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Table S1: Aggregated population data of Greenlandic men from this study (INUENDO cohort; m = 47; Figure S1A; 
mean +/- SEM or %). 

Table S1 Notes: 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 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 a range in p,p’-DDE 

serum levels (mean 870.734 ± 134.030 ng/mL, Figure S1) (n = 47 selected from cohort of 193 total for MCC-seq). 

Participants were recruited between May 2002 and February 2004 and eligible men were born in Greenland. Full details 

on recruitment and the cohort have been previously described. Data was available on smoking (questionnaire and 

cotinine levels), DNA fragmentation index and Body Mass Index (BMI). 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 and blood was collected within one 

week of semen collection except for a subgroup which were collected within one year. The men were asked to abstain 

from sexual activities for ≥ 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. 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. Briefly, the p,p'-DDE was extracted by solid phase extraction using on-column 

degradation of the lipids and analysis by gas chromatography mass spectrometry. 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. 



Table S2: Aggregated population data of South African men from this study (VhaVenda cohort; m = 51; Figure 
S1B; mean +/- SEM or %). 

Table S2 Notes: 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 either sprayed via indoor residual spraying (n = 33 participants) or not non-

sprayed (n = 17 participants), 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. Semen and blood were collected on the 

same day in either October 2016, February 2017, or November 2017. Men were excluded from the study if they were less 

than 18 or more than 40 years of age, appeared intoxicated, reported drug use, or had a neuropsychiatric illness. Physical 

measurements included height and weight. All participants provided informed consent and were interviewed using a yes or 

no format questionnaire on their use of insecticides, smoking, and drinking. Fertility status was not queried. Of 247 men 

enrolled in the study, we selected 50 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 serum levels (mean 10,462.228 ± 1,792.298 ng/mL, Figure S1). 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 standard55 and the DNA fragmentation index was 

determined as detailed in de Jager et al., 2009. Semen analyses involved a macroscopic and microscopic examination of 

sperm which takes into account sperm count, sperm motility, and sperm morphology. 



Table S3: MethylC-Capture-sequencing (MCC-seq) read statistics of Greenlandic sperm. 

Table S3 Notes: 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 serum levels. Continuous and binarized p.p’-DDE effects were both 

explored and models were adjusted for BMI, smoking status and age. For the downstream analyses, we opted for the 

continuous regression p,p’-DDE model but for visualization purposes, samples from each cohort were separated into p,p’-

DDE exposure tertiles in Figure 1D. 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. For the 

South African cohort, from a total number of 2,354,599 CpGs with 20X coverage and covered by at least one sample, we 

obtained 1,573,641 CpGs with 20X coverage and these CpGs were covered by more than 30 samples (66.8% of total CpGs 

were retained after removing low coverage CpGs). Furthermore, 3,327 CpGs showed non-variable methylation (0.14% of 

total CpGs, or 0.2% after removing low coverage CpGs). For the Greenlandic cohort, from a total number of 2,458,895 

CpGs with 20X coverage and covered by at least one sample, we obtained 1,728,019 CpGs with 20X coverage and these 

CpGs were covered by more than 30 samples (70.3% of total CpGs were retained after removing low coverage CpGs). 

Furthermore, 4,034 CpGs showed non-variable methylation (0.16% of total CpGs, or 0.23% after removing low coverage 

CpGs). R function glm() 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 q-values using the 

Bioconductor/R package qvalue (version 2.16). We defined significant associated DMCs when q-values were less than 

0.01. 



Table S4: MethylC-Capture-sequencing (MCC-seq) read statistics of South African sperm. 

Table S4 Notes: 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 serum levels. Continuous and binarized p.p’-DDE effects were both 

explored and models were adjusted for BMI, smoking status and age. For the downstream analyses, we opted for the 

continuous regression p,p’-DDE model but for visualization purposes, samples from each cohort were separated into p,p’-

DDE exposure tertiles in Figure 1D. 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. For the 

South African cohort, from a total number of 2,354,599 CpGs with 20X coverage and covered by at least one sample, we 

obtained 1,573,641 CpGs with 20X coverage and these CpGs were covered by more than 30 samples (66.8% of total CpGs 

were retained after removing low coverage CpGs). Furthermore, 3,327 CpGs showed non-variable methylation (0.14% of 

total CpGs, or 0.2% after removing low coverage CpGs). For the Greenlandic cohort, from a total number of 2,458,895 

CpGs with 20X coverage and covered by at least one sample, we obtained 1,728,019 CpGs with 20X coverage and these 

CpGs were covered by more than 30 samples (70.3% of total CpGs were retained after removing low coverage CpGs). 

