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Abstract

Background: The persistent organochlorine dichlorodiphenyltrichloroethane (DDT) is banned world-wide due to its
negative health effects and persistence in the environment. It is exceptionally used as an insecticide for malaria control.
Exposure occurs in regions where DDT is applied, as well as in the arctic where it’s endocrine disrupting metabolite,
p,p -dichlorodiphenyldichloroethylene (p,p-DDE) accumulates in marine mammals and fish. DDT and p,p-DDE
exposures are linked to birth defects, infertility, cancer, and neurodevelopmental delays. Of particular concern is the
potential of DDT use to impact the health of generations to come. Generational effects of toxicant exposures have
been described in animal models and implicated germline epigenetic factors. Similar generational effects have been
shown in epidemiological studies. Although advances in understanding the molecular mechanisms mediating this
epigenetic inheritance have been made, there remain major knowledge gaps in how this occurs in humans. In animal
and human models, DNA methylation (DNAme) has been implicated in paternal epigenetic effects. In animal models,
histone H3K4 trimethylation (H3K4me3) has been shown to be responsive to the paternal environment and linked with
epigenetic transmission to the embryo. Our objectives were to define the associations between p,p-DDE serum levels
and alterations in the sperm methylome and H3K4me3 enrichment using next generation sequencing. We aimed to
compare regions of epigenomic sensitivity between geographically diverse populations with different routes and levels
of exposures, and to identify interactions between altered DNAme and H3K4me3 regions. The potential for p,p-DDE
to impact the health of the next generation was explored by examining the functions of the genomic regions impacted,

their roles during embryo development, and in health and disease.

Methods: In the Limpopo Province of South Africa, we recruited 247 VhaVenda South African men from 12 villages
that either used indoor residual spraying with DDT for malaria control or not. We selected 49 paired blood and semen
samples, from men that ranged from 18 to 32 years of age (mean 25 years). Sample inclusion was based on normal
sperm counts (> 15 million/ml), normal sperm DNA fragmentation index, and testing a range of p,p-DDE exposure
levels (mean 10,462.228 + 1,792.298 ng/ml). From a total of 193 samples, 47 Greenlandic Inuit blood and semen
paired samples were selected from the biobank of the INUENDO cohort. The subjects ranged from 20 to 44 years of
age (mean 31 years), were born in Greenland, and all had proven fertility. Sample selection was based on obtaining
a range of p,p~DDE exposure levels (mean 870.734 + 134.030 ng/ml). Here we determined the molecular responses
at the level of the sperm epigenome to serum p,p-DDE levels using MethylC-Capture-seq (MCC-seq) and chromatin-
immunoprecipitation followed by sequencing (ChlP-seq). We identified genomic regions with altered DNA methylation

(DNAme) and differential enrichment of histone H3 lysine 4 trimethylation (H3K4me3) in sperm. We used in silico
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analyses to discover regions of differential methylation associated with p,p-DDE levels that were predicted to be

transmitted and persist in the embryo.

Results: Alterations in DNAme and H3K4me3 enrichment followed dose response-like trends, and we identified
overlapping genomic regions with DNAme sensitivities in both populations. Altered DNAme and H3K4me3 in sperm
occurred at transposable elements and regulatory regions involved in fertility, disease, development, and
neurofunction. A subset of regions with altered sperm DNAme and H3K4me3 were predicted to persist in the pre-

implantation embryo and were associated with embryonic gene expression.

Limitations: The samples were collected from remote areas of the world thus sample size is relatively small. The
populations differed in the routes of exposure, timing of collection, mean age (mean of 25 versus 31 years of age in
South African and Greenlandic populations respectively) and in the timing of p,p-DDE measurement. Moreover, the
Greenlandic Inuit men were proven fertile whereas the fertility status of the South African men was unknown.

Confounding factors such as other environmental exposures and selection bias cannot be ruled out.

Conclusions: These findings suggest that in men, DDT and p,p-DDE exposure impacts the sperm epigenome in a

dose-responsive manner and may negatively impact the health of future generations through epigenetic mechanisms.

Introduction

Dichlorodiphenyltrichloroethane (DDT) is a lipophilic organochlorine pollutant that is listed under the Stockholm
Convention, with the objective to eliminate its use to protect human health and the environment. However, its use
persists in Africa and India. Consequently, DDT continues to damage health and accumulates in the environment,
becoming particularly concentrated in the aquatic food chain (Turusov et al., 2002; van den Berg et al., 2017).
Currently, a sanctioned use of DDT is for indoor residual spraying to control malarial disease-vectors Anopheles
gambiae and Anopheles arabiensis (Himeidan et al., 2007; World Health Organization. Global Malaria and World
Health Organization. Malaria, 2006). DDT is a potent endocrine disruptor with DDT isomers exerting different
endocrine disrupting actions: p,p™-dichlorodiphenyldichloroethylene (p,p-DDE) is antiandrogenic whereas p,p-DDT
and o,p-DDT are estrogenic (Bitman et al., 1968; Kelce et al., 1995). The main DDT metabolite, p,p-DDE is associated
with adverse health outcomes, such as low birth weight, neurotoxicity, cancer, poor semen quality, and increased risk
of preterm birth (Aneck-Hahn et al., 2007; Bornman et al., 2010; Bouwman and Kylin, 2009; Cartier et al., 2014;
Eskenazi et al., 2009; Longnecker et al., 2001). Animal models and epidemiological studies indicate that paternal
exposures to organochlorines and DDT, can impact health intergenerationally and potentially transgenerationally
(Skinner et al., 2018; Van Oostdam et al., 2005; Weihe et al., 2016). These generational effects have been attributed
to the epigenome, which refers to the biochemical content associated with DNA that impacts chromatin organization
as well as gene expression and is transmitted via the gametes to alter phenotypes across generations (Lismer et al.,
2021; Lismer et al., 2020; Siklenka et al., 2015). The epigenome includes: 1) DNA methylation (DNAme) occurring at
the 5'-position of cytosine residues within CpG dinucleotides; 2) the modifications on nucleosome proteins, histones,

such as methylation, acetylation, and phosphorylation among others; and 3) small non-coding RNAs. A plausible
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molecular mechanism for paternal epigenetic inheritance is sperm-mediated transmission of regions bearing

environmentally altered DNA and histone methylation.

In mammals, spermatogenesis entails unique testis-specific gene expression programs that are accompanied by
dynamic remodeling of the chromatin (Kimmins and Sassone-Corsi, 2005; Lambrot et al., 2019; Larose et al., 2019;
Maezawa et al., 2018). During this process, the majority of histones are replaced by protamines, with 1% of histones
retained in sperm from mice and 15% in men (Erkek et al., 2013; Hammoud et al., 2009; Kimmins and Sassone-Corsi,
2005). Retained histones are conserved across mammalian species and are found at gene regulatory regions
implicated in spermatogenesis, sperm function, embryo development, metabolism and routine cellular processes
(Brykczynska et al., 2010; Hammoud et al., 2009; Lesch et al., 2016). We have shown in human and mouse sperm
that the gene activating modification, histone H3 lysine 4 trimethylation (H3K4me3) localizes to genes involved in
fertility, metabolism and development (Lambrot et al., 2021; Lismer et al., 2021; Lismer et al., 2020; Pepin et al., 2022).
During spermatogenesis, disrupting the function of histone modifiers genetically or via environmental exposures, as
well as modifying histone residues in the paternal pronucleus of the zygote, provides compelling evidence that sperm-
transmitted histones serve critical functions in embryo development and offspring health (Aoshima et al., 2015; Lesch
et al., 2019; Lismer et al., 2021; Lismer et al., 2020; Pepin et al., 2022; Santenard et al., 2010; Siklenka et al., 2015;
Stringer et al., 2018). A clear indicator that sperm histones are transmitted at fertilization and retained in the embryo
is the localization of sperm-enriched histone variant H3.3 to the paternal pronucleus of the zygote (Aoshima et al.,
2015; Ishiuchi et al., 2021; Santenard et al., 2010). Whether histones in sperm from men, specifically histone
H3K8me3, are similarly transmitted to alter embryonic gene expression is unknown. In support of this possibility,
H3K4me3 peaks in human sperm occur at genes that are expressed in the pre-implantation embryo (Lambrot et al.,
2021).

Human sperm DNA is highly methylated (Molaro et al., 2011) and disruption of methyl signatures is related to infertility
and abnormal offspring development (Bestor, 1998; Bourc'his and Bestor, 2004; Okano et al., 1999). Promoters with
high CpG content are enriched for nucleosomes and predominantly hypomethylated in sperm (Erkek et al., 2013;
Hammoud et al., 2009). Although sperm epigenetic modifications that respond to environmental exposures are most
frequently studied alone, there are likely interdependent interactions between DNA methylation and chromatin in
sperm. For example, there is cooperativity between chromatin and DNA methylation machinery; DNMT3L acts via the
amino terminus of H3K4me to recruit the de novo DNA methyltransferase. When H3K4 is methylated, this interaction
with DNMTS3L is abrogated and DNA methylation is blocked (Ooi et al., 2007). Whole-genome bisulfite sequencing
and H3K4me3 ChlP-seq of human sperm revealed that over 24,000 H3K4me3 peaks coincided regions of intermediate
(between 20 and 80%) and high (over 80%) DNA methylation (Lambrot et al., 2021). These overlapping regions
occurred at genes implicated in fertility and development (Lambrot et al., 2021). How sperm DNAme and chromatin
respond in concert to environmental exposures including endocrine disrupting chemicals (EDCs) remains
underexplored. It is also unknown whether common H3K4me3 and DNAme regions are sensitive to DDT and p,p*-

DDE, and could be transmitted and retained in the embryo.
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The use of animal models in combination with advances in epigenomic techniques have directly implicated errors in
the establishment and maintenance of the germline epigenome to birth defects, neurodevelopmental disorders, and
common diseases such as diabetes and cancer (Harutyunyan et al., 2019; Lismer et al., 2021; Lismer et al., 2020;
Michealraj et al., 2020; Pepin et al., 2021; Siklenka et al., 2015). In mice, sperm DNAme and histone modifications
can be altered by environmental exposure to toxicants such as those found in insecticides and plastics, but also by
obesity and nutrient restriction (Donkin et al., 2016; Lambrot et al., 2013; Lismer et al., 2021; Maurice et al., 2021;
Radford et al., 2014). These epigenetic errors in sperm can subsequently be transmitted to the embryo to alter
embryonic gene expression, development, and offspring health (Lismer et al., 2021; Radford et al., 2014). In rodents,
exposure to organochlorines including DDT, has been linked with altered DNAme in sperm and associated with poor
reproductive outcomes, and offspring metabolic disease (Herst et al., 2019; King et al., 2019; Lessard et al., 2019). In
a prior study using the same Greenlandic Inuit population than here, p,p-DDE exposures were examined in relation
to sperm DNA methylation by targeted pyrosequencing at Sata. tandem repeat sequences, and at LINE-1 and Alu
transposable elements. Global DNA methylation levels were also measured by flow cytometric fluorescence. Using
these approaches, the results were inconclusive as to whether sperm DNAme is altered by p,p-DDE exposures
(Consales et al., 2016). Therefore, whether the sperm epigenome of men is impacted by DDT and p,p*-DDE exposures

and could be associated with paternal epigenetic transmission remains unresolved.

Given the improvement in epigenome-wide sequencing approaches for epigenome-wide association studies, we
revisited the response of the sperm methylome to DDT and p,p’-DDE. In this study we aimed to identify alterations in
sperm DNAme and histone H3K4me3 associated with levels of the persistent DDT metabolite measured in blood and
how these epigenetic alterations could be implicated in epigenetic inheritance. We studied two geographically diverse
exposed populations, Greenlandic Inuit and South African VhaVenda men. To quantitatively identify regions that were
altered in DNAme and histone methylation of exposed men, we used a sperm customized methyl-capture approach
followed by sequencing (MCC-seq; Greenlandic and South African populations), and chromatin immunoprecipitation
targeting histone H3K4me3 followed by sequencing (ChIP-seq; South African population exclusively). We then
performed differential and functional analyses to define altered DNAme and H3K4me3 regions associated with high
levels of p,p-DDE exposure. In silico analyses were used to further explore the possibility that these epigenetic
alterations in sperm could be transmitted to the embryo at fertilization, impact embryonic gene expression, and persist

throughout embryonic development.

