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Supplemental Figure S1. DTT is required to lyse mature spermatozoa 
A) DIC Images of typical cauda epididymal sperm samples before and after processing 
for ATAC-seq. Top panels show sperm processed without the use of DTT, revealing 
unbroken sperm heads even after overnight incubation in SDS and Proteinase K. 
Bottom panels show efficient sperm lysis for DTT-treated sperm under the same 
conditions. 
B) DTT is required to recover genomic DNA from sperm. Native PAGE gel shows the 
gDNA of sperm isolated from different methods. Here and in Supplemental Fig. S2, we 
compared sperm obtained from the cauda epididymis using three different preparation 
methods. In each case the cauda epididymis was removed via two gentle incisions at 
the junctions with the corpus and the vas deferens. Preparations differed by how the 
epididymis was further treated (Methods) – briefly, in Prep 1, epididymis was subject to 
multiple incisions and sperm were squeezed out, in Prep 2 the epididymis was 
punctured by needle and sperm were squeezed out, and in Prep 3 the epididymis was 
incised and sperm were allowed to swim out without any squeezing. In all three cases 
tissue was incubated in Donners medium at 37°C for 1 hr, after which the sperm-
containing supernatant was carefully recovered. Sperm were then washed and either 
left untreated or incubated with 50 mM DTT for 1 hour, then quenched with NEM. 
Samples were then treated identically with lysis buffer, incubated in SDS and 
Proteinase K at 55°C for 16 hours, and lysed in PCI (phenol:chloroform:isoamyl alcohol) 
followed by ethanol precipitation for genomic DNA extraction. 
C) Genomic DNA recovery following permeabilization with varying levels of DTT. 
Maximal DNA recovery is observed at 50 and 80 mM DTT, with somewhat lower gDNA 
recovery from the 20 mM DTT condition. Consistent with our estimates from cytosine 
methylation studies (Galan et al. 2021), contaminating cell-free DNA represents ~5-6% 
of the DNA recovered from a fully (50 or 80 mM) DTT-permeabilized sperm prep. 
D) Genomic DNA recovered from DTT-permeabilized sperm, with or without pre-
treatment with DNase I. Notably, DNase I pretreatment does not impact the integrity of 
gDNA recovered from sperm. 
  



 
 



Supplemental Figure S2. Effects of sperm purification methods on chromatin 
accessibility landscapes 
A) Heatmaps showing ATAC-seq enrichment for the three sperm preparations (see 
Supplemental Fig. S1B), aligned over peaks from Jung et al. (along with Jung et al 
data in the leftmost panel). Importantly, enrichment for open chromatin at peaks 
reported by Jung et al, and a nucleosomal insert landscape (see panel (D)), were 
observed for all three methods, but these peaks were stronger for the more disruptive 
tissue dissections. This suggests that at least some of the cell free chromatin 
contamination explored here may arise from the process of tissue disruption, but that 
this is unavoidable even under the gentlest dissection methods. 
B) Correlation matrix between the indicated genome-wide datasets. RPKM was 
calculated for 2 kb genome-wide bins and pairwise spearman correlations were 
assessed. Two large blocks of well-correlated datasets are apparent. The first shows 
strong correlation between ES cell ATAC-seq datasets obtained either from untreated 
cells or from cells following DNase, DTT, or DNase+DTT treatments (see also Fig. 3). 
The other group of well-correlated datasets include public data (Jung et al. 2017; Jung 
et al. 2019), data from untreated sperm (this study), and, importantly, ATAC-seq data 
from the cauda epididymal epithelium (see Fig. 4C). Moreover, we find that skipping the 
somatic cell lysis steps – as conducted in Jung et al – resulted in still better agreement 
between our “untreated” ATAC-seq profile and published ATAC-seq datasets. This 
suggests that contaminating chromatin is not exclusively produced as a result of 
somatic cell lysis, and that detergent washing does help to remove contaminating 
material, albeit inefficiently. 

Data for immature sperm populations are distinct from ESCs and untreated 
sperm, while DTT-treated sperm (whether DNase-pretreated or not) cluster separately 
from immature sperm, untreated sperm, or ESCs. (Exo_V: Exonuclease V; DHS: 
DNase-seq) 
C) Scatterplots showing local ATAC-seq enrichment at 1 kb surrounding all TSSs, for 
the indicated pairs of libraries. All three datasets from untreated sperm (this study and 
Jung 2017 and 2019) are highly-correlated, while data from DNase+DTT-treated sperm 
are distinct from any untreated samples. DTT-only sperm exhibits intermediate 
correlations with both untreated and DNase+DTT treated sperm samples. 
D) Insert length distributions for the sperm preparations 2 and 3 (corresponding insert 
lengths for Prep 1 are shown in Fig. 1B). 
E) ATAC-seq library yields for sperm treated with the indicated conditions prior to Tn5 
treatment. All yields (mean of DNA library yields from two replicates) from other 
conditions were normalized to untreated group (Prep 1). 
F) Untreated sperm were treated with the indicated nucleases, then sperm were 
pelleted by centrifugation and genomic DNA was recovered from the supernatant and 
visualized by gel electrophoresis (left panel). Note the nucleosomal bands in the 
MNase-digested material, consistent with cell-free contamination by chromatin rather 
than naked DNA. Right panel visualizes sequencing libraries prepared from supernatant 
following the indicated treatments. 



G) Deep sequencing of the sperm preps from panel (F). Bottom three panels show the 
supernatant material from (F), revealing that contaminating material arises from the 
entire genome, rather than specific loci. ATAC panels for the nuclease-treated samples 
were prepared using sperm pelleted following the indicated nuclease treatments, but not 
permeabilized with DTT. Note that no enrichment is seen for sperm treated with the 
endonucleases DNase I or MNase, while exonuclease treatment leaves cell-free DNA 
available for ATAC-seq. Importantly, the continued presence of ATAC peaks in this 
material confirms that cell-free chromatin cosediments with sperm through a gentle 
centrifugation step. 
  



