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Abstract: 31 

 32 

Differential packaging of vertebrate sperm and egg genomes is evolutionarily conserved for 33 

hundreds of millions of years. Unlike oocytes, post-meiotic spermatid nuclei are thought to 34 

uniformly replace histones with transition proteins (TNPs) and, ultimately, with protamines, the 35 

small non-histone structural proteins. Tracking of endogenously tagged protamines overturns the 36 

classical model of paternal chromatin remodeling, revealing a direct histone-to-protamine-1 37 

transition that occurs independently of both TNPs and protamine-2. Stage-resolved chromatin 38 

profiling across 26 spermatid datasets reveals that chromatin compaction is a programmed 39 

process that requires H4-hyperacetylation but is not instructed by it. Rather, chromatin 40 

remodeling is guided by the pre-meiotic 3D-architecture of the spermatid nucleus: i.e., 41 

compaction of the A-compartment precedes B-compartment. This compartment-encoded 42 

template for sperm nuclear remodeling suggests that male-specific protamine patterns can 43 

transmit pre-meiotic structural information to the zygote and may impact embryonic 44 

development. 45 
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Main Text:  47 

 48 

Introduction 49 

In sexually reproducing species, the sperm cell genome undergoes one of the most remarkable 50 

chromatin transformations in biology: the transition from a nucleosome-based to a protamine-51 

based chromatin landscape. This process relies on a series of testis-specific basic proteins to 52 

achieve the tight chromatin compaction required for sperm function, while preserving the sperm 53 

genome’s ability to rapidly and faithfully reactivate after fertilization.1,2 The prevailing 'histone-54 

to-protamine' exchange model depicts this chromatin transformation as a series of stepwise 55 

remodeling events in which canonical histones are first replaced by histone variants3-6, which 56 

overlap with transition proteins (TNP1 and TNP2), before being ultimately replaced by 57 

protamines (PRM1 and PRM2).7-11 This remodeling cascade implicitly assumes a linear, 58 

hierarchical exchange of proteins, in which each intermediate is a prerequisite for the next.  59 

However, accumulating genetic evidence challenges this strict sequence of remodeling 60 

events. For example, single Tnp1 or Tnp2 knockouts in mice result in sub-fertility8,10,12, while 61 

double knockouts are male sterile13, indicating partial redundancy and cooperative roles in 62 

chromatin remodeling.6, 7 Notably, PRM1 incorporation occurs normally even in the complete 63 

absence of both transition proteins, whereas PRM2 incorporation is compromised, demonstrating 64 

that TNPs are required only for PRM2 deposition.4,6,10 Likewise, PRM1 deposition is unaffected 65 

in Prm2-deficient testes, establishing that PRM1 and PRM2 incorporation are mechanistically 66 

uncoupled.8 Together, these findings point to a modular chromatin-remodeling process, yet how 67 

this nuclear repackaging is regulated - and whether it follows a deterministic or stochastic logic - 68 

remains unknown. 69 

Despite histone-to-protamine exchange being essential for sperm function, the exchange 70 

process is incomplete, with a small subset of histones retained 14-16 at developmental gene 71 

promoters and at certain repetitive regions of the genome.17-19 These retained nucleosomes have 72 

been implicated in paternal epigenetic inheritance14-17,20-22 and are often presumed to be the only 73 

information carriers within the sperm nucleus. This view has prevailed because protamines are 74 

presumed to bind DNA uniformly and without sequence specificity. Yet this assumption has not 75 

been tested in vivo because of longstanding technical limitations. As a result, whether 76 

protamines transmit any information, locus- or compartment-level, to the zygote, or whether they 77 

function purely as structural condensation proteins with random genomic distribution, remains an 78 

open question. 79 

Here, our findings challenge the established sequence of histone-to-protamine exchange 80 

events and the long-standing assumption that PRM1 and 2 are deposited uniformly throughout 81 

the paternal genome. By tagging the endogenous Prm1 and Prm2 loci with V5 and/or HA 82 

epitopes, we demonstrate that PRM1 and PRM2 incorporation is temporally uncoupled, with 83 

PRM1 undergoing a direct histone-to-PRM1 transition, whereas PRM2 incorporation occurs 84 

only after the appearance of transition proteins. This temporal uncoupling raised the possibility 85 

that PRM1 and PRM2 are not uniformly distributed across the genome. To test this, we applied 86 

stage-resolved ATAC-seq and CUT&Tag to capture successive waves of chromatin compaction 87 

and compositional change, as proxies for PRM1- and PRM2-driven accessibility changes. We 88 

hypothesized that if accessibility varies along the genome and across stages this can indicate that 89 

protamine exchange is a regionally partitioned process that likely encodes heterogeneity into the 90 

sperm chromatin landscape. Our dense, stage-resolved mapping of chromatin accessibility, 91 

nucleosome occupancy, and histone modifications indeed confirms a continuous, highly ordered, 92 



and progressive change in accessibility across spermiogenesis. This loss of chromatin 93 

accessibility coincides with the loss of H2B and H4, indicating that chromatin compaction is 94 

coupled to histone eviction. To examine whether H4 hyperacetylation regulates these stage-95 

specific changes, we performed H4ac CUT&Tag across stages and show that H4 acetylation 96 

marks early, intermediate, and late remodeling loci- suggesting it accompanies but does not 97 

direct the remodeling process. Instead, integrating accessibility dynamics with 3D genome 98 

architecture in round spermatids showed that differential accessibility loss across stages is 99 

correlated with higher-order genome organization, with euchromatic A-compartment regions 100 

compacting earlier than heterochromatic B-compartment regions. Together, these results 101 

demonstrate that the temporal uncoupling of PRM1 and PRM2 coincides with a programmed, 102 

compartment-encoded remodeling process, suggesting that protamine 1 and -2 incorporation 103 

encodes compartment-level architectural information within the mature sperm nucleus.  104 

 105 

Results 106 

A revised temporal sequence of histone-to-protamine exchange.  107 

The precise temporal relationships among histones, transition proteins, and individual protamines 108 

in vivo have remained difficult to resolve due to limitations in available reagents and antibodies. 109 

To directly define the timing of protamine incorporation during spermiogenesis, and to monitor 110 

protamine deposition relative to other nuclear proteins under physiological conditions, we 111 

therefore used CRISPR-Cas9-mediated genome editing to introduce V5 or V5–HA epitope tags 112 

in frame into mouse Prm1 and Prm2 alleles, respectively (Figure 1A; note other tested tags led to 113 

infertility). Importantly, both tagged Prm1 and Prm2 alleles supported normal spermatogenesis, 114 

as evidenced by the normal testis histology, sperm counts, motility, and fertility relative to wild-115 

type controls (Supplementary Figure 1A, B). 116 

We first analyzed the Prm1-V5 and Prm2-V5–HA alleles independently to establish their 117 

individual timing of nuclear enrichment. Since spermatogonial stem cell differentiation is an 118 

asynchronous, highly regulated process, any given tubule cross-section contains germ cells at 119 

multiple stages of differentiation. These recurring cellular associations define the 12 stages of the 120 

seminiferous epithelium cycle23,24 . Within these stages, spermatids mature through 16 121 

morphologically distinct steps. Notably, histone-to-protamine exchange initiates at stage VIII 122 

(RS step 8) and proceeds sequentially through stages IX-XII (steps 9-12), I–III (steps 13-14), and 123 

IV-VII (steps 15-16).  Using either anti-V5 for PRM1 or anti-V5/HA to track PRM2, we 124 

observed that PRM1 accumulates in spermatid nuclei at stage VIII and persists through 125 

subsequent stages (Figure 1B). In contrast, PRM2 nuclear enrichment was not detected until late 126 

stages of spermatid maturation (Stages II-VI; Figure 1C). These observations reveal a previously 127 

underappreciated temporal uncoupling between the two protamine proteins (Figure 1B, C). To 128 

determine whether this uncoupling reflects bona fide differences in protamine dynamics within 129 

the same cellular context - rather than variability across animals or sections - we next examined 130 

the relative incorporation of PRM1 and PRM2 within individual cells within a seminiferous 131 

tubule. Co-staining of testis sections from Prm1-V5; Prm2-V5-HA mice with antibodies against 132 

V5 and HA revealed the same reproducible temporal pattern observed in the single-allele 133 

analyses (Figure 1D). This result was independently confirmed by co-staining Prm2-V5–HA 134 

testes with an antibody against endogenous PRM1 (Hup1N) (Supplementary Fig. 1C). To further 135 

exclude that the observed uncoupling is due to differential nuclear accessibility of the antibodies 136 

to DNA-bound PRM1 vs. PRM2, we synchronized spermatid development by modulating 137 

retinoic acid signaling.25  This approach produces testes in which entire seminiferous tubules are 138 



restricted to one to two consecutive stages of the seminiferous cycle (e.g., VII- VIII, IX-X, XI-139 

XII, etc.). Using testis samples containing spermatids at different stages, we performed 140 

immunoblots to monitor the dynamics of PRM1 and PRM2. Consistent with the 141 

immunofluorescence data, PRM1 protein was detected earlier than PRM2 across synchronized 142 

developmental windows (Figure 1E). Together, these complementary approaches establish that 143 

PRM1 and PRM2 translation and nuclear localization are temporally uncoupled and 144 

differentially regulated.   145 

We next examined the temporal relationship between protamine incorporation and 146 

transition protein localization during spermiogenesis. Co-staining of Prm1v5/+ testis sections with 147 

anti-V5 and either TNP1 (Figure 1F) or TNP2 (Supplementary Figure 1D) revealed that PRM1 148 

accumulates in spermatid nuclei beginning at stage VIII, before detectable nuclear localization of 149 

either transition protein, which first appears at stages IX-XII (Figure 1F). This temporal ordering 150 

was independently confirmed by immunoblots from the synchronized testes preparations from 151 

above, which revealed that PRM1 protein accumulation indeed precedes the appearance of TNPs 152 