Materials and Methods

Ethical statements

For the Greenlandic Inuit cohort of the INUENDO biobank, the Scientific Ethics Committee for Greenland approved
the research protocol (project reference number 2014-25/26). For the South African VhaVenda cohort, the research
protocol was approved by the Scientific Ethics Committee of the Faculty of Health Sciences, University of Pretoria and
the Limpopo Provincial Government’s Department of Health approved the research protocol (project reference number

43/2003), by Health Canada and Public Health Agency of Canada’s Research Ethics Board’s (project reference
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number REB 2019-0006) and the Ethics Committee for the Faculty of Medicine and Health Sciences, McGill University
(project reference number A09-M57-15B).

Greenlandic Inuit population blood and semen collection

Indigenous Arctic inhabitants consume a traditional marine mammal diet consisting of whale, walrus and seal, and are
at a high risk of exposure to p,p~DDE through its bioaccumulation in the marine food chains (Brown et al., 2018; Muir
et al., 1992). Greenlandic Inuit blood and semen paired samples were selected from the biobank of the INUENDO
cohort (Spand et al., 2005) The subjects ranged from 20 to 44 years of age (mean age of 31 years), were born in
Greenland and all had proven fertility with confirmation of a pregnant partner. Sample selection was based on obtaining
arange in p,p-DDE exposure levels (mean 870.734 + 134.030 ng/ml, Fig. S1 and Table S1A) (n = 47 from 193 total
for MCC-seq). Full details on recruitment and the cohort have been previously described (Spand et al., 2005). Data
was available on smoking, DNA fragmentation index and Body Mass Index (BMI) (see aggregate data Table S1A).
Note for adherence with General Data Protection Regulations (GDPR) individual data cannot be published. Semen
samples from participants who gave informed consent were collected between May 2002 and February 2004 by
masturbation in private room. The men were asked to abstain from sexual activities for over 2 days before collecting
the sample. Immediately after collection, semen samples were kept close to the body to maintain a 37°C temperature
when transported to the laboratory. Two cryotubes with 0.2 ml aliquots of undiluted raw semen collected 30 min after
liquefaction, were prepared from each semen sample, and long-term storage was at —80°C freezer. Venous blood
samples were collected up to 1 year in advance of the semen collection. The blood samples were centrifuged
immediately after collection and sera were stored in a —80°C freezer for later analysis. Samples were analyzed at the
department of Occupational and Environmental Medicine in Lund, Sweden as previously described (Jonsson et al.,
2005; Richthoff et al., 2003) (Table S1A). Briefly, the sera were transported on dry ice to the Department of
Occupational and Environmental Medicine in Lund, Sweden, where all the analyses of p,p-DDE were performed (see
aggregate data Table S1A). The p,p-DDE was extracted by solid phase extraction using on-column degradation of
the lipids and analysis by gas chromatography mass spectrometry as previously described (Rignell-Hydbom et al.,
2004). The relative standard deviations, calculated from samples analyzed in duplicate at different days, were 1% at
1 ng/mL (n = 1,058), 8% at 3 ng/mL (n = 1,058) and 7% at 8 ng/mL (n = 1,058) and the detection limit was 0.1 ng/mL
for p,p-DDE.

South African population blood and semen collection

The Vhembe district is a malaria endemic area where housing includes mud, or brick or cement dwellings that are
sprayed with DDT, or not to control for malaria. Participants volunteered from 12 villages from the Vhembe district of
the Limpopo province of South Africa that were either sprayed (n = 32) or not non-sprayed (n = 17), This prospective
study was conducted in the same manner as our prior studies and full details on recruitment methods and the
questionnaire have been previously described (De Jager et al., 2009). Sample collection occurred in October 2016,
February 2017, and November 2017. Men were excluded from the study if they were less than 18 or more than 40
years of age, appeared intoxicated, or had a neuropsychiatric illness. Physical measurements included height and

weight. All participants provided informed consent and were interviewed using a questionnaire on their use of
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insecticides, diet, smoking, drinking, and drug use (see aggregate data Table S1B). Fertility status was not queried.
Based on a cross-section of 247 men, we selected 49 paired blood and semen samples, from men that ranged from
18 to 32 years of age (mean 25 years). Sample inclusion was based on normal sperm counts (> 15 million/ml), normal
sperm DNA fragmentation index, and testing a range of p,p-DDE exposure levels (mean 10,462.228 + 1,792.298
ng/ml, Fig. S1 and Table S1B). Note for adherence with General Data Protection Regulations (GDPR) individual data
cannot be published. The semen was preserved in Sperm Freeze (LifeGlobal) and stored in liquid nitrogen for
transport, followed by long-term storage in a —-80°C freezer. Semen analysis was performed according to the World
Health Organization standard (Organisation, 1999) and the DNA fragmentation index was determined (Table S1B).
Serum lipid measurements and analysis for p,p-DDE, was performed by solid phase extraction using on-column
degradation of the lipids and analysis by gas chromatography mass spectrometry at the Institut National de Santé
Publique du Québec (INSPQ), Le Centre de Toxicologie du Québec, Canada (Table S1B). The detection limit was
200 ng/mL p,p-DDE.

DNA isolation for MethylC-Capture-seq (MCC-seq) on Greenlandic Inuit and South African sperm
Approximatively 10 million spermatozoa were lysed overnight at 37°C in a buffer containing a final concentration of
150 mM Tris, 10 mM ethylenediaminetetraacetic acid, 40 mM dithiothreitol, 2 mg/mL proteinase K, and 0.1% sarkosyl
detergent. DNA was then extracted using the QIAamp DNA Mini kit (Qiagen) according to the manufacturer’s
protocols. MCC-seq was performed as previously described (Chan et al., 2019), which involves an initial preparation
of Whole Genome Bisulfite Sequencing (WGBS) libraries followed by targeted capturing of our regions of interest.
Briefly, 1 — 2jug of DNA was sonicated (Covaris) and fragments of 300 — 400 bp were controlled on a Bioanalyzer DNA
1000 Chip (Agilent). Following this, the KAPA Biosystems’ protocols were used for DNA end repair, 3’-end adenylation,
adaptor ligation, and clean-up steps. Using the Epitect Fast bisulfilte kit (Qiagen), samples were bisulfite converted
according to manufacturer’s protocol, followed by quantification with OliGreen (Life Technology). PCR amplification
with 9 — 12 cycles using the KAPA HiFi HotStart Uracil + DNA Polymerase (Roche/KAPA Biosystems) was performed
according to suggested protocols. The final WGBS libraries were purified using Agencourt XP AMPure beads
(Beckman Coulter), validated on Bioanalyzer High Sensitivity DNA Chips (Agilent), and quantified using PicoGreen
(ThermoFisher). Following WGBS library preparations of all samples, regions of interest were captured using the
SeqCap Epi Enrichment System protocol developed by RocheNimbleGen. Equal amounts of multiplexed libraries (84
ng of each; 12 samples per capture) were combined to obtain 1 pug of total input library and was hybridized at 47°C
for 72h to the capture panel, specifically the human sperm capture panel recently developed by our group (Chan et
al., 2019). This was followed by washing, recovery, PCR amplification of the captured libraries and final purification,
according to manufacturer’s recommendations. Quality, concentration, and size distribution of the final captured
libraries were determined using Bioanalyzer High Sensitivity DNA Chips (Agilent). The capture libraries were
sequenced with a 200-cycle S2 kit (100 base paired-end sequencing) on the NovaSeq 6000 following the NovaSeq
XP workflow (Table S2A,B).

MCC-seq and data pre-processing
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Targeted sperm panel MCC-Seq HiSeq reads were processed using the Genpipes pipeline (Bourgey et al., 2019).
Specifically, the MCC-Seq paired-end fastq reads were first trimmed for quality (phred33 >= 30), length (n > 50bp),
and removal of lllumina adapters using Trimmomatic (version 0.36) (Bolger et al., 2014). The trimmed reads were then
aligned to the bisulfite-converted hg19 / GRCh37 reference genome with Bismark (version 0.18.1) (Krueger and
Andrews, 2011) and Bowtie 2 (version 318 2.3.1) (Langmead and Salzberg, 2012) in paired-end mode using the non-
directional protocol setting and the other default parameters. Bam files were merged and then de-duplicated with
Picard (version 2.9.0). Methylation calls were obtained using Bismark to record counts of methylated and unmethylated
cytosines at each cytosine position in the human genome. A methylation level of each CpG was calculated by the
number of methylated reads over the total number of sequenced reads. CpGs that overlapped with SNPs (dbSNP
137) and the DAC Blacklisted Regions or Duke Excluded Regions (generated by the Encyclopedia of DNA elements
- ENCODE project) (Amemiya et al., 2019) were removed. CpG sites with less than 20X read coverage were also
discarded. Sperm sample purity (absence of somatic cell contamination) was assessed by examination of sequencing

data for imprinted loci.

Single nucleotide polymorphism and genotype analysis

BiSNP (version 0.82.2) (Liu et al., 2012) was run on the deduplicated bam files to call variants (including homozygous
alternate and heterozygous genotypes). A set of unique variants called from all individuals were used as the potential
SNP set. The homozygous reference genotypes of individuals on these SNPs were extracted from the aligned bam
files by requiring >= 10X read coverage aligned to the reference allele. SNPs with genotypes inferred from all
individuals were kept for downstream analysis. Principal component analysis on genotype profiles were used to
investigate the genetic background distribution of samples used in this study. Chromosome 1 genotype data from
1,000 genomes (Imputed hapmap V3) were used as the reference genotype profile (the human population genetic

background) to compare with that of South-African and Greenlandic cohorts.

Differentially methylated CpGs (DMCs) and regions (DMRs) identification

Generalized linear regression models (GLMs) were built using the methylation proportion inferred from the combination
of methylated reads and unmethylated reads as a binomially distributed response variable to look for associations
between DNAme in sperm and p.p-DDE exposure. Continuous and binarized p.p-DDE effects were both explored
and both models were adjusted for BMI, smoking status and age. For some CpGs, the number of individuals with
sufficient sequencing coverage (>= 20X) was low (e.g. < 30 samples); these CpGs were removed from our analyses,
to minimize the impact of low measurement accuracy. Non-variable CpGs (standard deviation = 0) were also removed
to reduce the multiple testing burden. The R function gim() and the binomial family were used to fit each model, and
p-values for variables of interest were obtained accordingly. The obtained p-values were then corrected by estimating
the false discovery rate g-values using the qvalue R package. We defined significant associated DMCs when g-values
were less than 0.01. Furthermore, consecutive DMCs that spanned 500 bp apart with methylation changes in the

same direction were merged to define differentially methylated regions.

MCC-seq hotspot cluster analysis
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“Hotspot” or cluster analysis was performed by calculating the ratio of DMCs with DNAme gain or loss over the total
number of CpGs found within 1 Mb sliding windows over the genome; densities >10% (termed clusters) were extracted
for further analysis. To investigate genetic effects on DNAme of CpGs within the clusters, methylation quantitative trait
locus (meQTLs) analyses were performed. The genotype profiles of SNPs within all the candidate clusters as well as
all the DMCs were extracted. By considering possible SNP cis-effects within 250 kb of a CpG (i.e., a 500-kb window),
meQTLs were calculated using MatrixEQTL (R package) with default parameters (Shabalin, 2012). The reported p-

values were corrected using Benjamini-Hochberg false discovery rate (FDR) (Benjamini and Hochberg, 1995).