Furthermore, 4,034 CpGs showed non-variable methylation (0.16% of total CpGs, or 0.23% after removing low coverage 

CpGs). R function glm() 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 q-values using the 

Bioconductor/R package qvalue (version 2.16). We defined significant associated DMCs when q-values were less than 

0.01. 



Table S5: DNA methylation (DNAme) “hotspots” in Greenlandic sperm (related to Figure 1E) 

Table S5 Notes: “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 non-overlapping bins 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 Bioconductor/R package MatrixEQTL (version 2.3) with default parameters. The 

reported p-values were corrected using Benjamini-Hochberg false discovery rate (FDR). 



Table S6: DNA methylation (DNAme) “hotspots” in South African sperm (related to Figure 1E) 

Table S6 Notes: “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 non-overlapping bins 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 Bioconductor/R package MatrixEQTL (version 2.3) with default parameters. The 

reported p-values were corrected using Benjamini-Hochberg false discovery rate (FDR). 



Table S7: H3K4me3 Chromatin Immunoprecipitation followed by sequencing (ChIP-seq) read statistics on South 
African sperm (related to Figure S4A,B). 

Table S7 Notes: Raw reads were trimmed with the TrimGalore wrapper script around the sequence-grooming tool cutadapt 

(version 0.50) with the following quality trimming and filtering parameters (--length 50 -q 5 --stringency 1 -e 0.1`)68. The 

trimmed reads were mapped onto the hg19/GRCh37 reference genome downloaded from UCSC genome browser using 

bowtie2 (version 2.3.5.1) as previously described 27,61. We excluded reads that exhibited more than 3 mismatches. SAMtools 

(version 1.9)69 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 (version 3.2.0)70. The coverage was 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. 



Figure S1 

Figure 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 = 47) from this study.

(B) Distribution of p,p'-DDE serum levels in South African men (n = 50) from this study. p,p’-DDE serum level tertiles 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 from sperm MCC-

seq. Chromosome 1 genotype data from 1,000K genomes (Imputed hapmap V3) were used as the reference genotype 

profile (the human population genetic background) to compare with Greenlandic (indigo) and South African cohorts 

(magenta).  

(D) Principal component analysis plot on common SNPs on chromosome 1 and 1,000K genome dataset (Imputed hapmap

V3) for Greenlandic population coloured by p,p’-DDE serum tertiles. 

(E) Principal component analysis plot on common SNPs on chromosome 1 and 1,000K genome dataset (Imputed hapmap

V3) for South African population coloured by p,p’-DDE serum tertiles. 



Figure S2 
 

 
 

Figure S2: Genic and transposable element characterization of differentially methylated regions. 

 

Genic distributions and genic / CpG enrichments at DNAme gain or loss mDMCs in Greenland or South Africa sperm. 

Positive enrichments were 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



Figure S3 
 

 

 
Figure 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, intermediate 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, 

intermediate, or low DNAme levels. See Excel Table S9 – S13.  

(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), intermediate 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, intermediate 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, intermediate, 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), intermediate 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 Figure S2) at given mDMC.  

 
 
 
 
 
 
 
 
 
 

 
 
 



Figure S4 
 

 
 
 
 

Figure 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)27. 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 (I) transposable elements in 

the hg19 genome. Color shading corresponds to quantile cutoffs and associated age categories.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 



Figure S5 
 

 
 
 

Figure S5: Examples of peaks with deH3K4m3 that overlap promoters, transposable elements and / or putative 

enhancers. 

 

(A – B) Representative IGV tracks of peaks with H3K4me3 gain at (A) genic NCOA6 (important for hormone-dependent 

coactivation of steroid receptors, implicated in Kabuki Syndrome 1) which overlaps a putative sperm enhancer and multiple 

old LINE-1 elements, and (B) intergenic space in proximity to LINC00540 which overlaps a putative sperm enhancer and 

multiple old LINE-1 elements.  

(C – D) Representative IGV tracks of peaks with H3K4me3 loss at (C) the ANKRD9 gene (involved in metabolism of proteins 

and Class I MHC mediated antigen processing and presentation) which overlaps a putative fetal brain enhancer and a 

young LINE-2 element, and (D) the SMYD3 gene (a methyltransferase implicated in hepatocellular carcinoma) which 

overlaps a putative fetal brain enhancer and young LINE-2 and SINE-Alu elements. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 



 
Figure S6 
 

 
 



Figure S6: 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 ChIP-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 - I) 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; I). See Excel Table S21 – 23.  

(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 Figure 

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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Figure S7 
 

 
 

Figure S7: 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 

Figure S7D-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 Figure S7A-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 (I), 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).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 