(Figure 1E). In contrast, co-staining of PRM2v5/+ mouse testis sections with anti-V5 and either 153 

TNP1 (Figure 1G) or TNP2 (Supplementary Figure 1E) demonstrated that transition proteins 154 

precede PRM2 nuclear localization, consistent with the conventional model of transition protein-155 

PRM2 incorporation order. 156 

Although these data show that PRM1 precedes transition proteins, the PRM1 nuclear 157 

localization alone does not equate to chromatin association. To determine whether PRM1 in 158 

early spermatid is stably incorporated into chromatin or is in the nucleoplasm awaiting transition 159 

protein-mediated remodeling, we synchronized spermatogenesis in wild-type mice25,26, collected 160 

testis enriched for stages VIII or IX of the seminiferous tubule cycle, and subjected single-cell 161 

suspensions from these stages to sequential salt fractionation27 (Figure 1H). In stage VIII-162 

enriched chromatin, histone H3 was progressively released with increasing salt concentration as 163 

expected, whereas PRM1 remained predominantly in the insoluble chromatin pellet even at high 164 

ionic strength, indicating stable chromatin association. Notably, the identification of PRM1 in 165 

the insoluble fraction is unlikely to be an artifact of aggregation due to disulfide bond formation, 166 

as disulfides only form during epididymal maturation28-30. This salt-resistant association 167 

persisted in stage IX-enriched chromatin, despite increased histone lability at this stage, 168 

consistent with the incorporation of testis-specific histone variants5,6,31 known to destabilize 169 

nucleosomes32,33. Together, these results demonstrate that PRM1 is stably chromatin-bound prior 170 

to, and independent of, transition protein nuclear accumulation. Consistent with a direct histone-171 

to-PRM1 transition, co-staining of Prm1V5/+ testes for PRM1, histone H3, or acetylated Histone 172 

H4 (H4ac) revealed substantial temporal overlap between PRM1 and Histone H3 or PRM1 and 173 

H4ac in stage VIII spermatids (Supplementary Figure 1F,G), but in stage IX-XII the PRM1-high 174 

regions lose histone H3 or acetylated histone H4 (H4ac) (Supplementary Figure 1F,G), 175 

suggesting that PRM1 deposition coincides with histone H3 or H4ac loss (see CUT&Tag data 176 

below).  177 

Together, these data establish a direct histone-to-PRM1 transition in which PRM1 is 178 

stably incorporated into chromatin prior to the accumulation of transition proteins and 179 

independently of PRM2. In contrast, PRM2 incorporation follows transition proteins, as 180 

previously described (Figure 1I). We therefore propose a revised sequence for the histone-to-181 

protamine exchange: Histones → PRM1 → TNP1/2 → PRM2 (Figure 1I). This revised sequence 182 

of chromatin remodeling is strongly supported by earlier genetic data showing that PRM1 183 

nuclear incorporation is preserved in Tnp1/Tnp2 double-knockout testes, despite the complete 184 



absence of transition proteins, whereas PRM2 incorporation is compromised or lost in some 185 

spermatids 13, indicating that PRM1 and PRM2 likely incorporate into chromatin through distinct 186 

mechanisms. More importantly, this direct histone-to-PRM1 exchange is not an idiosyncrasy of 187 

mouse spermiogenesis but has been reported in birds and certain fish, suggesting this is a likely 188 

conserved feature of vertebrate spermiogenesis34,35.  189 

 190 

Defining stage-specific architectural changes in sperm chromatin during spermiogenesis. 191 

The temporal uncoupling of PRM1 and PRM2 incorporation raises the possibility that protamine 192 

deposition follows a staged, ordered compaction program rather than a single, uniform 193 

compaction event. A definitive test of this model would require mapping PRM1- and PRM2-194 

bound chromatin at high resolution in sperm. However, the extreme compaction of protamine-195 

bound DNA and the lack of accessible linker regions between protamine molecules in sperm 196 

make direct nuclease- or transposase-based foot-printing approaches technically impossible36. 197 

We therefore adopted an indirect but powerful strategy, using ATAC-seq37,38 to monitor 198 

chromatin accessibility dynamics across spermatid maturation.  199 

To collect spermatids at specific stages of development, we combined spermatogenesis 200 

synchronization 25 with fluorescence-activated cell sorting39 (Figure 2A) to enrich for a 201 

homogeneous pool of spermatids isolated from any given stage (Figure 2B; Supplementary Table 202 

1; see Methods). Importantly, because elongating spermatids are largely transcriptionally 203 

quiescent, the stage-specific changes in accessibility primarily reflect structural changes in 204 

chromatin rather than transcriptional activity.40,41 Therefore, the accessibility changes we observe 205 

can serve as a sensitive proxy for distinct compaction states dominated by histones, PRM1, or 206 

PRM1 plus PRM2 (Figure 2A).  207 

To map chromatin accessibility dynamics over time, we densely sampled spermatid 208 

maturation, generating 26 ATAC-seq datasets spanning the 16 steps of spermatid maturation 209 

(Figure 2B; Supplementary Table 1). Each sample contained approximately 220,000 mouse cells 210 

supplemented with a 10% Drosophila spike-in to normalize across samples and to control for 211 

transposase activity and library complexity (Figure 2A). To assess reproducibility and global 212 

chromatin similarity across spermatid populations, we computed pairwise Spearman correlations 213 

of normalized signals across 10kb bins for all 26 datasets (Figure 2C). The resulting clustered 214 

heatmap revealed high concordance between biological replicates, which clustered tightly along 215 

the diagonal, confirming the robustness of our cell synchronization and sorting. Notably, 216 

correlations decreased progressively between non-adjacent stages, reflecting the continuous 217 

remodeling of the chromatin landscape during spermiogenesis (Figure 2C). Based on the 218 

correlation structure and confirmed biological sample stages (Figure 2B;2C; Supplemental Table 219 

1), we binned samples into seven discrete windows of spermatid maturation (Figure 2A;2B; 220 

Supplementary Table 1) spanning early round spermatids (Early RS) through late elongating 221 

spermatids (Late ES; isolated from stages I-XII; Steps 1–15). These windows allow us to capture 222 

relevant developmental transitions while maintaining the granularity of the spermatid maturation 223 

trajectory.  The latest elongating spermatid samples we could generate sufficient-quality ATAC-224 

seq libraries without resorting to harsh chemical treatments, such as DTT, to increase chromatin 225 

accessibility are Step 15 spermatids isolated from Stage IV of the seminiferous tubule cycle. 226 

  By leveraging intrinsic ATAC-seq features, such as insert size distributions at specific 227 

genomic loci, such as transcriptional start sites (TSSs), or across the genome, the data provide a 228 

global, model-independent readout of the changing spermatid chromatin architecture. Early 229 

round spermatids displayed canonical nucleosome footprints, with prominent peaks at 230 



approximately 200 bp and 400 bp corresponding to mono- and di-nucleosome footprints (Figure 231 

2D, Figure 2F; Supplementary Fig. 2A). This organization remained stable throughout RS stages, 232 

indicating an intact nucleosome organization during this phase of development. However, as 233 

cells progressed to Early ES, the nucleosome-associated peaks were lost, and wider 234 

subnucleosomal peaks emerged (Figure 2D, 2E, Supplementary Figure 2A). These fragment 235 

sizes resemble destabilized nucleosome intermediates observed during active chromatin 236 

remodeling in other systems42-44. Curiously, these expanded sub-nucleosome peaks persisted 237 

through intermediate elongating spermatids (Int ES) but were lost in Late ES (Figure 2F). 238 

Concomitant with this loss, we observed a reemergence of mono-nucleosome-sized fragments in 239 

Late ES, suggesting re-stabilization of chromatin and selective retention of histones in a very 240 

small fraction of the mature sperm genome (Fig. 2D, Supplementary Fig. 2A).  241 

To determine whether the loss of the nucleosome footprint in the early and Int ES was a 242 

biological state or a technical artifact, we leveraged the Drosophila spike-in data, which shows a 243 

well-defined nucleosome footprint across all samples (Figure 2B; Supplementary Figure 2B). 244 

Furthermore, when overlaying insert size distributions from all Drosophila spike-in datasets, 245 

there was no broadening or distortion of nucleosome peaks (Figure 2F), confirming that the loss 246 

of nucleosome footprint in ES isn’t due to excessive enzymatic digestion in some samples but a 247 

true biological chromatin state.  248 

Having established this, we next asked whether it reflects a globally hyper-accessible 249 

chromatin state, perhaps coinciding with the previously described H4 hyperacetylated chromatin 250 

state known to loosen chromatin and facilitate histone-to-protamine exchange45. To estimate 251 

absolute accessibility, we normalized spermatid ATAC-seq signal to that of the Drosophila 252 

spike-in, which revealed that early and Int ES had markedly increased chromatin accessibility 253 

relative to other stages (Figure 2G). Notably, late RS displayed a similarly elevated accessibility 254 

relative to spike-in despite retaining canonical nucleosome organization, identifying a hyper-255 

accessible yet nucleosome-preserved intermediate chromatin state (Figure 2G). 256 

To determine how global changes in chromatin accessibility impact the organization of 257 

positioned nucleosomes, we generated insert size-resolved V-plots centered on annotated 258 

transcription start sites (TSS, ±200 bp), where assignment of genes to transcribed/active and non-259 

transcribed/inactive states was based on previously published PRO-seq data from pooled round 260 

spermatids46. In RS (early through late), V-plots revealed a canonical promoter architecture 261 

characterized by well-positioned +1 and -1 nucleosomes flanking active TSSs (Figure 2H). As 262 

cells transitioned from late RS to the ES stage (Stage VIII), we first observed an attenuation of 263 

the di-nucleosome signal (earliest ES), followed by a complete loss of positioned nucleosomes 264 