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) on South African sperm

Tubes containing South African sperm were thawed at room temperature and pelleted to remove freezing medium
supernatant. Pellet was dissolved in 1 mL Ferticult Flushing medium. Samples were centrifuged, supernatant was
removed, and an additional 500 pL of Ferticult Flushing medium was added to the sperm pellet. The sperm were
incubated at room temperature for 45 minutes to allow for a swim-up. Fractions containing motile sperm were retrieved
for downstream ChIP. ChIP on human sperm was performed as previously described (Hisano et al., 2013; Lambrot et
al., 2021) with slight modifications. Sperm sample purity (absence of somatic cell contamination) was assessed
visually in a hemocytometer counting chamber. Briefly, per sample, 12 million spermatozoa were resuspended in 300
mL of buffer 1 (15 mM Tris-HCI, 60 mM KCI, 5 mM MgCI2 and 0.1 mM EGTA) containing 0.3 M sucrose and 10 mM
DTT. The samples were then each split into 6 tubes (2 million spermatozoa cells / tube) and 50 mL of buffer 1 was
supplemented with 0.5% NP-40 and 1% sodium deoxycholate and added to each tube. After a 30-minute incubation
on ice, 100 mL of MNase buffer (85 mM Tris-HCI, pH 7.5, 3 mM MgClI2 and 2 mM CaCl2) containing 0.3 M of sucrose
and MNase (30 units of MNase for every 2 million sperm, Roche Nuclease S7) was added to each tube. The tubes
were immediately placed at 37°C in a thermomixer for exactly 5 minutes. The MNase treatment was stopped by adding
2 mL of 0.5 M EDTA and placing the tubes on ice for 10 to 20 minutes. The tubes were then centrifuged at 17,000 x
g for 10 minutes at room temperature to separate the debris and protamines (pellet) from the sheared chromatin
(supernatant). Supernatants from the same sample were pooled into a 1.5 mL tube and 1X protease inhibitor (Roche)
was added to the chromatin. The immunoprecipitation for H3K4me3 (Cell Signaling Technology) was carried out
overnight at 4°C using Protein A Dynabeads (ThermoFisher Scientific). The mononucleosomal fraction (147 bp) was
size selected using Agencourt XP AMPure beads (Beckman Coulter). Libraries were prepared using the Qiagen
Ultralow Input Library Kit (Qiagen, #180495) as per manufacturer’s recommendations and samples were sequenced

using paired-end 100 base pair reads with the NovaSeq 6000 platform (n = 49, Table S5A).

ChiP-seq data pre-processing

Raw reads were trimmed with the TrimGalore wrapper script around the sequence-grooming tool cutadapt with the
following quality trimming and filtering parameters (--length 50 -q 5 --stringency 1 -e 0.17) (Krueger, 2015). The trimmed
reads were mapped onto the hg19/GRCh37 reference genome downloaded from UCSC genome browser using
bowtie2 as previously described (Lambrot et al., 2021; Langmead and Salzberg, 2012). We excluded reads that
exhibited more than 3 mismatches. SAMtools was then used to convert SAM files and index BAM files. BigWig

coverage tracks and binding heatmaps were generated from the aligned reads using deepTools2. The coverage was
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calculated as the number of reads extended to 150bp fragment size per 25 bp bin and normalized using Reads Per

Kilobase per Million mapped reads (RPKM) not located on the X chromosome.

H3K4me3 differential enrichment analysis

We previously identified H3K4me3 enrichment location in sperm using a high-quality reference human dataset
(Lambrot et al., 2021). The exceptionally high sequencing depth of this dataset allowed us to obtain a robust and high-
resolution map of H3K4me3 peaks in sperm (n = 50,117 peaks). We computed the sum of read counts under peaks,
confirmed the robustness of the signals in the present dataset and excluded peaks with low counts (< 5 reads) in this
study (n = 48,499 H3K4me3 peaks; Fig. S4A,B). Differential binding analysis was conducted to identify regions
exhibiting different levels of H3k4me3 binding in sperm of individuals with the highest level of DDT exposure (third
tertile, ter3; DDT > 14,102 ng / mL) compared to individuals with the lowest level exposure (first tertile, ter1; DDT <
1,132 ng / mL). To do so we used the edgeR Bioconductor/R package using the negative binomial distribution and
shrinkage estimates of the dispersions to model read counts. Regions with FDR (Benjamini and Hochberg, 1995)

below 0.2 were defined as significantly differentially enriched regions (deH3K4me3) between the two exposure groups.

Dose-response analyses

For MCC-seq datasets, dose-response relationships were assessed via linear regressions conducted between the
average percent DNAme at DNAme gain or loss DMCs relative to log10 serum p,p’-DDE concentration in Greenlandic
and South African populations, respectively (Fig. 1C). For ChlP-seq datasets, dose-response analyses were assessed
via Kolmogorov-Smirnov tests to compare the empirical cumulative distribution functions for regions with H3K4me3
gain or loss in sperm of South African men exposed to increasing categorical levels of p,p-DDE, namely ter1, ter2
and ter3 (Fig. 3F,G).

Transposable element and putative fetal enhancer annotations
For the transposable element analysis, hg19 RepeatMasker library was downloaded from
http://www.repeatmasker.org/species/hg.html (hg19 - Feb 2009 - RepeatMasker open-4.0.5 - Repeat Library

20140131) and genomic ranges for classes of transposable and other repetitive DNA elements were catalogued.
Genomic ranges for putative tissue specific fetal enhancers were retrieved from the Enhancer Atlas 2.0

(http://www.enhanceratlas.org) (Gao and Qian, 2020).

Classification of transposable elements by % divergence score to infer transposable element age

hg19 RepeatMasker library includes divergence scores for each transposable element. For DNAme analysis, LTR-
ERV1 (enriched at DMRs gaining and losing DNAme in Greenland and South African sperm) transposable elements
described in the RepeatMasker library were sorted into percent divergence quantiles (Fig. S3G). For H3K4me3
analysis, LINE-1, LTR-ERV1-MaLR (enriched at H3K4me3 gaining regions in South African sperm), LINE-2, SINE-
MIR, and SINE-Alu (enriched at H3K4me3 losing regions in South African sperm) transposable elements described in

the RepeatMasker library were similarly sorted into percent divergence quantiles (Fig. S4G — K). Transposable
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elements belonging to the 1st quarter were characterized as young, 2nd quarter as mid-young, 3rd quarter as mid-

old, and 4th quarter as old (Lanciano and Cristofari, 2020).

Enrichment and gene ontology analyses on DMRs and deH3K4me3 peaks

The significance of functional gene ontology (GO) enrichment was estimated using a weighted fisher test (“weight01”
algorithm) as implemented in the R/Bioconductor topGO package (Alexa et al., 2006). Significant overlaps of DMRs
or deH3K4me3 with specific genomic location (including genic annotation, overlapping specific families of
transposable elements or putative enhancers) were calculated using a permutation test framework implemented in the
R/Bioconductor regioneR package (Gel et al., 2016). Random regions (of the same size than the tested regions) were
resampled from the background list of MCC-seq regions or H3K4me3 peaks. In Fig. 5D — F, we asked whether regions
that bear both changes in DNAme and H3K4me3 overlapped specific genomic location compared to regions that bear
changes in only DNAme or H3K4meg3. In that case, random regions were resampled from the list of DMR or

deH3K4me3, respectively.

Identification of DNAme sperm-to-embryo persistent regions

RRBS pre-implantation embryo datasets were retrieved from Guo et al., 2014 (GSE49828). Sperm DNAme CpGs
were classified into low (< 20% DNAme), dynamic (between 20 - 80% DNAme), or high (> 80% DNAme) DNAme
levels and compared to pre-implantation embryo CpG DNAme levels. DNAme sperm-to-zygote persistent CpGs
retained the same levels of DNAme from sperm to the zygote whereas DNAme sperm-to-ICM persistent CpGs retained
the same levels of DNAme from sperm to the ICM. Low, dynamic, or high DNAme persistent CpGs that spanned 500
bp apart were then merged to generate DNAme sperm-to-zygote and sperm-to-ICM persistent regions. We identified
18,562 low, 2,132 dynamic and 5,745 high DNAme sperm-to-zygote persistent regions, and 14,235 low, 488 dynamic
and 694 high DNAme sperm-to-ICM persistent regions. Significant overlaps od DNAme sperm-to-embryo persistent
regions with specific genomic location (including genic annotation, overlapping specific families of transposable
elements or putative enhancers) were calculated using a permutation test framework implemented in the
R/Bioconductor regioneR package. Random regions (of the same size than the tested regions) were resampled from

the background list of MCC-seq regions overlapping RRBS regions profiled in Guo et al., 2014.

Pre-implantation embryo H3K4me3 dataset pre-processing

H3K4me3 ChlP-seq pre-implantation embryo raw reads were retrieved from Xia et al., 2019 (GSE124718). Reads
were trimmed using Trimmomatic in paired-end mode (version 0.38) (Bolger et al., 2014). The trimmed reads were
mapped onto the hg19/GRCh37 reference genome downloaded from UCSC genome browser using bowtie2 as
previously described (Lambrot et al., 2021).

Association between promoter sperm, embryo H3K4me3 counts, and embryo gene expression

To identify promoters that were enriched for sperm, 4-cell, 8-cell, and ICM H3K4me3, we plotted the density distribution
of the log2 (mean counts + 8) and identified the cutoff value between lowly and highly abundant signal based on the
local minimum of the bimodal distribution (Fig. S6D — G). Of note, 4-cell embryo H3K4me3 density distribution did not
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follow a bimodal trend therefore the cutoff value between low and high abundant signal was determined by visually
assessing the distribution of counts against its density (Fig. S6E). In each embryo stage, genes with an RPKM > 1

were considered expressed.

Pre-implantation embryo H3K4me3 enrichment

Regions enriched for H3K4me3 in 4-cell embryos, 8-cell embryos, and ICM, were identified using the R/Bioconductor
package csaw (Lun and Smyth, 2016). Reads with mapping quality score above 20 were counted in 150 bp sliding
windows for each library across the genome after exclusion of blacklisted regions (Amemiya et al., 2019). To estimate
global background signal, reads were counted in 2,000 bp contiguous bins for each library across the genome. We
then identified regions enriched for H3K4me3 by filtering windows with background (non-specific) enrichment, and by
merging contiguous 150 bp windows that were remaining. All parameters were optimized independently for each stage
of pre-implantation embryogenesis after visual assessment of tracks using Integrative Genome Viewer (IGV).
Windows with a log2 fold change over 7 (for H3K4me3 4-cell embryo data), over 18 (for H3K4me3 8-cell embryo data),
or over 6 (for H3K4me3 ICM data) were merged. Maximum peak size was set at 20,000 bp for all embryo stages. This
yielded 42,630, 25,457, and 18,284 H3K4me3 peaks in 4-cell embryos, 8-cell embryos, and ICM respectively.

Identification of H3K4me3 sperm-to-embryo persistent peaks

To identify persistent sperm-to-4-cell H3K4me3 peaks, we overlapped sperm H3K4me3 peaks to 4-cell H3K4me3
peaks. To identify persistent sperm-to-ICM H3K4me3 peaks, we first overlapped persistent sperm-to-4-cell H3K4me3
peaks to 8-cell H3K4me3 peaks to generate persistent sperm-to-8-cell H3K4me3 peaks. Then, we overlapped
persistent sperm-to-8-cell H3K4me3 peaks to ICM H3K4me3 peaks which yielded sperm-to-ICM H3K4me3 peaks.

Results

p,p’-DDE exposure and genetic diversity in Greenlandic Inuit and South African VhaVenda Men

Sperm samples from men of two geographically distinct populations exposed to DDT or its metabolite p,p-DDE were
used for this study to investigate the association between exposure and DNAme and / or histone methylation in sperm
(see Methods for participant details). To study the consequences of p,p-DDE bioaccumulation in Northern populations
on sperm DNAme and H3K4me3, we used 47 paired serum and semen samples from Greenlandic Inuit men of the
INUENDO cohort (Fig. S1A and Table S1A) (Bonde et al., 2008; Spano et al., 2005; Toft et al., 2005). The men ranged
from 20 to 44 years of age with a mean age of 31 years, and had serum levels of the DDT metabolite, p,p-DDE,
between 39.4 to 5,000 ng/g lipid (Fig. S1A and Table S1A).

To investigate the relationship between direct exposure to DDT through indoor spraying and the sperm epigenome,
we used 49 semen samples from a cohort of men who were recruited from 12 villages in the Thulamela Local
Municipality, in the Vhembe District Municipality of Limpopo Province, that were either sprayed or not (Fig. S1B, Table
S1B). The men were between 18 to 32 years of age with a mean age of 25 years. Body burdens of p,p-DDE ranged
from 33 to 58,544 ng/g of lipids with a mean of 32,000 ng/g of lipids (Fig. S1B and Table S1B). Sample selection was

based on sperm quality requirements for ChIP-seq (normal DNA fragmentation index and sperm count > 10 million).
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In comparison to the Greenlandic Inuit men, the South African VhaVenda men had on average 12 times higher serum
p,p-DDE levels (Table S1).