 



Supplemental Figure S3. Functional enrichment in sperm open chromatin 
Bar graphs show p values (expressed as -log10 of the p value) for various Gene 
Ontology categories enriched in genes found near the indicated sperm ATAC-seq 
peaks.



 
Supplemental Figure S4. Distinguishing methylase-accessible and inaccessible 
DNA by Nano-NOMe-seq 
Histogram showing number of Nanopore reads (y axis) exhibiting a given level (x axis) 
of GpC methylation (for reads with a minimum of 20 GpC dinucleotides). Dotted line 
indicates divider separating inferred sperm DNA reads (protected from GC methylation) 
from inferred cell-free DNA (accessible to the methylase).  



 

 



Supplemental Figure S5. Lack of antibody specificity in sperm CUT&RUN and 
CUT&Tag profiles 
A) CUT&RUN profiles for the indicated histone modifications, for sperm either untreated 
or treated with DNase I and DTT. Published ChIP-seq profiles from the indicated studies 
(Erkek et al. 2013; Jung et al. 2017) are shown above the CUT&RUN libraries for 
comparison. 
B) Heatmaps showing H3K4me3 signal for the indicated libraries, aligned over peaks 
called from Erkek et al (Erkek et al. 2013) 
C) Metagene showing averaged H3K4me3 enrichment for a 4 kb window surrounding 
all transcription start sites. 
D) As in (A), for CUT&Tag libraries. Note that four distinct epitopes, including one which 
should be absent from mature sperm (Pol2S2P), all exhibit highly similar localization 
landscapes, which also resemble DTT-treated ATAC-seq profiles. 
E) Correlation matrix between CUT&Tag and ATAC libraries. Datasets for untreated 
sperm are all distinct, whereas ATAC-seq and CUT&Tag datasets (regardless of 
antibody used) for permeabilized sperm are broadly concordant, consistent with 
CUT&Tag data simply reflecting untargeted Tn5 activity in the CUT&Tag protocol. 
  



 



Supplemental Figure S6. Features of sperm ChIP-seq datasets 
A) Heatmaps of H3K4me3 and H3K27me3 ChIP-seq data for the DTT only and 
DNase+DTT libraries, aligned over all promoter regions (n = 57,102;TSS +/- 2.5 kb), 
organized from high to low enrichment of H3K4me3 signals. 
B) Sequence logos for enriched motifs at CTCF ChIP-seq peaks called from DTT-only 
and DNase+DTT libraries, as indicated. 
C) Limited solubilization of the sperm genome following sonication. Formaldehyde-fixed 
sperm were sonicated to fragment the genome for ChIP-seq. Following sonication, 
resulting material was centrifuged (10,000×g, 10 min) and DNA was extracted from 
pellet and supernatant fractions and characterized by gel electrophoresis. 
D) Native MNase-ChIP-seq for H3K4 and K27 methylation. Data for untreated sperm 
closely match previously-reported histone modification profiles; curiously, for this assay 
– unlike for other histone modification mapping protocols – we find essentially no 
change following DNase or DTT treatments. This includes DNase treatment without 
DTT permeabilization, which is concerning given that we should be unable to access 
the sperm genome under these conditions. We speculate that DNase treatment of cell-
free chromatin leaves some nucleosomes intact, which are available for 
immunoprecipitation but which do not have adjacent linker DNA required for Tn5 
insertion in CUT&Tag, or which add to a genome-wide (Supplemental Fig. S2G) 
nonspecific background for CUT&RUN where MNase-released nucleosomes are used 
for readout. 
  



 
Supplemental Figure S7. Hi-C scaling plots 
Top panel shows interaction frequency between two loci at increasing genomic 
distances (x axis) for the indicated datasets. Bottom panel shows the derivative of these 
curves. The relatively flat profile seen in the DNase+DTT dataset is typical for poorly-
crosslinked Hi-C libraries, potentially owing to the paucity of lysines in sperm DNA-
associated proteins like the protamines. 



We note that while the majority of published Hi-C studies of mouse sperm exhibit 
typical somatic features including A/B compartments and TADs (Battulin et al. 2015; 
Jung et al. 2017; Ke et al. 2017; Alavattam et al. 2019; Jung et al. 2019; Wang et al. 
2019), TADs were notably absent in (Vara et al. 2019). Although this would be 
explained parsimoniously had DTT been used in that study – generating maps 
dominated by bona fide sperm rather than contaminating chromatin, as seen in our Fig. 
6 data – this does not appear to have been the case based on the Vara et al Methods 
section. 

Instead, two technical choices may provide a potential explanation. First, Vara et 
al state that testis, epididymis, and epididymal sperm were co-incubated during 
testicular dissociation, conditions which include DNase I treatment (DNase treatment is 
a typical part of testicular dissociation protocols). Of course this would eliminate the cell-
free chromatin contamination present in the cauda epididymis, as demonstrated 
throughout this manuscript, but raises the question of what material was captured in the 
resulting Hi-C libraries. This highlights the second technical choice, where Vara et al 
snap freeze FACS-sorted sperm prior to all fixation and permeabilization steps. In our 
experience, MNase-seq data are dramatically altered when the assay is performed on 
frozen and thawed sperm vs. freshly isolated sperm used immediately (unpublished). 
We speculate that this reflects ice damage to sperm frozen without cryoprotectant, 
potentially allowing later enzyme access to fractured sperm heads. In this scenario Vara 
et al would be able to generate Hi-C maps, free of cell free chromatin, from sperm 
broken by freezing. 
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