(early & Int ES) (Figure 2H).  Interestingly, a small fraction of positioned +1 nucleosomes re-265 

emerges in Late ES, a trend that mirrors our genome-wide fragment length analysis (Figure 2D). 266 

In contrast, inactive gene promoters in RS lacked a defined nucleosome-free region (NFR) or 267 

structured promoters but had a diffuse nucleosome distribution pattern across the promoters, 268 

consistent with a transcriptionally silent architecture (Supplementary Figure 2C). Curiously, this 269 

disappearance of nucleosome-protected fragments was not restricted to active genes; as both 270 

transcribed and inactive promoters displayed a loss of a nucleosome footprint in the RS-to-ES 271 

transition, which likely reflects global hyper accessibility and destabilization of the chromatin 272 

landscape (Figure 2D, 2H).  273 

Together, our time-resolved ATAC-seq analysis reveals multiple distinct states: a 274 

nucleosome-stable state in early and intermediate RS; a transient, hyper-accessible but 275 

nucleosome-stable state in late RS and the earliest ES stages; and a hyper-accessible and 276 



nucleosome-depleted phase during early-to-intermediate ES. In Late ES, a small but reproducible 277 

mono-nucleosome-sized fragment population re-emerges, consistent with partial chromatin re-278 

stabilization and selective histone retention rather than de novo nucleosome assembly (see below 279 

H3K27me3). 280 

 281 

The spatiotemporal landscape of chromatin remodeling reveals asynchronous compaction 282 

of the spermatid genome.   283 

To determine whether chromatin compaction in maturing spermatids follows a programmatic 284 

process, we analyzed chromatin accessibility changes within and across developmental stages at 285 

lower resolution. Because ATAC-seq can be influenced by GC content, and because chromatin 286 

composition changes markedly during spermatid maturation, we first examined GC-dependent 287 

biases across samples as this can confound comparisons across spermiogenesis (see Methods). 288 

When examining the ATAC-seq signal as a function of GC content across 1-kb genomic bins, we 289 

observed a progressive increase in GC-read count correlation from Early ES to Int ES 290 

(Supplemental Figure 2D).  This pattern likely reflects the unusually accessible chromatin state 291 

at these stages, where increased enzyme accessibility amplifies intrinsic sequence preferences, 292 

leading to the exaggerated GC bias. To prevent these stage-specific biases from dominating 293 

inter-sample differences, ATAC-seq signal in 1kb bins were regressed as a function of GC 294 

content and converted to GC-normalized residual Z-scores. This normalization minimizes 295 

sequence-driven effects and facilitates direct comparison of relative chromatin accessibility 296 

across stages. A representative GC-normalized ~1 Mb region on chromosome 9 encompasses 297 

multiple genes and distinct patterns (Figure 3A; high Z-scores in red denote more accessible 298 

spans, while lower Z-scores in blue denote less accessible spans). Even within this small 299 

genomic interval, chromatin accessibility changes vary across loci and developmental stages. For 300 

example, Region I overlaps with the Scaper locus, which is transcribed in RS (Pro-seq track; red) 301 

and shows high accessibility early but progressively diminishes as spermatids elongate. In 302 

contrast, Region II, encompassing the non-transcribed gene Lingo1, is relatively inaccessible in 303 

round spermatids but transiently gains accessibility during early and Int-ES stages, when germ 304 

cells are transcriptionally quiescent, and returns to an inaccessible state in Late ES. Region III 305 

overlapping gene Clk3 is highly transcribed in RS and remains accessible across all stages of 306 

spermatid development, including Late ES. Together, these representative patterns recur broadly 307 

across the genome and demonstrate that chromatin compaction during spermiogenesis proceeds 308 

in a region-specific and developmentally ordered manner rather than through uniform genome-309 

wide silencing.  310 

To examine local chromatin changes during spermiogenesis at higher resolution, we next 311 

generated genome-wide V-plots (Figure 3B–D; see Methods) to provide a read-level view of 312 

nucleosome composition or its disassembly intermediates across spermatid maturation at all loci. 313 

At the Acrv1 locus, a highly transcribed acrosomal protein gene (Supplemental Figure 3A)15, V-314 

plots revealed high accessibility in early stages (Early, In, Late RS; yellow heatmap is saturated 315 

high accessibility) followed by progressive loss of accessibility during elongation, consistent 316 

with transcription-dependent chromatin compaction (Figure 3B). However, the temporal 317 

ordering of Acrv1 remodeling is graded. Nucleosome-sized fragments are first lost from the gene 318 

body and are only later lost from the promoter.  In contrast, Lmx1a, a neuronal gene not 319 

transcribed in the male germline (Supplemental Figure 3B), follows a distinct chromatin 320 

remodeling trajectory (Figure 3C). Accessibility over the promoter region is diffuse and weakly 321 

structured in early and intermediate RS but becomes more pronounced and punctuated in late RS 322 



and earliest ES. By early and intermediate ES, the well-defined mono-nucleosome-sized 323 

fragments are lost, indicating a delayed, transcription-independent remodeling process (Figure 324 

3C). At the ubiquitously expressed histone H3.3 gene, chromatin accessibility is maintained up 325 

to the Late ES stage, at which time gene body coverage is lost but promoter-centered nucleosome 326 

fragments are retained (Figure 3D; Supplementary Figure 3C). Finally, to confirm that the 327 

observed locus-specific patterns were not influenced by global differences in accessibility or 328 

sequencing depth across stages, we normalized insert-size counts to whole-genome signal within 329 

each developmental stage, which preserved all qualitative patterns (Supplementary Figure 3D; 330 

note samples sequenced to comparable depth). These examples show how chromatin remodeling 331 

during spermiogenesis proceeds through multiple, locus-specific patterns of chromatin 332 

accessibility gains and losses, reflecting both transcription-dependent and transcription-333 

independent mechanisms. The switch of highest accessibility from region to region across 334 

spermiogenesis argues for a genome-scale, programmatic reorganization of chromatin rather than 335 

a uniform or stochastic compaction process.  336 

 337 

Peak-level chromatin dynamics support a continuous and programmed genome-wide 338 

remodeling during spermiogenesis. 339 

To further understand the unique properties of ATAC-seq read re-distribution during 340 

spermiogenesis, we next performed peak calling using two independent methods: (i) MACS247 341 

to identify regions of enriched accessibility above the genomic background (Figure 4A), and (ii) 342 

a dinucleosome-specific peak-calling algorithm that locates significantly accessible loci with 343 

multiple, well-positioned nucleosomes (Figure 4B, see Methods).  The number of peaks 344 

identified by either method deviated significantly from random expectation (Figure 4A, global 345 

p=2.84e-11; Figure 4B, global p=8.46e-15). As expected, MACS2 identified more peaks, with 346 

the dinucleosome-defined peaks being entirely nested within the MACS2 set in every stage 347 

(Supplemental Figure 4A). Thus, while many regions are accessible, only a subset in each stage 348 

have the architectural stability of a multi-nucleosomal array. Despite the global chromatin 349 

remodeling and loss of nucleosome-sized fragments and positioned nucleosomes during 350 

spermatid elongation, the MACS2 peak number increased in early and intermediate elongating 351 

spermatids (Early ES: n=364k, p<0.001; Int ES: n=483k, p<0.001) before decreasing greatly in 352 

late elongating spermatids (Late ES: n=62k, p<0.001; Figure 4A). In contrast, regions 353 

maintaining stable dinucleosomes decreased the most in the Early ES and Int ES stages (Figure 354 

4B). This inverse relationship between MACS and the dinucleosome algorithm indicates on a 355 

genome-wide scale that while Early ES and Int ES cells have highly accessible genomes, this 356 

accessibility lacks a stereotypical nucleosomal signature (Figure 2D, 2E, 4A, 4B). Notably, both 357 

methods identified a significant number of accessible loci in late ES, with peaks from each 358 

enriched at promoters relative to the genome average, especially the dinucleosome-enriched 359 

peaks (Figure 4C, D). When comparing dinucleosome accessible regions between RS and Late 360 

ES, we find that 6118 out of 6219 (98.4%) Late ES peaks overlapped a peak location seen in 361 

round spermatids, indicating that they do not represent acquired chromatin pattern during 362 

spermatid maturation but are a subset of early RS peaks that reemerge once the period of extreme 363 

accessibility resolves. Although round spermatid contamination can never be 100% ascertained, 364 

several lines of evidence argue against this interpretation: 1) we monitored purity of cells after 365 

FACs sorting, we pre-treated samples with DNase during sample preparation (reducing the 366 

possible of cell free chromatin), 3) when comparing global differences in chromatin accessibility 367 

patterns outside promoters using MACs peaks ~50% of loci overlap suggesting that these 368 



samples as whole differ from RS. Consistent with this, the B-compartment regions are only 369 

accessible in ES samples, not in RS (see below). Furthermore, gene ontology (GO) analysis for 370 

enriched promoters in all RS, early, and Int ES tended to enrich for the spermatogenesis 371 

program, DNA repair, and cilium formation (Supplementary Table 2), consistent with the 372 

expected developmental programming of these cells. In Late ES, GO recovered terms with well-373 

established roles during embryonic development, including chromatin-remodeling, DNA repair, 374 

and developmental processes (Supplementary Table 2).  375 

Finally, to characterize the temporal dynamics of ATAC-seq peaks, we either aggregated 376 

all MACS or all dinucleosome-defined peaks across stages and quantified their accessibility 377 

profiles over spermatid maturation. Consistent with the previous GC-normalized genome-wide 378 

patterns, these peaks display clear locus- and stage-dependent changes in chromatin accessibility. 379 

(Figure 4E; Supplementary Figure 4B). Principal component (Supplementary Figure 4C) and 380 

UMAP analysis (Supplementary Figure 4D) of peak-level accessibility reveal a continuous 381 

trajectory that parallels the temporal progression of spermiogenesis, with biological replicates 382 

clustered tightly and adjacent stages occupying neighboring positions along the trajectory. 383 