To exclude genetic variation as a potential source of epigenetic variation, we assessed the genetic diversity of the
Greenlandic and South African populations (see Methods). Principal component analysis (PCA) on genotype profiles
of Greenlandic Inuit and South African VhaVenda cohorts compared to human reference populations, showed unique
population ancestries for both cohorts while demonstrating the population homogeneity within each cohort (Fig. S1C).
Consequently, the results indicate that the likelihood of ethnic subgroups being the source of observed epigenetic

variation is low.

Serum p,p’-DDE levels in Greenlandic and South African men are associated with dose-response alterations
in sperm CpG methylation

Sperm DNA methylation was assessed using MCC-seq, targeting a select set of regions and providing sequencing-
based information on millions of CpG sites. Specifically, we used the human 5-methylcytosine-capture sequencing
sperm capture panel recently developed by our group (Chan et al., 2019). This panel interrogates approximatively
3.18 million CpGs in the genome, including the > 850,000 sites present on the Infinium MethylationEPIC BeadChip,
an array-based technique targeting commonly assessed gene promoter / CpG island regions and enhancers, and
widely used in DNA methylation analyses. In addition, the human sperm capture panel targets approximately one
million dynamic CpGs, that are environmentally sensitive sequences which demonstrate higher variability and possess
intermediate levels of methylation (between 20 — 80%) in human sperm. The quantitative association between sperm
DNAme and serum p,p-DDE was assessed using a generalized linear regression model adjusted for potential
confounders (smoking, age, and body mass index; Table S1A,B and S2A,B). We applied a continuous analysis to
identify differentially methylated cytosines (DMCs) with DNAme gain or loss, and identified 24,177 differentially
methylated CpGs in Greenlandic sperm and 34,698 DMCs in South African sperm (Fig. 1A; Table S2C,D). In both
populations, over 75% of DMCs were found at dynamic CpGs (methylation levels between 20 and 80%; Fig. 1A).
DMCs with a DNAme gain were more abundant than DMCs with a DNAme loss in Greenlandic and South African
sperm (19,591 and 23,758 DMCs with a DNAme gain and 4,586 and 10,940 DMCs with a DNAme loss respectively;
Fisher test p < 0.0001; Fig. 1A). Interestingly, 3,472 DMCs overlapped between both populations (Fisher test p <
0.0001) with 62% of the overlapping DMCs gaining DNAme (= 2,180 DMCs; Fisher test p < 0.0001; Fig. 1B). Previous
studies have shown that DNAme across various cell types exhibit a dose-response to toxicants such as arsenic and
cigarettes (Niedzwiecki Megan et al., 2013; Zhang et al., 2016). To determine whether DNAme in sperm was dose-
responsive to p,p-DDE, we investigated the linear relationship between p,p-DDE from men’s serum and average
changes in DMCs from their paired sperm samples (Fig. 1C). Percent DNAme level at DMCs in Greenlandic or South
African sperm, and serum p,p-DDE values, showed a linear dose-response trend (Fig. 1C; r = 0.6454 for Greenland
DNAme gain DMCs, -0.7087 for Greenland DNAme loss DMCs, 0.6384 for South Africa DNAme gain DMCs, -0.4545

for South Africa DNAme loss DMCs, and p < 0.0001) across all categories.
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An example of dose response difference in DNAme is shown for a gene of interest, adenosine deaminase, RNA-
Specific, B2 (ADARB2) (Fig. 1D). ADARB2 is important for the regulation of RNA editing (Nishikura, 2010) and its
perturbed function has been implicated in childhood cancer and neurological diseases (Akbarian et al., 1995; Paz et
al., 2007). A total of 162 and 160 DMCs were identified throughout the ADARB2 locus in the Greenlandic and South
African sperm respectively, of which 32 DMCs were common between both populations (Fig. 1D). The DMCs at the
ADARB?2 locus were predominantly at dynamic CpGs and displayed intermediate levels of DNAme (129 and 132
dynamic DMCs in the Greenlandic and South African samples respectively) (Fig. 1D). We categorized samples based
on low or high p,p-DDE exposure levels (Greenland: low < 350 ng/g, n = 17 and high > 900 ng/g, n = 18; South Africa:
low < 1,200 ng/g, n = 19 and high > 14,000 ng/g, n = 17). Subjects with high p,p-DDE exposure had higher levels of
sperm DNAme than those with low exposure across the ADARB2 locus (t-test, p < 0.05; Fig. 1D).

As we previously reported for age-related alterations in sperm DNAme, DMCs can be found densely clustered in some
areas of the genome, suggesting the possibility of genomic “hotspots” for environmental exposures (Cao et al., 2020).
We identified several chromosomal regions of high DMC density (over 10%; termed clusters), in the sperm of both
populations that were not confounded by genetic variations (Fig. 1E; Table S2E,F). A total of 21 clusters of differential
methylation were identified in the Greenlandic sperm (20 with DNAme gain, 1 with DNAme loss; Table S2E), and 26
in the South African sperm (14 with DNAme gain, 12 with DNAme loss; Table S2F). Two DNAme gain and 1 DNAme
loss clusters were common between both cohorts. In the South African population, a cluster containing 443 DMCs
overlapped to the imprinting control SNRPN region, which is implicated Prader Willi and Angelman syndromes (Reed
and Leff, 1994) (Table S2F). Many DMCs were also annotated to the SNORD family of genes, which have been shown
to have altered DNAme in sperm samples from the Early Autism Risk Longitudinal Investigation cohort (Feinberg et
al., 2015) (Table S2E,F).

Differentially methylated regions in Greenlandic and South African sperm are implicated in development and
nervous system function

To gain functional insight into how p,p-DDE associated alterations in sperm DNAme may impact sperm function and
embryo development, differentially methylated regions (DMRs) were identified and their relationship to genome
function and embryo development was explored. A DMR was defined as a region with two or more DMCs with a
consistent DNAme gain or loss and spanning a maximum of 500 bp apart (DMRs; Fig. 2A; Table S2G,H). This merging
of DMCs yielded 6,787 DMRs in Greenlandic sperm and 12,849 DMRs in South African sperm (Fig. 2A; Table S2G,H).
Overall, 1,187 DMRs in Greenland sperm overlapped DMRs in South African sperm and 1,189 DMRs in South African
sperm overlapped DMRs in Greenlandic sperm (Fig. 2B). In line with the DMC analysis, DMRs with increased DNAme
were more abundant than DMRs with decreased DNAme in both populations (4,928 DNAme gain DMR in Greenlandic
sperm and 8,259 DNAme gain DMR in South African sperm; Fig. 2C). DMRs were predominantly enriched at > 10 kb
from a transcriptional start site (TSS) in intergenic space for both populations (Fisher test p < 0.0001; Fig. 2D and Fig.
S2A). Gene ontology analysis on genes that overlapped a sperm DMR revealed common significant pathways in both
populations, highlighting the consistency of p,p-DDE-associated effects on the sperm epigenome across different

populations. Common significant pathways were involved in the development and function of the nervous system such
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as axon guidance, regulation of synapse assembly and neurogenesis (Fig. 2E — H; Table S3A — D). These pathways
included genes DVL1, ROBOT1 and TRIO. Notably, all are implicated in neurodevelopmental disorders such as autism
and dyslexia which have been reported as adverse outcomes from developmental exposures to endocrine disrupting
chemicals (EDC) (Cheroni et al., 2020; World Health et al., 2013). Developmental processes were also identified and
impacted common genes in both populations such as PARD3 (neural tube defects), MYLK (aorta development) and
HOXB2 (skeletal patterning) (Fig. 2E — H; Table S3A — D).

Predicted sperm-to-embryo persistent DNAme regions include DMRs associated with p,p’-DDE exposure

We then aimed to investigate whether exposure to p,p-DDE was associated with sperm DMRs that are predicted to
persist in the embryo and could therefore potentially be implicated in epigenetic inheritance. To do so, we performed
a stepwise analysis initially focused on identifying sperm transmitted DNAme that potentially escapes reprogramming.
First, we identified CpGs that retained the same level of DNAme from sperm to the zygote and from sperm to the inner
cell mass (ICM) of the blastocyst using our data and an existing data set (Guo et al., 2014). CpGs that retained sperm-
specific DNAme patterns in the embryo may correspond to CpGs that escape reprogramming (Fig. S3 and Table S4A
— F). By this approach we identified: 1) CpGs with DNAme that is consistent from sperm to the zygote corresponding
to CpGs that could influence the first wave of zygotic gene expression (Fig. S3A — B); and 2) CpGs with DNAme that

persist across pre-implantation embryogenesis until the first lineage specification in the blastocyst (Fig. S3C — D).

We then merged two or more low, dynamic, or high DNAme persistent CpGs spanning a maximum of 500 bp apart to
classify DNAme sperm-to-zygote and sperm-to-ICM persistent regions (Fig. S3A — D; Table S4A — F). This yielded
18,562 low, 2,132 dynamic and 5,745 high DNAme sperm-to-zygote persistent regions (Fig. S3B; Table S4A — C),
and 14,235 low, 488 dynamic and 694 high DNAme sperm-to-ICM persistent regions (Fig. S3D; Table S4D — F).
Dynamic and high DNAme persistent regions were enriched at CpG shores, exons, CpG shelves, and introns (Fig.
S3E; z-score > 0; p < 0.0001; n = 10,000 permutations). Dynamic DNAme persistent regions were more enriched in
intergenic space than high DNAme persistent regions (Fig. S3E). Low DNAme persistent regions were not enriched
at any genic or CpG annotations (Fig. S3E). Remarkably, a significant proportion of sperm-to-zygote and sperm-to-
ICM persistent regions annotated to transposable elements (TEs) with the LTR-ERV1, LINE-2, and LTR-ERVL-MaLR
TE families being over-represented across dynamic and high DNAme persistent regions (Fig. S3F; z-score > 0; p <
0.0001; n = 10,000 permutations). Analysis of functional elements also revealed an enrichment of human embryonic
stem cell (ESC) enhancers and super enhancers at dynamic and high DNAme persistent regions (Fig. S3F; z-score >
0; p <0.0001; n = 10,000 permutations) (Barakat et al., 2018).

Lastly, to identify p,p-DDE-associated DMRs that may be epigenetically inherited, we determined if DMRs co-localized
to DNAme persistent regions (Fig. 2I). Dynamic DNAme sperm-to-zygote and sperm-to-ICM persistent regions, as
well as previously described PGC escapees (Tang et al., 2015), were enriched across all DMR categories (Fig. 2l; z-
score > 0; p < 0.0001; n = 10,000 permutations), supporting the possibility that dynamic DNAme persistent regions
impacted by p,p-DDE may escape reprogramming in the embryo. DMRs were also enriched for certain TE families,

with an overrepresentation of the LTR-ERV1 family at DMRs with DNAme gain and loss in Greenlandic and South
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African sperm (Fig. 2l). The age of a TE can be inferred from the level of divergence observed between the TE
sequence and the canonical full-length element sequence (Schmidt et al., 2012). Indeed, this value reflects the
duration the TE has been integrated into the genome, and thus an indicator of TE age (Schmidt et al., 2012).
Importantly, more newly integrated young TEs are typically more active than old TEs (Lanciano and Cristofari, 2020).
Consequently, epigenetic changes at more recently integrated TEs may elicit more dramatic effects on gene
expression. We categorized all LTR-ERV1 TEs of the human genome into four quarters based on their percent
divergence scores (Fig. S3G), Interestingly, young LTR-ERV1s were the predominant age quarter that overlapped
DMRs (Fig. 2J and Fig. S3H). Because the majority of DMRs were found in intergenic space, we intersected them to
putative fetal tissue enhancers (Fig. 2K). DMRs with DNAme gain in Greenland and South African sperm were
overrepresented at fetal brain putative enhancers whereas DMRs with DNAme loss in Greenland sperm were enriched
at sperm putative enhancers (Fig. 2K; z-score > 0; p < 0.0001; n = 10,000 permutations) (Gao and Qian, 2020). All
other studied classes of putative fetal enhancers were underrepresented at DMRs, highlighting the functional
specificity of p,p~DDE-associated regions in fertility and neurodevelopment (Fig. 2K). Taken together the analysis of
MCC-Seq data suggests that dynamic DNAme CpGs in sperm are more sensitive to alterations associated with p,p*

DDE exposure and may escape epigenetic reprogramming in the embryo at young transposable elements.

