartile range, and full range of dnSNV
rates per bp/generation across G2 samples. (C) Boxplots summarizing sample- and cohort-level
variation in the relative transition and transversion rates and (D) mutational types. In panels B-
D, data points derived from G2 females are depicted as circles and G2 males are represented

by triangles.

Figure 2. Comparison of mutational trinucleotide context and COSMIC single-base signatures
across ART-derived and natural-born G2 samples. (A) Bar plot of the relative contribution of
COSMIC single-base signatures to the proportion of observed dnSNVs in the ART and natural
birth cohorts. Permutation testing indicates no significant differences in signature contributions
between cohorts. (B) Heatmap displaying the ratio of the average proportions of each of the 96
trinucleotide mutational contexts between ART-derived and natural-born samples. White boxes
indicate that the mutational type was absent in both cohorts, and grey hashing indicates that the
mutation type was only present in ART samples and absent in natural-born G2 mice, rendering
ratios as undefined. The asterisk indicates a significant difference in the C[C>A]A trinucleotide

mutation fraction between the two cohorts.

Figure 3. The genomic landscape of dnSNVs in natural-born and ART-derived mice. (A)
Proportion of dnSNVs that reside in genomic regions assigned to various functional annotations.
(B) Proportion of dnSNVs in natural and ART genomes assigned to “Modifier” and “Low”

functional effect predictions. (C) The percentage of dnSNVs overlapping TE repeat classes in
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824  the two breeding cohorts. We find no significant cohort-level differences in dnSNV enrichment in

825 any of these annotation categories.
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