Together, these analyses indicate that the chromatin transition during spermiogenesis, even at 384 

peaks, occurs through a gradual, highly coordinated process, rather than a stochastic process. 385 

 386 

Chromatin remodeling in early spermatids is influenced by transcription, coincides with 387 

targeted histone eviction, but is not directed by H4 acetylation.  388 

 389 

To understand whether the accessibility changes observed between late round/earliest ES 390 

(spermatids in stages 7-8) and Early ES (spermatids in stage 9-12) are transcription-dependent, 391 

we integrated our GC-normalized ATAC-seq profiles with stage-matched scRNA-seq centroids48 392 

and quantified the coupling between promoter accessibility and gene expression across 393 

spermatogenic stages. Across all round spermatid stages, promoter accessibility and transcription 394 

dynamics are tightly coupled (Figure 5A, Supplementary Figure 5A). In contrast, this coupling 395 

between chromatin accessibility and transcription was lost in Early ES (Figure 5A, 396 

Supplementary Figure 5A); consistent with the known transcriptional quiescence in elongating 397 

spermatids. Interestingly, genes in the top 5% of transcriptional activity in early RS not only 398 

show a steeper decline in accessibility during elongation than moderately transcribed genes (25–399 

50th percentile), but by Early ES they become less accessible than regions that were previously 400 

lowly transcribed - a reversal that cannot be explained simply by their higher starting 401 

accessibility (Figure 5B). This suggests that highly transcribed genes are preferential substrates 402 

for chromatin remodeling during the RS-to-ES transition, and that prior transcriptional activity 403 

may license or direct early compaction. 404 

Given the loss of transcription-accessibility coupling in ES, we next examined whether 405 

the loss of accessibility coincides with changes in chromatin composition, which would be 406 

consistent with PRM1 incorporation during very late rounds and early elongation. This 407 

interpretation is consistent with the observed onset of PRM1 incorporation during very late 408 

rounds and early elongating (Figure 1B). To test whether accessibility loss corresponds with 409 

histone eviction, we profiled histone H4 and H2B by CUT&Tag in late rounds/earliest 410 

elongating or early elongating spermatids and compared histone abundance at early-, mid-, and 411 

late remodeling loci defined from our ATAC-seq dataset. Regions that lose relative accessibility 412 

from late rounds/earliest ES to Early ES also lose both H2B and H4 signal as compared to 413 

adjacent regions (Figure 5C). This pattern is not specific to a representative locus on 414 



chromosome 5 but is seen at all early- and mid-remodeling loci (Figure 5D), suggesting that 415 

accessibility loss in Early ES is likely due to nucleosome eviction and transition to a less 416 

accessible epigenomic state. To determine what might guide this selective histone eviction, we 417 

examined histone H4 acetylation - a modification associated with chromatin loosening and 418 

proposed to facilitate histone-protamine exchange during spermatid remodeling across multiple 419 

species45,49-51. CUT&Tag profiling of H4ac in late RS/earliest ES shows that H4ac, like H4 and 420 

H2B, is broadly distributed across all groups, with comparable enrichment in regions regardless 421 

of whether regions remodel early or late (Figure 5D; right panel). In Early ES, H4ac is markedly 422 

reduced in early- and mid-remodeling regions but is selectively retained at late-remodeling loci. 423 

Thus, H4ac marks chromatin competent for eviction but does not specify the temporal order of 424 

eviction, implying that additional mechanisms dictate the spatiotemporal hierarchy of chromatin 425 

remodeling (Figure 5D). 426 

 427 

Large-scale programmatic closing of the spermatid genome is defined by A and B 428 

compartments.  429 

Although individual loci display stage-specific accessibility changes during spermiogenesis 430 

(Figure 3), chromatin changes appear to be coordinated over local contexts. To quantify this 431 

coordination, we performed a variogram analysis, which showed that variance increases with 432 

inter-peak distance up to a plateau of maximal inter-peak variance at ~100 kb (Supplementary 433 

Figure 6A), indicating that nearby regions tend to remodel together over a characteristic 434 

neighborhood-scale length. To test whether nuclear organization of chromatin may facilitate this 435 

coordination, we generated four Hi-C datasets from round spermatids (day 35 and day 39 post-436 

synchronization), prior to the onset of histone-to-protamine exchange, to delineate round 437 

spermatid-specific A/B compartments. Biological replicates showed high concordance (HiCRep 438 

stratum-adjusted correlation coefficients of ~0.83–0.92; Supplementary Figure 6B), providing 439 

justification to combine and create a single high-resolution round-spermatid Hi-C dataset totaling 440 

~2.3 billion alignable reads (see Methods). As expected, the resulting Hi-C contact maps 441 

revealed strong A/B compartmentalization and preferential self-interaction within compartments 442 

(Figure 6A). We confirmed that the defined compartments have the predicted genomic features, 443 

e.g., A-compartment regions are enriched for higher GC content (%GC track) and transcriptional 444 

output (PRO-seq track), whereas B-compartment regions displayed the opposite pattern (Figure 445 

6B). 446 

When comparing genome-wide accessibility dynamics across compartments, we observe 447 

a clear difference in remodeling behavior at a low-resolution scale: A-compartment regions 448 

progressively lose relative accessibility as cells transition from late round to elongating 449 

spermatids, whereas B-compartment regions retain higher accessibility well into later elongating 450 

spermatid (Figure 6B). This compartment-specific pattern is observed across multiple 451 

chromosomes (Supplementary Figure 6C). Consistent with the representative chromosomal 452 

snapshots, the median accessibility levels for A-compartment loci drops quickly between the 453 

earliest and early elongating spermatid stages, whereas B-compartment regions retain higher 454 

accessibility well into late spermatids (Figure 6C). Notably, these distinct patterns observed are 455 

different from the expected background distributions, where both A and B compartments have 456 

median accessibility of around zero across all stages often with their confidence intervals 457 

overlapping (see Methods). To validate that the A compartment regions are likely to remodel 458 

first in vivo, we co-stained PRM1 with the heterochromatin mark H4K20me3 and monitored 459 

PRM1 localization across successive stages of elongating spermatids using structured 460 



illumination microscopy (SIM) (Figure 6D). In stage VIII–IX spermatids, PRM1 appears as 461 

discrete puncta localized to euchromatic regions and is clearly excluded from the H4K20me3-462 

rich chromocenter. By stage IX-X, PRM1 spreads more broadly throughout the nucleus while 463 

still avoiding the heterochromatic center, and by stages XI–XII, PRM1 uniformly fills the 464 

elongating nucleus yet remains depleted from the chromocenter. Taken together, the in vivo and 465 

molecular data indicate that the timing of early versus late chromatin remodeling is strongly 466 

aligned with - and likely constrained by - the underlying 3D genome architecture established in 467 

round spermatids.   468 

Consistent with these accessibility dynamics across compartments, A-compartment 469 

regions that lose chromatin accessibility during the transition from late rounds/earliest ES to 470 

Early ES also show parallel losses in relative histone H2B and H4 occupancy (Figure 6B). 471 

Tracking histone H4ac across compartments and stages reveals similar patterns. At late 472 

rounds/earliest ES (stages 7-8 spermatids), kernel density plots of H4ac suggest that H4ac levels 473 

are higher in A than in B compartments (Supplementary Figure 7A). However, this enrichment 474 

in the A compartment appears to be driven by the greater number of H4ac peaks in A compared 475 

with B (Supplementary Figure 7A). Furthermore, we find that the GC-normalized ATAC-seq 476 

distributions for H4ac-enriched loci in both compartments are remarkably similar and 477 

overlapping (histograms and box plots); suggesting that although H4ac sites are equally 478 

accessible in both compartments, they are selectively lost from the A compartment as cells enter 479 

Early ES. Consequently, by Early ES, the remaining H4ac signal is disproportionately retained in 480 

B-compartment regions (density plot; histogram; Supplementary Figure 7A). This apparent 481 

“shift” of H4ac toward B compartments is likely due to compositional consequences of 482 

differential histone loss and early closure of the A compartment. Consistent with this 483 

observation, in Early ES, the H4ac peaks that persist show notable differences in accessibility: 484 

those that persist in B compartments remain significantly more accessible than those few 485 

retained in A, indicating that once A-compartment chromatin begins its programmed closure, the 486 

presence of residual H4ac is insufficient to maintain accessibility.  487 

 488 

A proportion of H3K27me3-modified nucleosomes are stably maintained during 489 

spermiogenesis.  490 

A small proportion of nucleosomes is retained in mature sperm in a species-specific manner, 491 

with approximately 1-5% in mouse and 10-15% in human14-16. The large proportion of 492 

nucleosomes retained in mature sperm bear histone H3 lysine 27 trimethylation (H3K27me3), 493 

and include developmentally important loci, i.e., the Hox clusters, in both species14-16,21. Whether 494 

these retained nucleosomes reflect stable inheritance throughout the histone-to-protamine 495 

exchange process or are re-established at the end of spermiogenesis is unknown. To distinguish 496 

between these possibilities, we profiled H3K27me3-marked nucleosomes by CUT&Tag across 497 

Early RS, Late RS, Earliest ES, Early ES, and Int ES. Consistent with observations in mature 498 

sperm, we detected robust signal and enriched peaks at developmental promoters, including the 499 

Hoxd cluster; even when nucleosomes are destabilized (Supplementary Figure 7B; 500 

Supplementary Table 3). In contrast to H4-acetylated regions, which shift from A-to-B 501 

compartment in Early ES (Supplementary Figure 7A), H3K27me3-marked regions were 502 

maintained in the A compartment between spermatid transitions (Supplementary Figure 7C) and 503 

retained similar chromatin accessibility dynamics in both spermatid stages, unlike H4ac 504 