p,p’-DDE exposure is associated with altered sperm H3K4me3 enrichment at important developmental
regulatory loci

Next, we set out to investigate whether exposure to p,p-DDE was associated with differential enrichment of H3K4me3
(deH3K4me3) in human sperm and if changes occurred at genomic regions associated with the observed population
health abnormalities in DDT-exposed regions. To do so, we performed 100 bp paired-end sequencing on high-quality
H3K4me3 chromatin immunoprecipitation libraries from the sperm of each participant of the South African VhaVenda
cohort. On average, 98% of reads aligned to the human genome, yielding approximately 115 million reads per sperm
sample, of which 88 million were uniquely mapped (Table S5A). We identified 48,499 H3K4me3 peaks in South African
sperm samples (Fig. S4A and B). Sperm samples were categorized based on tertiles of their corresponding serum
p,p-DDE levels as low (Ter1), intermediate (Ter2) or high (Ter3) exposure (Fig. S1B), and a differential enrichment
analysis was performed to identify differential H3K4me3 peaks between categories of p,p-DDE levels (Lun and Smyth,
2016). Comparison between high (Ter3) versus low (Ter1) p,p-DDE levels identified 1,865 peaks with differentially
enriched H3K4me3 (deH3K4me3; FDR < 0.2) of which 851 peaks gained H3K4me3 enrichment and 1,014 peaks lost
H3K4me3 enrichment (Fig. 3A; Table S5B). We did not observe significant differences after adjustment for BMI or age
and therefore did not include these variables in our models. Peaks gaining H3K4me3 were enriched in intergenic
regions (Fig. S4C; z-score > 0; p < 0.0001; n = 10,000 permutations) and predominantly > 10 kb from the TSS (Fig.
3B). Conversely, peaks with H3K4me3 loss were primarily genic occurring at promoters, exons and at CpG rich regions
(Fig. S4D; z-score > 0; p <0.0001; n = 10,000 permutations), and mostly < 5 kb from the TSS (Fig. 3C). This suggests
that peaks with H3K4me3 loss are more likely to directly impact gene expression in the next generation (Fig. 3C).

In rodents, H3K9ac was identified as dose-responsive to traffic air pollution in lung and blood cells (Ding et al., 2017).

Whether sperm chromatin in humans shows a dose-response trend to any toxicant is unknown. To investigate this
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possibility, we first depicted the average H3K4me3 enrichment in deH3K4me3 peaks across the three levels of
exposure. Consistent with a dose response effect, H3K4me3 enrichment were most apparent for the extreme levels
of exposure at deH3K4me3 (Ter3 vs Ter1; Fig. 3D — G and Fig. S1B). Indeed, testing altered regions for a dose- like
response across all exposure categories revealed significant effects for regions that gained H3K4me3 (Ter1 vs Ter2;
Kolmogorov-Smirnov p < 0.0001 and Ter 2 vs Ter 3; Kolmogorov-Smirnov p < 0.05; Fig. 3F and Fig. S4E), and for
regions that lost H3K4me3 (Ter1 vs Ter2 and Ter2 vs Ter3; Kolmogorov-Smirnov p < 0.0001; Fig. 3G and Fig. S4F).
Examples of peaks with a dose-respond trend across the three tertiles were FSIP1 gaining in H3K4me3 (important for
acrosomal reaction and sperm flagellation; Fig. 3H) (Gamallat et al., 2021), and BRD1 losing in H3K4me3 chromatin

interacting protein involved in brain development; Fig. 3l) (Severinsen et al., 2006).

Peaks with gain or loss in H3K4me3 localize to specific families of transposable elements and gene regulatory
regions

Gene ontology analyses on genes overlapping peaks with H3K4me3 gains revealed enrichment at genes involved in
neural development, and cell signaling including hormone responses (Fig. 3J; Table S3E). Peaks with H3K4me3 loss
were associated with genes and tissues implicated in metabolism, development, spermatogenesis, chromatin
remodeling, and the endocrine system (Fig. 3K; Table S3F). Genes of interest for their roles in development and
disease included: NRP1, SOX6, SEMA5A at peaks with H3K4me3 gain, and KDM6B, SOX17, BRCAT at peaks with
H3K4me3 loss. Sperm-transmitted intergenerational effects of DDT exposure may be mediated by alterations of
H3K4me3 at TEs in sperm. In fact, TEs that escape epigenetic reprogramming and that are regulated by chromatin
features including H3K4me3, may behave as enhancers and / or promoters in the embryo (Chuong et al., 2013;
Jacques et al.,, 2013; Lynch et al., 2011; Lynch et al., 2015; Veselovska et al., 2015). We identified a high degree of
specificity in the TE families that overlapped peaks with gain or loss of H3K4me3 in sperm (Fig. 4A and B). Peaks with
H3K4me3 gain were significantly enriched at LINE-1 elements, DNA repeats, and LTR-ERVL-MaLR (z-score >0, p <
0.0001, n = 10,000 permutations; Fig. 4A). Conversely, TE and repeat families overrepresented at peaks with
H3K4me3 loss included low complexity repeats, SINE-Alu (such as SINE-FLAM-A, SINE-FLAM-C, and SINE-FRAM),
SINE-MIR, and LINE-2 (z-score > 0, p < 0.0001, n = 10,000 permutations; Fig. 4B).

Complementing the DNAme TE analysis, we selected the families of TEs that were over-represented in peaks with
gain or loss of H3K4me3 and categorized them into young, mid-young, mid-old, and old based on their percent
divergence scores (see Methods, Fig. S4G — K). Regions that gained H3K4me3 in sperm at LINE-1 and LTR ERVL-
MaLR transposable elements, predominantly overlapped older TEs and were located > 10 kb from the TSS (Fig. 4C
and E). In contrast, LINE-2, SINE-MIR and SINE-Alu that intersected peaks that loss H3K4me3 in sperm, were
classified as younger TEs and mostly enriched at < 5 kb from the TSS (Fig. 4D and F). Next, we performed a gene
ontology analysis for young LINE-2, SINE-MIR, and SINE-Alu elements that overlapped a gene with H3K4me3 loss in
sperm (Fig. 4G; Table S3G - I). The young LINE-2 and SINE-MIR TEs were involved in non-coding and coding RNA
processing, metabolism, and basic cellular processes (Fig. 4G; Table S3G — H). Young SINE-Alu TEs overlapping a
gene with H3K4me3 loss in sperm were enriched for genes involved in craniofacial and skeletal development (Fig.

4G; Table S3I). We next intersected peaks with H3K4me3 gain or loss to putative sperm and fetal enhancers (Fig.
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4H). Peaks with gains in H3K4me3 were solely overrepresented at putative sperm enhancers whereas peaks with
H3K4me3 loss were enriched across a broad number of putative developmental enhancers (Fig. 4H). In line with our
studies in mice showing that altered sperm H3K4me3 is associated to birth defects in the offspring (Lismer et al.,
2021), this analysis suggests that DDT exposures associated with alterations in H3K4me3 may be linked to the
increased rates of disease and birth defects in DDT-exposed regions (Bornman et al., 2016; Boucher et al., 2012;
Despreés et al., 2005; Eskenazi et al., 2018).

p;p’-DDE exposure is associated with altered H3K4me3 in sperm at regions that overlap pre-implantation
embryo H3K4me3

To assess the possible involvement of sperm H3K4me3 in epigenetic transmission of paternal environmental exposure
to DDT we set out to identify whether sperm H3K4me3 peaks were predicted to persist in the early embryo. Regions
with H3K4me3 enrichment in the pre-implantation embryo were identified using an existing dataset (Xia et al., 2019)
and intersected sperm H3K4me3 peaks to pre-implantation embryo H3K4me3 peaks (Fig. S5A — F). A high degree of
overlap was identified with 23,582 sperm-to-4-cell persistent H3K4me3 peaks and 7,004 sperm-to-ICM persistent
H3K4me3 peaks (Fig. S5G — [; Table S4G — I). We next determined whether peaks with p,p~DDE associated
deH3K4me3 retained H3K4me3 in embryos at the 4-cell, 8-cell, and blastocyst stage (Fig. 4] and J, Fig. S5J — M).
Interestingly, peaks gaining H3K4me3 in the sperm of DDT exposed men showed a lack of overlap with embryonic
H3K4me3 (Fig. 41, Fig. S5J — K). In contrast, peaks losing H3K4me3 in sperm were highly enriched in H3K4me3
across the studied stages of pre-implantation embryo development (Fisher test p < 0.0001; Fig. 4J, Fig. S5L — M).
Revealing a potential cooperativity between DNAme and H3K4me3 in epigenetic transmission of environmental
exposures to DDT, peaks with H3K4me3 loss were also highly enriched for dynamic and high DNAme sperm-to-zygote
persistent regions (z-score > 0, p < 0.0001, n = 10,000 permutations; Fig. S5N).

Finally, we established whether sperm deH3K4me3 peaks that retained H3K4me3 in the embryo, could potentially
impact embryonic gene expression. Promoters bearing H3K4me3 in both sperm and pre-implantation embryos were
associated with gene expression at the respective stage of embryogenesis (Fisher test p < 0.0001; see Methods; Fig.
S6A — J). Interestingly, most promoters with H3K4me3 loss in sperm have been shown to retain H3K4me3 enrichment
in the pre-implantation embryo at genes that are expressed in 4-cell, 8-cell, and blastocyst embryos (Fisher test p <
0.0001; Fig. 4K — M). To assess the functionality of the associated genes, we performed a gene ontology analysis on
promoters that retained H3K4me3 in sperm and embryos and overlapped them to genes that were expressed at the
corresponding embryonic developmental stage (Fig. S6K — M; Table S3J — L). Significant gene ontology terms
included pathways that were critical for development such as placenta vascularization, mMBRNA processing, chromatin
modification, and signalling (Fig. S6K — M; Table S3J —L). Genes of interest included the BRD1 (chromatin interacting
protein), MAP2K1 (linked to placenta vascularisation), and the paternally expressed imprinted gene PEG3. Taken
together, our data shows that like DNAme, sperm H3K4me3 may be cumulatively eroded by DDT exposure, and that
peaks with H3K4me3 loss at young transposable elements, may escape epigenetic reprogramming after fertilization

and lead to deregulated gene expression in the pre-implantation embryo.
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Regions with p,p’-DDE associated differential DNAme coincide with deH3K4me3 peaks in sperm

We recently identified regions in sperm bearing both DNAme and H3K4me3, that are involved in important
developmental processes (Lambrot et al., 2021). We consequently wanted to determine if DMRs and deH3K4me3 co-
occurred at the same genomic loci. From the 830,188 MCC-seq target regions, 157,753 intersected H3K4me3 peaks
(Fig. 5A). Conversely, 34,741 H3K4me3 peaks overlapped MCC-seq target regions (Fig. 5A), which can be explained
by the preferential distribution of H3K4me3 peaks in CpG enriched regions which are well covered in the capture
design (Chan et al., 2019). Interestingly, 1,744 DMRs overlapped a H3K4me3 peak and 106 DMRs overlapped a
deH3K4me3 peak in South African sperm (Fig. 5A). DMRs that gained DNAme but lost deH3K4me3 (= 88 DMRs)
showed the highest overlap (Fig. 5B). DNAme gain DMRs and H3K4me3 loss regions may be the most biologically
relevant in the embryo because based on our findings, they 1) may conserve DNAme and / or H3K4me3 in the embryo
and 2) were more functionally relevant for development (Fig. 2 and 4). Overlapping DNAme gain DMRs and H3K4me3
loss regions were more likely found at < 5 kb to the TSS at CpG shores compared to the other differential regions
without both H3K4me3 loss and DNAme gain (Fig. 5C — D; z-score > 0; p < 0.0001; n = 10,000 permutations). These
overlapping regions were also more likely enriched at H3K4me3 sperm-to-4-cell and sperm-to-ICM persistent regions,
SINE-MIRc, hESC enhancers, as well as low and dynamic DNAme persistent regions than other differential regions
with only one change in either DNAme or H3K4me3 (Fig. 5E; z-score > 0; p < 0.0001; n = 10,000 permutations). Gene
ontology analysis of peaks with a loss of H3K4me3 and a gain in DNAme revealed enrichment for genes involved in
reproduction, spermatogenesis, embryo development and neurodevelopment (Fig. 5F and Table S3M).
Representative visualizations of dose response differences in enrichment for DNAme and H3K4me3 in overlapping
regions are shown for HERV/LTR43 and the gene TRAPPC9 (Fig. 5G), which has been implicated in cognitive
disability and microcephaly (Mochida et al., 2009). Interestingly, a search for regulatory elements in HERV/LTR43 (lto
et al., 2017), revealed that it is bound by numerous transcription factors implicated in development and disease. These
included PAXS5 (implicated in the developing CNS and testis), FOS (regulator of cell proliferation and differentiation),

MYC (proto-onogene), NFKB1(inflammatory regulator) and NFE2 (blood vessel and bone development).