(Supplementary Figure 6A). To quantify the fraction of H3K27me3-marked loci stably 505 

maintained across spermiogenesis, we determined the proportion of peaks defined in Early RS 506 



that persisted through the ES stages. Approximately 60% of H3K27me3 peaks were retained 507 

(Supplementary Figure 7D), consistent with the possibility that these loci contribute to the 508 

retained nucleosome pool present in mature sperm. The removal of some H3K27me3-marked 509 

loci appears to be functionally important because mouse embryos generated by round spermatid 510 

injection (ROSI), which bypass the completion of histone-to-protamine exchange, exhibit ectopic 511 

retention of H3K4 and H3K27 methylation and show widespread misregulation of 512 

developmental genes, contributing to the low developmental competence of ROSI-derived 513 

embryos52. Complementary evidence from Xenopus has demonstrated that active demethylation 514 

of H3K4 and H3K27 in maturing spermatids is required for normal embryo viability20. Together, 515 

these findings suggest that H3K27me3 alone is insufficient to predict nucleosome inheritance in 516 

mature sperm; rather, the precise remodeling of both H3K4 and H3K27 methylation states during 517 

spermiogenesis is essential for establishing the epigenetic landscape required for embryonic 518 

development. 519 

 520 

Discussion: 521 

 522 

Protamines are the primary chromatin packaging proteins in sperm, yet, unlike histones, 523 

their deposition onto the paternal genome has been presumed to occur through nonspecific 524 

electrostatic interactions.1 Here we revisit this assumption and ask whether protamine-mediated 525 

genome packaging in sperm is random or programmed. Using endogenously tagged Prm1 and 526 

Prm2 mouse models, we demonstrate that the histone-to-protamine transition proceeds through a 527 

direct histone-to-PRM1 exchange, whereas TNPs precede only PRM2 incorporation. These 528 

findings demonstrate that PRM1 and PRM2 incorporation are temporally and, likely, 529 

mechanistically uncoupled, which revises the earlier model for Histone-to-Protamine exchange. 530 

To define the underlying molecular logic underlying the genome-wide chromatin remodeling, we 531 

mapped chromatin accessibility at high temporal resolution across spermatid maturation, and 532 

show that chromatin compaction is spatiotemporally asynchronous, proceeds through both 533 

transcription-dependent and transcription-independent mechanisms, and is facilitated but not 534 

directed by H4 hyperacetylation. Most strikingly, the order of compaction is strongly associated 535 

with the pre-existing 3D compartment architecture of the round spermatid genome. Together, 536 

these findings further underscore a programmatic nature and a compartment-correlated blueprint 537 

for establishing the paternal epigenome. (Figure 7) 538 

The differential timing of PRM1 and PRM2 nuclear localization has been previously 539 

documented by antibody staining7 but has never been mechanistically interrogated or integrated 540 

into the canonical remodeling framework. Our endogenously tagged protamine models, 541 

combined with combinatorial staining, provide greater resolution of this revised histone-to-542 

protamine exchange sequence. Genetic evidence supporting a direct histone-protamine1 543 

exchange comes from Tnp1/2 double-knockout mice, which showed normal PRM1 incorporation 544 

timing and levels, but also marked reductions in PRM2 incorporation, and, in some spermatids, a 545 

complete loss of PRM253. This observed phenotypic difference in PRM1 and PRM2 regulation in 546 

these double TNP mutants can now be explained by the differential timing of PRM loading we 547 

observe and by the TNP-independent deposition of PRM1. This establishes PRM1 and PRM2 548 

incorporation as mechanistically distinct events rather than steps in a single process. Further, this 549 

surprising, programmed uncoupling of PRM1 and PRM2 raises questions: do PRM1 and PRM2 550 

occupy distinct genomic loci, and if so, what mechanisms direct each protamine to its target loci?  551 



In early elongating spermatids, we find that PRM1 is recruited to H4-hyperacetylated 552 

chromatin. This early incorporation of PRM1 is likely mediated by BRDT, as deletions of the 553 

first bromodomain (BD1) have been shown to prevent the incorporation of PRM154-56. 554 

Specifically, it has been proposed that nucleosomes bearing H4K5/K8 acetylation are recognized 555 

by BRDT, removed, and targeted for degradation by the PA200-containing proteasome56. 556 

Whether the BD1 domain of BRDT is similarly required for PRM2 incorporation remains to be 557 

determined; however, other histone modifications, such as H2BK12 crotonylation, have been 558 

implicated in TNP and PRM2 deposition in elongating spermatids57.  559 

A key unresolved question is what regulates the stage-specific remodeling patterns we 560 

observe during spermiogenesis, since H4 hyperacetylation is broadly distributed across the 561 

genome in early and late remodeling regions as soon as it is established. Elegant work by Saadi 562 

Khochbin’s lab may provide insights into this sequence of remodeling events: H4K5/K8 563 

butyrylation frequently co-occurs with H4 acetylation, and both exist independently at a subset 564 

of loc56. Early biochemical experiments show that the combination of H4ac and H4 butyrylation 565 

inhibits BRDT binding56. This suggests a combinatorial code in which acetylation, butyrylation, 566 

and crotonylation likely function as molecular timers that determine where and when structural 567 

exchange occurs, which inturn likely bias PRM1 vs. PRM2 incorporation.  568 

By leveraging ATAC-seq insert size distributions, we provide insights into the underlying 569 

chromatin states during the histone-to-protamine transition. In early and Int-ES, we observed a 570 

marked loss of the canonical ~147-bp nucleosome footprint, coincident with H4 571 

hyperacetylation and the onset of PRM1 incorporation.  Concurrently, the insert size distribution 572 

shifts towards a prominent ~70-90 bp sub-nucleosome species, which is substantially wider than 573 

the TF-protected fragments or nucleosome-free region (NFR) in round spermatids. This sub-574 

nucleosomal intermediate likely reflects destabilized nucleosomal states 43  or disassembly 575 

intermediates, such as hexasomes or tetrasomes, generated by the loss of one or both H2A-H2B 576 

dimer58-60. However, we also cannot exclude the possibility that some fraction of this signal 577 

reflects protamine-bound DNA fragments. Distinguishing between these possibilities will require 578 

orthogonal approaches, such as gentle MNase-based footprinting combined with nucleosome 579 

mass spectrometry 61or direct protamine mapping using single-molecule 580 

sequencingapproaches62. Both are extremely challenging due to cell number requirements 61 or 581 

technical reasons, due to the way protamine coats DNA36. However, the remodeling intermediate 582 

interpretation is nonetheless supported by evidence from other systems. In Drosophila, H2A-583 

H2B removal precedes H3-H4 loss, generating a temporal series of disassembly intermediates 584 

during the transition to sperm nuclear binding proteins (SNBP)59. In pal mutants, H2A-H2B are 585 

removed normally, but H3-H4 tetramers are retained, yet this doesn’t impair SNBP loading, 586 

demonstrating that H3-H4 tetramers can coexist with SNBP-packaged chromatin59. A similar 587 

finding is observed in Xenopus, where H2A-H2B dimers are lost during spermatid maturation, 588 

but H3-H4 tetramers are selectively retained60.  Whether these particles represent bona fide 589 

hexasome or tetrasome intermediates, protamine-bound DNA of similar fragment size, or 590 

destabilized full nucleosomes with impaired DNA wrapping - as proposed for remodeler-591 

engaged nucleosomes in other systems - remains to be determined by systematic proteomic and 592 

single-molecule analyses. 593 

 594 



A striking feature of early PRM1 incorporation is its punctate, euchromatin-restricted 595 

nuclear pattern, raising questions about how protamines first nucleate into these genomic 596 

regions. Our cross-correlations between ATAC-seq and scRNA-seq expression data across 597 

spermatid stages allow us to propose several potential models. In round spermatids, chromatin 598 

accessibility is tightly coupled to transcriptional activity, as expected. However, in Early ES, the 599 

most highly transcribed regions undergo a precipitous loss of relative accessibility - a transition 600 

that coincides precisely with the onset of punctate PRM1 incorporation. This could reflect a 601 

passive consequence of global chromatin reorganization, in which the rest of the genome 602 

becomes more accessible as elongation proceeds. However, we favor a more direct 603 

interpretation: that PRM1 is preferentially loaded into highly transcribed regions by virtue of 604 

their elevated accessibility because of nucleosome turnover or, more intriguingly, through 605 

transcription-coupled DNA strand breaks that create entry points for protamine intercalation. The 606 

latter is a more exciting possibility given that it has long been observed that post-meiotic round 607 

spermatids are known to have pervasive transcription63,64, yet its functional significance is 608 

unknown. Although prior assumptions suggest that this pervasive transcription is a ‘leaky’ 609 

byproduct of chromatin remodeling during spermiogenesis; we propose that this transcriptional 610 

activity is not incidental but is coupled to the initiation of histone-to-protamine exchange to 611 

establish a transcription-coupled chromatin remodeling pathway.  Importantly, this mechanism 612 

accounts only for the remodeling of active genomic domains. The rapid and global decompaction 613 

of the B-compartment in Int- and late-ES suggests a parallel, distinct regulatory mechanism 614 

governing decompaction and re-compaction of heterochromatin. We speculate that this transition 615 

is driven by the programmed loss of heterochromatin-specific architectural factors, which, upon 616 

their removal, render these previously sequestered regions accessible to the nascent PRM 2 617 

machinery. Thus, the genome-wide transition to a protamine-packaged state is a multi-step 618 

process: one governed by transcription-coupled remodeling in the A-compartment, and a second, 619 

independent pathway - potentially driven by the dissociation of repressive complexes - that 620 

triggers de-compaction across the B-compartment. 621 

 622 

Whether protamines possess intrinsic DNA-sequence preferences or are guided to nucleation 623 

sites by dedicated chaperones remains unresolved. Protamines, like other basic proteins or zinc 624 

fingers, may have a modular ‘recognition code65,66,67. Indeed, simulation studies using arginine-625 

rich short cationic peptides with varying numbers and spacing of consecutive arginine residues 626 

bias interactions toward GC-rich major-groove or AT-rich minor-groove in the double helix.68 627 

Furthermore, in the real protein context in vivo, the protamine protein binding preference is also 628 

likely modulated by post-translational modifications that we and others have identified69-71. Once 629 

these proteins bind DNA, they appear to bind cooperatively70,72,73 – beginning with a nucleation 630 

event that spreads outward - a behavior supported by our earlier in vitro biophysical assessments 631 

on DNA curtains70 and by our imaging data here. This cooperative spreading is consistent with 632 

a bind-and-bend mechanism, in which initial protamine binding induces a local DNA 633 

conformational change that increases the probability of subsequent protamine binding and loop 634 

expansion.72 Consistent with this, we observe dense clusters of PRM1 in early spermatids, which 635 

become more diffuse in later stages. However, stably retained nucleosomes, particularly those 636 

marked by H3K27me3, could act as barriers to protamine domains, a finding consistent with 637 

previous models.36  638 

 639 



Although locus-specific genomic/biochemical cues clearly shape where and when 640 

protamines load, our data reveal a broader organizational principle that correlates with and likely 641 

reflects the re-established A/B compartment structure of the round spermatid genome. This 642 

compartment structure, which is reinstated following its dissolution during meiosis, serves as a 643 

powerful predictive blueprint for how chromatin is remodeled: i.e., A-compartment regions 644 

compacting earlier than B-compartment regions, creating a spatially coherent, genome-wide 645 

progression that can’t be driven by local histone modification alone. This re-established 646 

chromatin compartment identity in rounds is not a transient feature of spermiogenesis; it is 647 

maintained/strengthened in mature sperm and directly passed on to the paternal pronucleus of the 648 

one-cell zygote.74,75-77 These observations suggest that sperm can deliver more than DNA 649 

methylation and a small fraction of retained histones, but rather provide compartment-level 650 

information to the zygotes that is encoded by PRM1 vs PRM2. In line with this observation, it 651 

has been shown in mouse embryos that the paternal pronucleus has distinct chromatin 652 

compartments, whereas maternal pronuclei do not.76 Furthermore, the emerging compartment 653 

landscape, starting with the two-cell embryo, appears to follow the compartmental patterns 654 

observed in mature sperm, suggesting the exciting possibility of a paternal epigenome-guided 655 

chromatin organization in the embryo.75 Furthermore, it has also been shown that A and B 656 

compartments precede, guide zygotic transcription, and instruct replication timing in early 657 

embryos.78 Together, these observations suggest that higher-order chromatin organization 658 

established in spermiogenesis could have implications in early embryo development.  659 
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Figure 1: PRM1 undergoes direct histone exchange independently of and prior to PRM2 688 

incorporation during spermiogenesis.  689 

(A) Schematic of the Prm1-V5 and Prm2-HA-V5 knock-in mouse models, with Sanger 690 

sequencing confirming in-frame insertion of the V5 tag at the N-terminus of PRM1 and dual 691 

HA-V5 tags at the C-terminus of PRM2.  692 

(B) Immunofluorescence of seminiferous tubule cross-sections from Prm1-V5 heterozygous 693 

mice stained with anti-V5. Roman numerals denote the tubule stage, ordered here according to 694 

the sequential progression of histone-to-protamine exchange during spermiogenesis. PRM1 (anti-695 

V5; Magenta); Lectin (green); DAPI (grey). Scale bar: 10 µm; inset: 2 µm.  696 

(C) As in (B), we co-stained testis cross-sections from Prm2-V5 heterozygous mice with PRM2 697 

(anti-V5; Magenta), Lectin (green), and DAPI (grey). Scale bar: 10µM, Inset Scale bar 2 µm.  698 

(D) Co-immunostaining of testes cross-sections spanning stages of seminiferous tubule, stained 699 

with anti-V5 and anti-HA in compound heterozygous Prm1V5/+; Prm2V5-HA/+ mice. Scale bar: 700 

10µm, Inset Scale bar 2 µm. PRM1 (anti-V5; yellow); PRM2 (anti-HA; magenta), Lectin 701 

(green); DAPI (grey).  702 

(E) Immunoblots of PRM1, PRM2, and TNP2 from whole testes of WIN 18,446-synchronized 703 

mice collected at various days post-RA injection corresponding to seminiferous tubule stages 704 

VIII, IX–X, XI–XII, I–II, III–IV, V–VI, and IX–X. The adult testis serves as a positive control.  705 

(F) Co-staining for PRM1 and TNP1. Scale bar: 10 µM, Inset Scale bar 2 µm. PRM1 (magenta); 706 

TNP1 (yellow); Lectin (green); DAPI (grey).  707 

(G) Co-staining for PRM2 and TNP1. Scale bar: 10 µM, Inset Scale bar 2 µm. PRM2 (magenta); 708 

TNP1 (yellow); Lectin (green); DAPI (grey).  709 

(H) Western blot of nuclear lysates from WIN 18,446-synchronized testes isolated at stages IX 710 

and X post-RA injection. Chromatin was solubilized by MNase digestion, followed by sequential 711 

salt extractions (0.5–2 M NaCl), and immunoblotted for PRM1 and H3 to distinguish chromatin-712 

bound from soluble protamine fractions.  713 

(I) Schematic for the revised sequence of PRM1 and PRM2 nuclear incorporation during 714 

histone-to-protamine exchange, as supported by this figure. 715 
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Figure 2: Stage-resolved chromatin profiling reveals progressive and programmatic loss of 718 

nucleosome footprint during spermiogenesis.  719 

(A) Schematic of the experimental design and computational framework for stage-specific 720 

chromatin profiling across spermiogenesis. Mouse spermatid populations were isolated from 721 

specific stages of the seminiferous tubule cycle by flow cytometry from unsynchronized and 722 

WIN 18,446/RA-treated testis and subjected to ATAC-seq, CUT&Tag, and Hi-C. Computational 723 

analyses included read distribution analysis, base-level peak calling, and GC-normalized bin-724 

level coverage analysis.  725 

(B) Representative immunofluorescence images of seminiferous tubule cross-sections from 726 

unsynchronized and synchronized mice (top). Bar plot (bottom) shows the proportion of tubules 727 

at each seminiferous tubule stage across collected samples, confirming stage enrichment by 728 

synchronization. 729 

(C) Spearman correlation heatmap of all ATAC-seq samples. Biological replicates cluster tightly 730 

and samples separate by developmental stage.  731 

(D) ATAC-seq fragment length, i.e., insert size frequency distributions aggregated across the 732 

seven collapsed datasets of spermiogenesis. Solid vertical lines are size boundaries used during 733 

data analysis (see Methods). Arrows at 205 and 375 bp label the centers of the mononucleosome 734 

(M) and dinucleosome (D) fragment peaks in each stage.  735 

(E) Overlaid ATAC-seq fragment length distributions from early round to elongating spermatid 736 

populations. Arrows at 205 and 375 bp label the centers of the mononucleosome (M) and 737 

dinucleosome (D) fragment peaks. 738 

(F) Overlaid ATAC-seq fragment length distributions from Drosophila spike-in reads across all 739 

seven spermatid stages, for comparison to (E). Arrow at 165bp labels the center of the 740 

mononucleosome (M) fragment peak. 741 

(G) Overlaid fragment length distributions from (D) after normalizing to the corresponding 742 

Drosophila spike-in, to reveal changes in absolute chromatin accessibility between stages. 743 

Arrows at 205 and 375 bp label the centers of the mononucleosome (M) and dinucleosome (D) 744 

fragment peaks. 745 

(H) V-plots of ATAC-seq fragment lengths across all seven stages as a function of distance from 746 

the TSS of actively transcribed genes based on PRO-seq (Kaye et al., 2024). The characteristic 747 

promoter nucleosome pattern in round spermatids is progressively lost in elongating spermatid 748 

stages, reflecting stage-dependent disruption of promoter-proximal nucleosome positioning. 749 

 750 



751 
Figure 3: Genome-wide chromatin profiling reveals programmed, locus-specific 752 

remodeling during histone-to-protamine exchange.  753 

(A) Corrected ATAC-seq accessibility across a 4 Mb region of chromosome 9 for all seven 754 

spermatid stages (Early RS through Late ES). Tracks from top to bottom: GC content (red, GC 755 

higher than the grey genome median; blue, GC lower than median); PRO-seq signal from round 756 

spermatids (log₁₀ CPM; red, transcribed) 30; GC-residual ATAC-seq Z-scores per stage (red, 757 

relatively more accessible than the grey regression median, i.e., Z>0; blue, relatively less 758 

accessible, Z<0). Dashed boxes highlight three representative classes of locus behavior: 759 

progressive loss of accessibility in elongating spermatids (I); gain of accessibility in elongating 760 

spermatids (II); and stable accessibility throughout spermiogenesis (III). Asterisk (*) indicates 761 

blacklisted regions containing repetitive elements in the genome.  762 

(B-D) GC-residual ATAC-seq Z-scores (upper panels like (A); yellow, saturated high Z) and 763 

genomic V-plots across all seven stages (lower panels), for three loci exemplifying distinct 764 
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accessibility trajectories. Each dot is a single mapped insert. Horizontal lines are at 35bp 765 

(minimum allowed fragment size), 205 bp (mono-nucleosome peak center), and 375 bp (di-766 

nucleosome peak center).  767 

(B) Acrv1 locus with high accessibility in round spermatids that is progressively lost during 768 

elongation.  769 

(C) Lmx1a locus with peak accessibility during the Late RS-to-Earliest ES transition.  770 

(D) H3f3a locus that maintains accessibility throughout spermiogenesis, with nucleosome 771 

occupancy selectively preserved at the promoter in Late ES. 772 

 773 

 774 



 775 
Figure 4: Genome-wide peak analysis confirms a programmed and continuous chromatin 776 

remodeling process, with selective retention of intact nucleosomes at promoters.  777 