Discussion

There is now an abundance of alarming evidence from experimental models that paternal exposures can negatively
impact offspring phenotypes (reviewed in Skvortsova et al., 2018). In rodent models of paternal epigenetic inheritance
DNAme, chromatin and non-coding RNA have been implicated in response to environmental challenges including diet
(Chen et al., 2016; Lismer et al., 2021; Ly et al., 2017; Pepin et al., 2022; Sharma et al., 2016), trauma (Gapp et al.,
2020) and toxicants (Anway and Skinner, 2006; Maurice et al., 2021; Skinner et al, 2018). In humans, the
intergenerational effects on the health of children as a consequence of maternal exposures to environmental factors
including toxicants are well studied. In contrast, few studies have examined paternal modes of transmission that impact
child health, and these have been predominantly epidemiology based (reviewed in Soubry et al., 2014). A limitation of
epigenetic inheritance studies is the difficulty to go beyond association of an epigenetic alteration from an exposure,
and a change of function in the offspring. This has been particularly challenging in human studies where it is difficult
to access tissues in the next generation that are matched to a father, as was the case in this study. Here, we addressed

this limitation by combining the findings from the sequencing data generated in this study, which identified
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environmentally responsive sites of sperm DNA methylation and H3K4me3, to mined epigenomic and gene expression
data from prior studies that used human embryos (Guo et al., 2014; Xia et al., 2019). This approach allowed us to
advance our understanding of paternal epigenetic inheritance by identifying potential regions of environmental
sensitivity in sperm that could be further studied to confirm embryonic transmission and functions in the next

generation.

Other important limitations in the presented study included the relatively small sample size. Unlike samples acquired
through most clinical studies, these samples were highly precious and unique coming from remote areas of the world
from small indigenous populations. The size and regions of the populations limit the metadata that can be publicly
released due to risk of participant identification (General Data Protection Regulations). Because the Greenlandic
cohort samples were from the INUENDO biobank, it was not possible to coordinate factors with the prospective South
African study. As such, the populations differed in the timing of collection, in mean age (25 versus 31 years of age in
South African and Greenlandic men respectively) and the site of p,p-DDE measurement. Moreover, the Greenlandic
Inuit men were proven fertile whereas the fertility status of the South African men was unknown. Semen analysis has
been performed on both populations in prior studies. There was no association with p,p-DDE and sperm concentration
or morphology, while higher doses were associated with reduced motility in samples from Greenlandic Inuit (Toft et
al., 2006). Likely reflecting higher exposures in the South African population in a previous study we identified increased
incidences of teratozoospermia, asthenozoospermia and lower motility (Aneck-Hahn et al., 2007). In this study, to best
match the fertility status of the Greenlandic Inuit men, we selected South African samples with normal sperm counts
and all but one sample had normal motility. It was not deemed possible for socio-cultural reasons to request
participants to provide information on fertility status. Altered fertility status has been associated with changes in
DNAme, yet the identification of CpGs that are consistently changed in men with infertility linked to poor embryo quality
is inconclusive (Aston et al., 2015). Conceivably some of the DNAme differences detected between the two
populations may be linked to fertility status. However, given that there is no clear infertile DNAme signature we cannot
for example remove a designated set of CpGs from our analysis. Consideration must also be given to the impact of
unidentified environmental confounders such as exposures to other EDC compounds and an inability to discriminate
between acute versus long-term exposures. Additionally, we do not know how stable the sperm epigenome is and
whether p,p-DDE associated alterations are temporary or permanent. Large-scale intergenerational studies that
include sperm epigenome analyses are needed to better understand the connections between paternal exposures,
the sperm epigenome, and child development. However due to cultural and societal differences such studies are

inherently challenging in the context of these population and more suited to a clinical setting.

Notwithstanding the population differences mentioned above and the range in p,p-DDE body burdens, there was a
high degree of consistency of p,p-DDE associated DNAme alterations. While we cannot rule out selection bias or
residual confounding factors, the overlapping DNAme changes confirmed in two independent populations of different
selection / confounder structure, clearly indicates that this overlap is unlikely to be driven by bias. In both populations,
DMRs localized to genes and regulatory elements that reflect the increased susceptibility to disease and

developmental disorders associated with EDC and DDT exposures, including increased birth defects and

20


https://doi.org/10.1101/2022.08.15.504029
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.15.504029; this version posted August 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is ;C;%%tlgol;%g?zr,c \,CVhl?S)Yh%Sé g_;’r\lagtg% tl)rigeRrﬁ;t% Iri(;?ﬂ(s:g ntgec.iisplay the preprint in perpetuity. It is made
neurodevelopmental impairments (Alan S. Brown et al., 2018; Caporale et al., 2022; de Jager et al., 2009; Van
Oostdam et al., 2005). Strikingly, 17.5% of regions with altered DNAme in Greenlandic sperm were also altered in
South African sperm. DNAme was preferentially altered in the intergenic space, at dynamic DNAme CpGs where there
were more gains than losses of DNAme. The intergenic space is enriched for TEs including retroviruses which are
controlled by DNA and histone methylation (Goodier, 2016; Liu et al., 2014). TEs function as promoters, transcription
factor binding sites and enhancers implicated in pluripotency (Senft and Macfarlan, 2021). Enhancer-promoter
interactions are facilitated by the CTCF binding sites in TEs which in turn influence chromatin looping (Diehl et al.,
2020). Factors such as aging, infection, or hormones have been postulated to reactivate human endogenous
retroviruses (ERVs) (Kiry et al., 2018). Perhaps reflecting the endocrine disrupting activity of DDT metabolites, was
the specific sensitivity associated with DDT exposure to the DNAme changes observed in the long terminal repeat
ERVs (LTR-ERV1, LTR-ERVK, LTR-ERVL). Expression of ERV families is temporally and spatially regulated during
human embryogenesis, and function in gene regulation as alternate promoters and enhancers (Gdke et al., 2015;
Rodriguez-Terrones and Torres-Padilla, 2018). Likewise, deH3K4me3 was over-represented at LINE-2, SINE-MIR,
and SINE-Alu, while LTR-ERV1, overlapped both deH3K4me3 and DMRs. These epigenetic changes at TEs may in
turn serve in the epigenetic inheritance of DDT-associated phenotypes. TEs known to be resistant to epigenetic
reprogramming in human pre-implantation embryos include ERVs, SINEs and LINEs (Guo et al., 2014; Zeng et al.,
2022). All factors taken together, this study bolsters the evidence that in humans like plants and animals (Heard and
Martienssen, 2014), TEs are attractive genome mediators of environmentally influenced non-genetic inheritance. What

remains unknown for all species is how epigenetic marks at TEs escape embryonic reprogramming.

p,p-DDE may influence epigenetic programming linked to TEs, and epigenetic inheritance in sperm via its endocrine
disruptor effects on androgenic and estrogenic signaling. Androgen regulates genes in one carbon metabolism
including glycine N-methyltransferase, cystathionine B-synthase and ornithine decarboxylase and in this way can
impact methylation of DNA and histones (Corbin and Ruiz-Echevarria, 2016). While direct evidence is lacking, one
study connected the EDC bisphenol A to epigenetic changes that were mitigated by folate supplementation. Agouti
(Av) mice that have metastable epiallele determining coat color were exposed to BPA and consequently had offspring
with a coat color change. This change corresponded to methylation changes at the TE upstream of the Aw. This BPA
induced phenotype was prevented in the presence of folic acid (Dolinoy et al., 2007). Therefore, it is plausible that
exposure of men p,p-DDE leads to the altered sperm epigenome through similar disruption of one carbon metabolism,

to negatively alter the sperm epigenome.

We identified regions in sperm bearing altered DNAme and H3K4me3 in association with DDT and p,p-DDE exposure
that were predicted to persist in the embryo. This is a plausible route for paternally mediated epigenetic inheritance
that leads to effects in offspring and is supported by exposure studies in animal models (Anway and Skinner, 2006;
Lismer et al., 2021; Ly et al., 2017; Maurice et al., 2021; Oluwayiose et al., 2021; Skinner et al., 2013). Of relevance
are two studies of paternal DDT exposures that were associated with transgenerational alterations in sperm DNAme
profiles, obesity and developmental abnormalities (Maurice et al., 2021; Skinner et al., 2013). However, in humans the

connection between paternal exposures, the sperm epigenome and health in the next generation is underexplored. In

21


https://doi.org/10.1101/2022.08.15.504029
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.15.504029; this version posted August 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

fact, there are few large-scale epidemiological studies that suggest paternal exposures effect health in children except
for several exploring links to childhood cancers. For example, paternal exposure to herbicides was associated with a
significant risk for astrocytoma, a childhood brain cancer (Shim et al., 2009). Similarly, paternal exposure to pesticides
was associated with higher risk for childhood acute myeloid leukemia (Patel et al., 2020). We did not find clear
epigenomic connections suggesting a link between DDT and p,p-DDE exposure to childhood cancer. However, a
consistent finding for p,p-DDE -associated DMRs and deH3K4me3 peaks in sperm was their occurrence at genes or
regulatory elements related to neurodevelopment and neurofunction. The health connections between paternal DDT
and p,p-DDE exposures and neurodevelopment are unknown. The incidence of neurodevelopmental impacts
associated with maternal serum p,p’-DDE in Greenlandic children of the INUENDO cohort have been reported. Pre-
natal and post-natal exposures via the mother to p,p-DDE and PCB-153 was associated with an increased incidence
of hyperactivity in children (Rosenquist Aske et al., 2017). Interestingly, maternal exposures to EDCs have been
associated with reductions in cognitive function such as delayed language acquisition. For example, a Finnish birth
cohort study of > 1 million mother-child pairs found that the risk of childhood autism was significantly increased with
serum p,p*-DDE levels that were in the highest 75t percentile (Alan S. Brown et al., 2018). As in most birth cohorts
the paternal contribution was not studied, yet conceivably paternal p,p-DDE exposure may also have contributed to
the findings of increased autism risk. Clearly there is a gap in epidemiological evidence relating paternal toxicant
exposures to adverse effects in children. Our inability to track childhood health in relation to paternal exposures in the

studied populations prevented us from making these essential connections.

Despite a multitude of documented adverse health effects attributed to DDT exposure, its effectiveness as an anti-
malarial control method has led to its continued use in 14 countries (van den Berg, 2010). The impacts of DDT on
human health are not only restricted to regions of use since DDT is transported over long distances in the environment
by weather patterns and ocean currents (Simonich Staci and Hites Ronald, 1995). Due to climate change, the long-
range contamination, environmental concentration, persistence, and bioaccumulation of DDT and its persistent
transformation product, p,p-DDE, are predicted to worsen (Teran et al., 2012). Human exposures to DDT are
consequently expected to increase in regions distant from its use (Teran et al., 2012). Taking this into consideration
with the implication that DDT exposure alters the sperm epigenome and may be implicated in epigenetic inheritance
of disease, it is essential to consider alternative methods for malarial control. Additionally, our findings highlight the
need for future regulatory decision-making to be based on chemical risk assessments that incorporate experimental

toxicology and epigenetic profiling of sperm.
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Fig. 1: Exposure to p,p’-DDE appears to impact human sperm DNAme in a dose-dependent manner.

(A) Number of differentially methylated sites (DMCs), DNAme gain DMCs, and DNAme loss DMCs, in the sperm of
DDT-exposed Greenland or South African men. Number of dynamic DMCs (DNAme between 20 - 80%) are indicated
by grids and percentages on the bar graphs.

(B) Scatterplot of overlapping DMCs in Greenland and South African sperm (= 3,472 overlapping DMCs). Orange dots
correspond to DMCs that gain DNAme in both Greenland and South African sperm (= 2,180 DMCs; 62% of total
DMCs). Blue dots correspond to DMCs that lose DNAme in both Greenland and South African sperm (= 422 DMCs;
12.1% of total DMCs).