(A) Bar plot of the number of accessible peaks identified by MACS2 at each spermatid stage 778 

(left), with observed peak counts annotated with Benjamini-Hochberg-adjusted p-values relative 779 

to a stage-matched null distribution (right). The global p-value (Fisher-Brown method, 780 

p=2.84×10⁻¹¹) indicates that the overall distribution of peak counts deviates significantly from 781 

random expectation across spermiogenesis.  782 

(B) As in (A), for peaks identified by the dinucleosome-specific peak-calling pipeline (global 783 

Fisher-Brown p=8.46×10⁻¹⁵).  784 
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(C) Genomic distribution of MACS2-called peaks across spermatid stages, expressed as 785 

proportion of peaks overlapping annotated genomic features.  786 

(D) Genomic distribution of dinucleosome-defined peaks across spermatid stages, as in (C). Both 787 

peak calling methods show enrichment at promoters relative to the genome average.   788 

(E) Heatmap of GC-regression-corrected ATAC-seq Z-scores at subsampled MACS2-defined 789 

peaks called in at least one stage. Each row is a subsampled peak overlap region ordered by the 790 

centroid of the stage-specific signals.   791 
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Figure 5. Chromatin accessibility loss during spermiogenesis is coupled to RS 795 

transcriptional activity and coincides with direct histone eviction.   796 

(A) Relationship between transcription level and chromatin accessibility across spermatid stages. 797 

Left: marginal predictions from a linear mixed-effects model showing fitted ATAC-seq signal 798 

(GC-corrected) as a function of transcription level (log₁₀ CPM) at Early RS, Int RS, Late RS, and 799 

Early ES. Shaded ribbons denote 95% confidence intervals. The positive transcription-800 

accessibility coupling present throughout RS stages (green, orange and purple) collapses to zero 801 

in Early ES (magenta). Right: stage-specific slopes (β) with 95% confidence intervals.  802 

(B) Model-estimating change in chromatin accessibility during spermatid development (GC-803 

residual ATAC-seq Z-score) for genes in the top 5% of transcriptional activity (High; blue) and 804 

the 25–50th percentile (Low; orange) in Early RS.  805 

(C) GC-regression-corrected ATAC-seq Z-scores across a representative region of chromosome 806 

5 (top), with CUT&Tag read coverage for histone H4 (black) and H2B (blue) at Earliest ES and 807 

Early ES shown below. Regions enclosed by purple dashed boxes or yellow dashed boxes 808 

exemplify differences in accessibility and histone eviction.  809 

(D) (left) Heatmap of GC-residual ATAC-seq Z-scores at dinucleosome-defined peaks. Each 810 

row is a subsampled peak overlap region ordered by the centroid of the stage-specific signals. 811 

Assigned groups based on dinucleosome peak calls reflect the temporal remodeling class: Early 812 

(accessibility lost first), Mid, and Late. (right) CUT& Tag meta-gene heatmaps for H4, H2B, 813 

and H4ac over Early, Mid, and Late remodeling regions at Earliest ES and Early ES.  814 
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 828 

Figure 6: Chromatin compartment identity governs the spatial and temporal order of 829 

histone-to-protamine exchange.  830 

(A) Hi-C contact matrix of intrachromosomal interactions on chromosome 5 from round 831 

spermatids, with the corresponding A/B compartment track shown above and to the side 832 

(positive values, A compartment; negative values, B compartment).  833 

(B) Track view of chromosome 5 showing, from top to bottom: GC content per bin; PRO-seq 834 

signal from round spermatids; GC-regression-corrected ATAC-seq Z-scores across all seven 835 

spermatid stages; Hi-C compartment scores (A compartment, positive; B compartment, 836 

negative); CUT&Tag read coverage (reads per million, RPM) for histone H4 at Earliest ES and 837 

Early ES (black); CUT& Tag read coverage for histone H2B at Earliest ES and Early ES (blue); 838 

and CUT& Tag read coverage for H4 acetylation at Earliest ES and Early ES (black). Heat map 839 

coloring is the same as Fig. 3A. 840 

(C) Median GC-regression-corrected ATAC-seq Z-scores across spermatid stages for genomic 841 

regions in the A compartment (solid purple) and B compartment (solid gold), with expected 842 

values from a standard normal distribution shown as dashed lines. Error bars represent 95% 843 

confidence intervals estimated by bootstrap resampling.  844 

(D) Immunofluorescence of individual spermatids isolated from specific stages of the 845 

seminiferous tubule cycle: Roman numbers are representative of the seminiferous tubule cycle 846 
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stages, and Arabic numerals indicate spermatid steps in the 12 stages. Germ cells were co-stained 847 

for PRM1 (magenta, via V5 tag) and H4K20me3 (yellow), with Lectin (green). Scale bar: 2 µm. 848 
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Figure 7: Model for compartment-encoded, programmatic histone-to-protamine exchange.  850 

This model illustrates a staged, compartment-resolved progression of chromatin remodeling 851 

during spermiogenesis. In late RS H4 hyperacetylation spreads globally, both in early and late 852 

remodeling loci, yet histone eviction and compaction initiate in the A-compartment chromatin, 853 

while B-compartment chromatin regions remain accessible until Late ES. Notably, A-854 

compartment compaction coincides with PRM1 incorporation, whereas PRM2 appears late in 855 

spermatid development after TNPs, likely initiating a second, spatially distinct wave of 856 

compaction, potentially restricted to the B-compartment. The closure of the B compartment is 857 

predicted to be mediated either entirely by PRM2 or a combination of PRM1 and PRM2. 858 

Together, these findings define a programmed remodeling cascade in which the pre-existing 859 

three-dimensional nuclear architecture of the round spermatid nucleus dictates the order, timing, 860 

and spatial logic of histone eviction and protamine deposition.  861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

  883 



References: 884 

 885 

 886 

1 Balhorn, R. The protamine family of sperm nuclear proteins. Genome Biol 8, 227 (2007). 887 

https://doi.org/10.1186/gb-2007-8-9-227 888 

2 Moritz, L. & Hammoud, S. S. The Art of Packaging the Sperm Genome: Molecular and 889 

Structural Basis of the Histone-To-Protamine Exchange. Front Endocrinol (Lausanne) 890 

13, 895502 (2022). https://doi.org/10.3389/fendo.2022.895502 891 

3 Patankar, A., Gajbhiye, R., Surve, S. & Parte, P. Epigenetic landscape of testis specific 892 

histone H2B variant and its influence on sperm function. Clin Epigenetics 13, 101 (2021). 893 

https://doi.org/10.1186/s13148-021-01088-4 894 

4 Barral, S. et al. Histone Variant H2A.L.2 Guides Transition Protein-Dependent 895 

Protamine Assembly in Male Germ Cells. Mol Cell 66, 89-101 e108 (2017). 896 

https://doi.org/10.1016/j.molcel.2017.02.025 897 

5 Govin, J. et al. Pericentric heterochromatin reprogramming by new histone variants 898 

during mouse spermiogenesis. J Cell Biol 176, 283-294 (2007). 899 

https://doi.org/10.1083/jcb.200604141 900 

6 Martianov, I. et al. Polar nuclear localization of H1T2, a histone H1 variant, required for 901 

spermatid elongation and DNA condensation during spermiogenesis. Proc Natl Acad Sci 902 

U S A 102, 2808-2813 (2005). https://doi.org/10.1073/pnas.0406060102 903 

7 Zhao, M., Shirley, C. R., Mounsey, S. & Meistrich, M. L. Nucleoprotein transitions 904 

during spermiogenesis in mice with transition nuclear protein Tnp1 and Tnp2 mutations. 905 

Biol Reprod 71, 1016-1025 (2004). https://doi.org/10.1095/biolreprod.104.028191 906 

8 Meistrich, M. L., Mohapatra, B., Shirley, C. R. & Zhao, M. Roles of transition nuclear 907 

proteins in spermiogenesis. Chromosoma 111, 483-488 (2003). 908 

https://doi.org/10.1007/s00412-002-0227-z 909 

9 Adham, I. M. et al. Teratozoospermia in mice lacking the transition protein 2 (Tnp2). 910 

Mol Hum Reprod 7, 513-520 (2001). https://doi.org/10.1093/molehr/7.6.513 911 

10 Yu, Y. E. et al. Abnormal spermatogenesis and reduced fertility in transition nuclear 912 

protein 1-deficient mice. Proc Natl Acad Sci U S A 97, 4683-4688 (2000). 913 

https://doi.org/10.1073/pnas.97.9.4683 914 

11 Schneider, S. et al. Re-visiting the Protamine-2 locus: deletion, but not 915 

haploinsufficiency, renders male mice infertile. Sci Rep 6, 36764 (2016). 916 

https://doi.org/10.1038/srep36764 917 

12 Zhao, M. et al. Targeted disruption of the transition protein 2 gene affects sperm 918 

chromatin structure and reduces fertility in mice. Mol Cell Biol 21, 7243-7255 (2001). 919 

https://doi.org/10.1128/MCB.21.21.7243-7255.2001 920 

13 Shirley, C. R., Hayashi, S., Mounsey, S., Yanagimachi, R. & Meistrich, M. L. 921 

Abnormalities and reduced reproductive potential of sperm from Tnp1- and Tnp2-null 922 

double mutant mice. Biol Reprod 71, 1220-1229 (2004). 923 

https://doi.org/10.1095/biolreprod.104.029363 924 

14 Hammoud, S. S. et al. Genome-wide analysis identifies changes in histone retention and 925 

epigenetic modifications at developmental and imprinted gene loci in the sperm of 926 

infertile men. Hum Reprod 26, 2558-2569 (2011). https://doi.org/10.1093/humrep/der192 927 

https://doi.org/10.1186/gb-2007-8-9-227
https://doi.org/10.3389/fendo.2022.895502
https://doi.org/10.1186/s13148-021-01088-4
https://doi.org/10.1016/j.molcel.2017.02.025
https://doi.org/10.1083/jcb.200604141
https://doi.org/10.1073/pnas.0406060102
https://doi.org/10.1095/biolreprod.104.028191
https://doi.org/10.1007/s00412-002-0227-z
https://doi.org/10.1093/molehr/7.6.513
https://doi.org/10.1073/pnas.97.9.4683
https://doi.org/10.1038/srep36764
https://doi.org/10.1128/MCB.21.21.7243-7255.2001
https://doi.org/10.1095/biolreprod.104.029363
https://doi.org/10.1093/humrep/der192