(C) Average percent DNAme at DNAme gain or loss DMCs in Greenland or South African sperm relative to log10
serum p,p-DDE concentration (in ng/g) for each individual. Linear regression line is plotted in dashed black and
confidence interval in light grey.

(D) Tracks at the ADARB2 locus showing percent DNAme levels in Greenland and South African sperm categorized
based on low or high serum p,p-DDE exposure levels (Greenland: low in light blue < 350 ng/g, n = 17 and high in dark
blue > 900 ng/g, n = 18; South Africa: low in yellow < 1,200 ng/g, n = 19 and high in brown > 14,000 ng/g, n = 17). All
CpGs captured by the MCC-seq are represented in black and dynamic CpGs in grey. CpGs captured in the Greenland
sperm dataset are in blue and CpGs captured in the South African sperm dataset are red.

(E) Manhattan plots on hotspot analysis for Greenland (blue) or South African (orange) sperm. Cluster analysis was
performed by calculating the ratio of DMCs with DNAme gain or loss over the total number of CpGs found within 1 Mb

sliding windows over the genome; densities > 10% (termed clusters) were extracted for further analysis.
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Fig. 2: Differentially methylated regions are involved in development and intersect young retrotransposons

that retain DNAme during embryogenesis.

(A) Number of DMCs, differentially methylated regions (DMRs), and single CpGs in Greenland (blue) and South
African (orange) sperm. DMRs were called by merging DMCs separated by a maximum distance of 500 bp.

(B) Proportion of Greenland sperm DMRs (= 6,787) that overlap South African sperm DMRs (overlap = 1,187) and
South African sperm DMRs (= 12,849) that overlap Greenland sperm DMRs (overlap = 1,189).

(C) Number of DNAme gain or loss DMRs in Greenland or South African sperm.

(D) Genomic distribution of DMRs with DNAme gain or loss in Greenland or South African sperm relative to the
transcriptional start site (TSS).

(E - H) Selected significant pathways from gene ontology analysis on genes at a DMR with DNAme gain or loss in
Greenland or South African sperm (weighed Fisher p < 0.05). Size of circle corresponds to the number of genes from
a significant pathway that overlap a DMR.

(I) Enrichment of DNAme gain or loss DMRs in Greenland or South African sperm at identified DNAme embryonic
persistent regions (see Fig. S3, primordial germ cell (PGC) escapees, and transposable element annotations
(RepeatMasker hg19 library 20140131). Positive enrichments are determined by Z scores using the Bioconductor
package regioneR. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random regions (of the
same size) resampled from the targeted MCC-seq regions.

(J) Distribution of DNAme gain or loss DMRs in Greenland or South African sperm relative to age quarters of LTR-
ERV1 transposable elements (significantly enriched in the four DMR categories; Fig. 2H). Age of LTR-ERV1
transposable elements was determined by partitioning the transposable elements’ percent divergence scores into
quarters where first quarter = low percent divergence and young LTR-ERV1; second quarter = mid-low percent
divergence and mid-young LTR-ERV1; third quarter = mid-high percent divergence and mid-old LTR-ERV1; fourth
quarter = high percent divergence and old LTR-ERV1 (see Fig. S3B).

(K) Enrichment of DNAme gain or loss DMRs in Greenland or South African sperm at putative tissue-specific enhancer
classes. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random regions (of the same size)

resampled from the targeted MCC-seq regions.
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Fig. 3: H3K4me3 is differentially enriched in sperm of South African men exposed to p,p’-DDE .

(A) Heatmap of normalized H3K4me3 counts at the 1,865 peaks with differentially enriched H3K4me3 (deH3K4me3;
851 peaks with H3K4me3 gain and 1,014 peaks with H3K4me3 loss; FDR < 0.2) in sperm from South African men
with low (tier 1) or high (tier 3) serum p.p-DDE levels. Serum p.p-DDE concentration, tier, body mass index (BMI), and
age of participants is indicated by coloured boxes above the heatmap.

(B) Genomic distribution of peaks with H3K4me3 gain in South African sperm relative to the TSS.

(C) Genomic distribution of peaks with H3K4me3 loss in South African sperm relative to the TSS.

(D - E) H3K4me3 signal intensity heatmaps at +/- 5 kb the center of the peaks with H3K4me3 gain in South African
sperm (= 851 peaks) relative to the three p.p-DDE tier levels.

(E) H3K4me3 signal intensity heatmaps at +/- 5 kb the center of the peaks with H3K4me3 loss in South African sperm
(= 1,014 peaks) relative to the three p.p-DDE tier levels.

(F) Estimator of the cumulative distribution function (ECDF) plot for log2 cpm of H3K4me3 counts at regions with
H3K4me3 gain in tier1 (yellow), tier2 (orange), tier3 (red) sperm samples. Dose-response trends were assessed by
via Kolmogorov-Smirnov tests with p < 0.0001 for ter1 vs ter2 at H3K4me3 gain regions, p < 0.05.

(G) Estimator of the cumulative distribution function (ECDF) plot for log2 cpm of H3K4me3 counts at regions with
H3K4me3 gain in tier1 (dark green), tier2 (medium green), tier3 (light green) sperm samples. Dose-response trends
were assessed by via Kolmogorov-Smirnov tests with p < 0.0001 for ter1 vs ter2 at H3K4me3 gain regions, p < 0.0001.
(H) Representative Integrative Genome Viewer (IGV) tracks of peak with H3K4me3 gain in South African sperm at the
FSIP1 genic region.

(I) Representative IGV tracks of peak with H3K4me3 loss in South African sperm at the BRD1 promoter.

(J - K) Selected significant pathways from gene ontology analysis on genes with H3K4me3 gain (J) or loss (K) in South
African sperm (weighed Fisher p < 0.05). Size of circle corresponds to the number of genes from a significant pathway
that overlap a peak with H3K4me3 gain. Shade intensity of the circle indicates -log2(weightFisher) value of significant

pathway.
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Fig. 4: Peaks with H3K4me3 loss in South African sperm are enriched at young retrotransposons that retain

H3K4me3 in the pre-implantation embryo.

(A) Enrichment for peaks with H3K4me3 gain in South African sperm at transposable element annotations
(RepeatMasker hg19 library 20140131). Positive and negative enrichments are determined by Z scores using the
Bioconductor package regioneR. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random
regions (of the same size) resampled from sperm H3K4me3 peaks. Enrichments coloured in dark orange correspond
to functional transposable element classes used in Fig. 4C.

(B) Enrichment for peaks with H3K4me3 loss in South African sperm at transposable element annotations
(RepeatMasker hg19 library 20140131). Positive and negative enrichments are determined by Z scores using the
Bioconductor package regioneR. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random
regions (of the same size) resampled from sperm H3K4me3 peaks. Enrichments coloured in dark green correspond
to functional transposable element classes used in Fig. 4D.

(C) Distribution for peaks with H3K4me3 gain in South African sperm relative to age quarters of LINE-1 and LTR ERV-
MaLR transposable element classes (significantly enriched for peaks with H3K4me3 gain; Fig. 4A). Age of
transposable elements was determined by partitioning the class percent divergence score in quarters (see Fig. SG,H).
(D) Distribution for peaks with H3K4me3 loss in South African sperm relative to age quarters of LINE-2, SINE-MIR,
and SINE-Alu transposable element classes (significantly enriched for peaks with H3K4me3 loss; Fig. 4B). Age of
transposable elements was determined by partitioning the class percent divergence score in quarters (see Fig. S4l-
K).

(E) Genomic distribution of peaks with H3K4me3 gain in South African sperm that overlap an old (4th quarter) LINE-
1 (= 139) or LTR ERVL-MaLR (= 74) transposable element, relative to the TSS.

(F) Genomic distribution of peaks with H3K4me3 loss in South African sperm that overlap a young (1st quarter) LINE-
2 (= 187), SINE-MIR (= 267), or SINE-Alu (= 507) transposable element, relative to the TSS.

(G) Selected significant pathways from gene ontology analysis on promoter peaks with H3K4me3 loss in sperm that
overlap a young (1st quarter) LINE-2 (= 324 promoters), SINE-MIR (= 442 promoters), or SINE-Alu (= 809 promoters)
transposable element at (weighed Fisher p < 0.05). Size of dots corresponds to the number of genes from a significant
pathway that overlap a peak with H3K4me3 loss. Color of the dots indicates -log2(weightFisher) value of significant
pathway.

(H) Enrichment for peaks with H3K4me3 gain (yellow) or loss (green) in South African sperm at tissue-specific putative
enhancer annotations. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random regions (of
the same size) resampled from sperm H3K4me3 peaks.

(I) Sperm and pre-implantation embryo (4-cell, 8-cell, ICM) H3K4me3 signal intensity heatmaps at +/- 5 kb the center
of the peaks with H3K4me3 gain in South African sperm (= 851 peaks).

(J) Sperm and pre-implantation embryo (4-cell, 8-cell, ICM) H3K4me3 signal intensity heatmaps at +/- 5 kb the center
of the peaks with H3K4me3 loss in South African sperm (= 1,014 peaks).

(K - M) Scatterplots where the x axis corresponds to the log2 (pre-implantation embryo H3K4me3 promoter counts +

1) and the y axis corresponds to the log2 (sperm H3K4me3 promoter counts + 1) at promoters with H3K4me3 loss in

40


https://doi.org/10.1101/2022.08.15.504029
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.15.504029; this version posted August 16, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

South African sperm that are expressed at the described stages of pre-implantation embryo development (RPKM >
1). Color of the scatter points correspond to the log2 pre-implantation embryo RPKM gene expression + 1. Dashed
lines correspond to H3K4me3 promoter density cutoffs for pre-implantation embryo (x axis) or sperm (y axis). Grey

box denotes promoters with H3K4me3 in sperm and 4-cell (K), 8-cell (L), and ICM (M) pre-implantation embryos.
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Fig. 5: deH3K4me3 peaks and DMRs intersect in sperm of p,p’-DDE -exposed South African men.

(A) Proportion of MCC-seq target regions that overlap a H3K4me3 peak in sperm (overlap = 157,753; dark grey donut
plot), proportion of H3K4me3 peaks in sperm that overlap a MCC-seq target region (overlap = 34,741; light grey donut
plot), proportion of South Africa DMRs that overlap a H3K4me3 peak in sperm (overlap = 1,744; dark green donut
plot), proportion of H3K4me3 peaks in sperm that intersect a South Africa DMR (overlap = 1,618; light green),
proportion of South Africa DMRs that overlap a deH3K4me3 peak in sperm (overlap = 106; dark blue), proportion of
South Africa deH3K4me3 peaks in sperm that intersect a DMR in sperm (overlap = 99; light blue).

(B) Scatter plot corresponding to South African population tier 3 to tier 1 log2 fold change (H3K4me3 counts at
overlapping DMRs + 1) relative to South Africa beta value at the DMRs. Grey dots correspond to DMRs that do not
overlap with a deH3K4me3 peak. DMRs intersecting a deH3K4me3 peak are denoted by colour. H3K4me3 loss +
DNAme gain overlap was the predominant overlap (n = 88 out of 106).

(C) Distribution of peaks with H3K4me3 loss overlapped to DNAme gain DMR (blue) and DNAme gain DMR
overlapped to H3K4me3 loss region (green) relative to the TSS.

(D) Enrichment for peaks with H3K4me3 loss overlapped to DNAme gain DMR (blue) and DNAme gain DMR
overlapped to H3K4me3 loss region (green) at genic and CpG annotations. Positive enrichments are determined by
Z scores using the Bioconductor package regioneR. For all annotations displayed, p < 0.0001 and n = 10,000
permutations of random regions resampled from deH3K4me3 peaks (blue) and DMRs (green), respectively.

(E) Enrichment for peaks with H3K4me3 loss overlapped to DNAme gain DMR (blue) and DNAme gain DMR
overlapped to H3K4me3 loss region (green) at transposable element annotations and characterized DNAme /
H3K4me3 persistent regions (see Fig. S2 and S5). Positive enrichments are determined by Z scores using the
Bioconductor package regioneR. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random
regions resampled from deH3K4me3 peaks (blue) and DMRs (green), respectively.

(F) Selected significant pathways from gene ontology analysis on peak with H3K4me3 loss that overlaps a DNAme
gain DMR at promoters and 1 - 5 kb genic space. Size of dots corresponds to the number of significant genes in the
pathway. Colour and position of dots correspond to -log2(weightFisher).

(G) Representative IGV tracks of peak with H3K4me3 loss and DNAme gain in South African sperm at an LTR-ERV1
and in the TRAPPC9 genic space. Purple shaded box corresponds to the DMR. Tracks below are a zoom at the DMR.

Dynamic CpGs are indicated in purple.
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Fig. S1: Characterization of Greenlandic and South African sperm relative to serum p,p’-DDE levels and single-

nucleotide polymorphisms.

(A) Distribution of p,p-DDE serum levels in Greenland men (n = 48) from this study.

(B) Distribution of p,p~DDE serum levels in South African men (n = 51) from this study. Exposure tiers for H3K4me3
analysis are indicated on the y-axis. (*) denotes sample with only an MCC-seq dataset and (**) denotes sample with
only a ChIP-seq dataset.

(C) Principal component analysis plot on genotype profiles of Greenland and South African populations. Chromosome
1 genotype data from 1,000 genomes were used as the reference genotype profile (the human population genetic

background) to compare with Greenland (indigo) and South African cohorts (magenta).
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Fig. S2: Genic and transposable element characterization of differentially methylated regions.

(A) Genic distributions and genic / CpG enrichments at DNAme gain or loss DMRs in Greenland or South Africa sperm.
Positive enrichments are determined by Z scores using the Bioconductor package regioneR. For all annotations
displayed, p <0.0001 and n = 10,000 permutations of random regions (of the same size) resampled from the targeted

MCC-seq regions.
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Fig. S3: Identification of predicted persistent DNAme regions from sperm to the pre-implantation embryo.

(A) Alluvial plot identifying CpGs that retain the same level of DNAme from sperm to the zygote. High DNAme sperm
to zygote persistent CpGs are shown by red ribbon, dynamic DNAme sperm to zygote persistent CpGs are denoted
by orange ribbon, low DNAme sperm-to-zygote persistent CpGs are characterized by yellow ribbon. Grey ribbon
corresponds to non-persistent DNAme CpGs. Each node indicates the DNAme level for the specific cell type. Y-axis
corresponds to MCC-seq coverage CpGs that have zygote RRBS coverage. Venn diagrams show sperm-to-ICM
persistent CpGs for high, dynamic, or low DNAme levels.

(B) Number of total DNAme sperm-to-zygote persistent CpGs, DNAme sperm-to-zygote persistent regions, and single
DNAme sperm-to-zygote persistent CpGs, for low DNAme (yellow), dynamic DNAme (orange), and high DNAme (red).
DNAme sperm-to-zygote persistent regions were called by merging DNAme sperm-to-zygote persistent CpGs
separated by a maximum distance of 500 bp.

(C) Alluvial plot identifying CpGs that retain the same level of DNAme across all stages of pre-implantation
embryogenesis. High DNAme sperm to zygote persistent CpGs are shown by red ribbon, dynamic DNAme sperm to
zygote persistent CpGs are denoted by orange ribbon, low DNAme sperm-to-zygote persistent CpGs are
characterized by yellow ribbon. Grey ribbon corresponds to non-persistent DNAme CpGs. Each node indicates the
DNAme level for the specific cell type. Y-axis corresponds to sperm-to-zygote persistent CpGs that have RRBS
coverage across the studied stages of pre-implantation embryogenesis. Venn diagrams show sperm-to-ICM persistent
CpGs for high, dynamic, or low DNAme levels.

(D) Number of total DNAme sperm-to-ICM persistent CpGs, DNAme sperm-to-ICM persistent regions, and single
DNAme sperm-to-ICM persistent CpGs, for low DNAme (yellow), dynamic DNAme (orange), and high DNAme (red).
DNAme sperm-to-ICM persistent regions were called by merging DNAme sperm-to-ICM persistent CpGs separated
by a maximum distance of 500 bp.

(E) Enrichment for characterized DNAme persistent regions at genic annotations. Positive enrichments are determined
by Z scores using the Bioconductor package regioneR. For all annotations displayed, p < 0.0001 and n = 10,000
permutations of random regions (of the same size) resampled from the targeted MCC-seq regions.

(F) Enrichment for characterized DNAme persistent regions at transposable elements (RepeatMasker hg19 library
20140131). Positive enrichments are determined by Z scores using the Bioconductor package regioneR. For all
annotations displayed, p <0.0001 and n = 10,000 permutations of random regions (of the same size) resampled from
the targeted MCC-seq regions.

(G) Density plot of percent divergences for LTR-ERV1 transposable elements in the hg19 genome. Color shading
corresponds to quantile cutoffs and associated age categories.

(H) Enrichment of young, mid-young, mid-old, and old LTR-ERV1 transposable elements that overlap a PGC escapee

and/or characterized sperm-to-pre-implantation-embryo persistent region (see Fig. S2) at given DMR.
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Fig. S4: Genic and transposable element characterization of differentially enriched H3K4me3 peaks.

(A) Heatmap depicting spearman correlations between samples based on normalized counts of H3K4me3 peaks
identified in our reference human dataset (50,117 peaks; REF). Normalized counts are reads per kilobase per million
mapped reads.

(B) Distribution of the log-transformed median raw counts of H3K4me3 reference peaks across samples in this dataset.
We selected peaks with log2 median counts above 5 for downstream analyses (n = 48,499 peaks).

(C) Enrichment of peaks with H3K4me3 gain at genic annotations. Positive and negative enrichments are determined
by Z scores. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random regions (of the same
size) resampled from sperm H3K4me3 peaks.

(D) Enrichment of peaks with H3K4me3 loss at genic annotations. Positive and negative enrichments are determined
by Z scores. For all annotations displayed, p < 0.0001 and n = 10,000 permutations of random regions (of the same
size) resampled from sperm H3K4me3 peaks.

(E) Line diagram for regions with H3K4me3 gain in VhaVenda sperm where each line corresponds to the log2 cpm of
H3K4me3 counts at individual regions with H3K4me3 gain in sperm across men from ter1, ter2, and ter3 p,p-DDE
exposure levels.

(F) Line diagram for regions with H3K4me3 loss in VhaVenda sperm where each line corresponds to the log2 cpm of
H3K4me3 counts at individual regions with H3K4me3 loss in sperm across men from ter1, ter2, and ter3 p,p-DDE
exposure levels.

(G - H) Density plots of percent divergences for LINE-1 (E) and LTR ERVL-MaLR (F) transposable elements in the
hg19 genome. Color shading corresponds to quantile cutoffs and associated age categories.

(I - K) Density plots of percent divergences for LINE-2 (G) and SINE-MIR (H), and SINE-Alu (1) transposable elements

in the hg19 genome. Color shading corresponds to quantile cutoffs and associated age categories.
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Fig. S5: Identification of predicted persistent H3K4me3 peaks from sperm to the pre-implantation embryo.

(A - C) Histograms of background read abundance as determined by the number of H3K4me3 ChlP-seq reads in 2000
bp windows tiled across the hg19 genome for 4-cell embryos (A), 8-cell embryos (B), and ICM (C). An abundance
threshold was set at = log2(7) fold over background for 4-cell embryos (A), = log2(18) fold over background for 8-cell
embryos (B), and = log2(6) fold over background for ICM (C). Windows below this threshold were filtered out for
downstream analysis. Remaining windows less than 5,000 bp (A), 6,000 bp (B), or 2,000 bp (C) apart were merged
to generate H3K4me3 peaks with a maximum width of 20,000 bp. Peaks identified as enriched for H3K4me3 in the
pre-implantation embryo were then inspected and confirmed in IGV.

(D - F) H3K4me3 signal intensity enrichment heatmaps at +/- 5kb center of 4-cell (D), 8-cell (E), or ICM (F) peaks
relative to sperm or pre-implantation embryo signal, and sorted by pre-implantation embryo H3K4me3 signal intensity.
(G - 1) Overlap between sperm H3K4me3 peaks and 4-cell H3K4me3 peaks (= 23,582; G), sperm-to-4-cell persistent
H3K4me3 peaks and 8-cell H3K4me3 peaks (= 10,357; H), sperm-to-8-cell persistent H3K4me3 peaks and ICM
H3K4me3 peaks (= 7,004; 1).

(J - K) Overlap between sperm H3K4me3 gain peaks and 4-cell H3K4me3 peaks (= 64; J), sperm H3K4me3 gain
peaks and sperm-to-ICM persistent H3K4me3 peaks (= 4; K).

(L - M) Overlap between sperm H3K4me3 loss peaks and 4-cell H3K4me3 peaks (= 935; L), sperm H3K4me3 loss
peaks and sperm-to-ICM persistent H3K4me3 peaks (= 459; M).

(N) Enrichment for peaks with H3K4me3 gain or loss at characterized DNAme / H3K4me3 persistent regions (see Fig.
S2 and S5). Positive enrichments are determined by Z scores using the Bioconductor package regioneR. For all
annotations displayed, p <0.0001 and n = 10,000 permutations of random regions (of the same size) resampled from

sperm H3K4me3 peaks.
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Fig. S6
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Fig. S6: Promoters marked by H3K4me3 in sperm and pre-implantation embryos correspond to expressed

genes in the embryo.

(A - C) Scatterplots where the x axis corresponds to the log2 (pre-implantation embryo H3K4me3 promoter counts +
1) and the y axis corresponds to the log2 (sperm H3K4me3 promoter counts + 1) at +/- 1 kb TSS of the hg19 genome.
Colour of the scatter points corresponds to H3K4me3 enrichment categories determined by density cutoffs (grey dotted
lines, see Fig. S6D-G): yellow points = H3K4me3 enrichment in both sperm and pre-implantation embryos; light green
points = H3K4me3 enrichment in only pre-implantation embryos; dark green points = H3K4me3 in sperm; blue points
= absence of H3K4me3 enrichment in sperm and pre-implantation embryos. Represented pre-implantation embryo
stages are 4-cell embryos (A), 8-cell embryos (B), and ICM (C).

(D - G) Distribution of log2 (H3K4me3 counts + 1) at +/- 1 kb TSS of the hg19 genome in sperm (D), 4-cell embryos
(E), 8-cell embryos (F), ICM (G). The local minimum was identified on the density plots (brown line) and used as the
cutoff threshold value to identify promoters enriched for H3K4me3 in sperm and pre-implantation embryos (see Fig.
S6A-C).

(H - J) Scatterplots where the x axis corresponds to the log2 (pre-implantation embryo H3K4me3 promoter counts +
1) and the y axis corresponds to the log2 (sperm H3K4me3 promoter counts + 1) at +/- 1 kb TSS of the hg19 genome.
Color of the scatter points correspond to the log2 pre-implantation embryo RPKM gene expression + 1. Dashed lines
correspond to H3K4me3 promoter density cutoffs for pre-implantation embryo (x axis) or sperm (y axis). Represented
pre-implantation embryo stages are 4-cell embryos (H), 8-cell embryos (1), and ICM (J).

(K - M) Selected significant pathways from gene ontology analysis on promoters with H3K4me3 loss in South African
sperm that retain H3K4me3 in the pre-implantation embryo and are expressed at the associated pre-implantation
embryo stage (RPKM > 1; weighed Fisher p < 0.05). Size of dots corresponds to the number of genes from a significant
pathway that overlap a peak with H3K4me3 gain. Color of the dots indicates -log2(weightFisher) value of significant

pathway. Represented pre-implantation embryo stages are 4-cell embryos (K), 8-cell embryos (L), and ICM (M).
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Supplemental Tables:

Table S1: Aggregated participant information from Greenlandic Inuit and South African VhaVenda cohorts.

Table S2: MCC-seq read statistics, differentially methylated CpGs, hotspots, and differentially methylated regions, in

Greenlandic Inuit and South African VhaVenda sperm.

Table S3: Gene ontology analyses on differentially methylated regions and differentially enriched H3K4me3 peaks in

Greenlandic Inuit and South African VhaVenda sperm.

Table S4: Sperm-to-embryo predicted persistent DNAme and H3K4me3 regions.

Table S5: ChIP-seq read statistics and differentially enriched H3K4me3 peaks in South African VhaVenda sperm.
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