15 Brykczynska, U. et al. Repressive and active histone methylation mark distinct promoters 928 

in human and mouse spermatozoa. Nat Struct Mol Biol 17, 679-687 (2010). 929 

https://doi.org/10.1038/nsmb.1821 930 

16 Hammoud, S. S. et al. Distinctive chromatin in human sperm packages genes for embryo 931 

development. Nature 460, 473-478 (2009). https://doi.org/10.1038/nature08162 932 

17 Carone, B. R. et al. High-resolution mapping of chromatin packaging in mouse 933 

embryonic stem cells and sperm. Dev Cell 30, 11-22 (2014). 934 

https://doi.org/10.1016/j.devcel.2014.05.024 935 

18 Yamaguchi, K. et al. Re-evaluating the Localization of Sperm-Retained Histones 936 

Revealed the Modification-Dependent Accumulation in Specific Genome Regions. Cell 937 

Rep 23, 3920-3932 (2018). https://doi.org/10.1016/j.celrep.2018.05.094 938 

19 Yin, Q. et al. Revisiting chromatin packaging in mouse sperm. Genome Res 33, 2079-939 

2093 (2023). https://doi.org/10.1101/gr.277845.123 940 

20 Teperek, M. et al. Sperm is epigenetically programmed to regulate gene transcription in 941 

embryos. Genome Res 26, 1034-1046 (2016). https://doi.org/10.1101/gr.201541.115 942 

21 Hammoud, S. S. et al. Chromatin and transcription transitions of mammalian adult 943 

germline stem cells and spermatogenesis. Cell Stem Cell 15, 239-253 (2014). 944 

https://doi.org/10.1016/j.stem.2014.04.006 945 

22 Erkek, S. et al. Molecular determinants of nucleosome retention at CpG-rich sequences in 946 

mouse spermatozoa. Nat Struct Mol Biol 20, 868-875 (2013). 947 

https://doi.org/10.1038/nsmb.2599 948 

23 Russell, L. Staiging for laboratory species. Histological and histopathological evaluation 949 

of the testis (1990).  950 

24 Russell, L. D., Ettlin, R. A., Hikim, A. P. S. & Clegg, E. D. Histological and 951 

histopathological evaluation of the testis. International journal of andrology 16, 83-83 952 

(1993).  953 

25 Hogarth, C. A. et al. Turning a spermatogenic wave into a tsunami: synchronizing murine 954 

spermatogenesis using WIN 18,446. Biol Reprod 88, 40 (2013). 955 

https://doi.org/10.1095/biolreprod.112.105346 956 

26 Griswold, M. & Hogarth, C. Synchronizing spermatogenesis in the mouse. Biol Reprod 957 

107, 1159-1165 (2022). https://doi.org/10.1093/biolre/ioac148 958 

27 Herrmann, C., Avgousti, D. C. & Weitzman, M. D. Differential Salt Fractionation of 959 

Nuclei to Analyze Chromatin-associated Proteins from Cultured Mammalian Cells. Bio 960 

Protoc 7 (2017). https://doi.org/10.21769/BioProtoc.2175 961 

28 Haidl, G., Badura, B. & Schill, W. B. Function of human epididymal spermatozoa. J 962 

Androl 15 Suppl, 23S-27S (1994).  963 

29 Agudo-Rios, C. et al. Epididymal sperm maturation in mouse species with differing 964 

levels of sperm competitiondagger. Biol Reprod (2025). 965 

https://doi.org/10.1093/biolre/ioaf269 966 

30 Chapman, J. C. & Michael, S. D. Proposed mechanism for sperm chromatin 967 

condensation/decondensation in the male rat. Reproductive biology and endocrinology : 968 

RB&E 1, 20 (2003). https://doi.org/10.1186/1477-7827-1-20 969 

31 Barral, S. et al. Histone Variant H2A.L.2 Guides Transition Protein-Dependent 970 

Protamine Assembly in Male Germ Cells. Mol Cell 66, 89-101 e108 (2017). 971 

https://doi.org/10.1016/j.molcel.2017.02.025 972 

https://doi.org/10.1038/nsmb.1821
https://doi.org/10.1038/nature08162
https://doi.org/10.1016/j.devcel.2014.05.024
https://doi.org/10.1016/j.celrep.2018.05.094
https://doi.org/10.1101/gr.277845.123
https://doi.org/10.1101/gr.201541.115
https://doi.org/10.1016/j.stem.2014.04.006
https://doi.org/10.1038/nsmb.2599
https://doi.org/10.1095/biolreprod.112.105346
https://doi.org/10.1093/biolre/ioac148
https://doi.org/10.21769/BioProtoc.2175
https://doi.org/10.1093/biolre/ioaf269
https://doi.org/10.1186/1477-7827-1-20
https://doi.org/10.1016/j.molcel.2017.02.025


32 Syed, S. H. et al. The incorporation of the novel histone variant H2AL2 confers unusual 973 

structural and functional properties of the nucleosome. Nucleic Acids Res 37, 4684-4695 974 

(2009). https://doi.org/10.1093/nar/gkp473 975 

33 Montellier, E. et al. Chromatin-to-nucleoprotamine transition is controlled by the histone 976 

H2B variant TH2B. Genes Dev 27, 1680-1692 (2013). 977 

https://doi.org/10.1101/gad.220095.113 978 

34 Gaucher, J. et al. From meiosis to postmeiotic events: the secrets of histone 979 

disappearance. FEBS J 277, 599-604 (2010). https://doi.org/10.1111/j.1742-980 

4658.2009.07504.x 981 

35 Oliva, R. & Dixon, G. H. Vertebrate protamine genes and the histone-to-protamine 982 

replacement reaction. Prog Nucleic Acid Res Mol Biol 40, 25-94 (1991). 983 

https://doi.org/10.1016/s0079-6603(08)60839-9 984 

36 Tullius, T. W. et al. Protamine lacunae preserve the paternal chromatin landscape in 985 

sperm. bioRxiv (2025). https://doi.org/10.1101/2025.10.03.680364 986 

37 Corces, M. R. et al. An improved ATAC-seq protocol reduces background and enables 987 

interrogation of frozen tissues. Nat Methods 14, 959-962 (2017). 988 

https://doi.org/10.1038/nmeth.4396 989 

38 Buenrostro, J. D., Wu, B., Chang, H. Y. & Greenleaf, W. J. ATAC-seq: A Method for 990 

Assaying Chromatin Accessibility Genome-Wide. Curr Protoc Mol Biol 109, 21 29 21-991 

21 29 29 (2015). https://doi.org/10.1002/0471142727.mb2129s109 992 

39 Rodriguez-Casuriaga, R., Folle, G. A., Santinaque, F., Lopez-Carro, B. & Geisinger, A. 993 

Simple and efficient technique for the preparation of testicular cell suspensions. J Vis Exp 994 

(2013). https://doi.org/10.3791/50102 995 

40 Zheng, J. et al. Erasure of the paternal transcription program during spermiogenesis: the 996 

first step in the reprogramming of sperm chromatin for zygotic development. Dev Dyn 997 

237, 1463-1476 (2008). https://doi.org/10.1002/dvdy.21499 998 

41 Rabbani, M. et al. Decoding the Spermatogenesis Program: New Insights from 999 

Transcriptomic Analyses. Annu Rev Genet 56, 339-368 (2022). 1000 

https://doi.org/10.1146/annurev-genet-080320-040045 1001 

42 Brahma, S. & Henikoff, S. The BAF chromatin remodeler synergizes with RNA 1002 

polymerase II and transcription factors to evict nucleosomes. Nat Genet 56, 100-111 1003 

(2024). https://doi.org/10.1038/s41588-023-01603-8 1004 

43 Brahma, S. & Henikoff, S. RSC-Associated Subnucleosomes Define MNase-Sensitive 1005 

Promoters in Yeast. Mol Cell 73, 238-249 e233 (2019). 1006 

https://doi.org/10.1016/j.molcel.2018.10.046 1007 

44 Ramachandran, S., Ahmad, K. & Henikoff, S. Transcription and Remodeling Produce 1008 

Asymmetrically Unwrapped Nucleosomal Intermediates. Mol Cell 68, 1038-1053 e1034 1009 

(2017). https://doi.org/10.1016/j.molcel.2017.11.015 1010 

45 Hazzouri, M. et al. Regulated hyperacetylation of core histones during mouse 1011 

spermatogenesis: involvement of histone deacetylases. Eur J Cell Biol 79, 950-960 1012 

(2000). https://doi.org/10.1078/0171-9335-00123 1013 

46 Kaye, E. G. et al. RNA polymerase II pausing is essential during spermatogenesis for 1014 

appropriate gene expression and completion of meiosis. Nat Commun 15, 848 (2024). 1015 

https://doi.org/10.1038/s41467-024-45177-3 1016 

47 Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol 9, R137 1017 

(2008). https://doi.org/10.1186/gb-2008-9-9-r137 1018 

https://doi.org/10.1093/nar/gkp473
https://doi.org/10.1101/gad.220095.113
https://doi.org/10.1111/j.1742-4658.2009.07504.x
https://doi.org/10.1111/j.1742-4658.2009.07504.x
https://doi.org/10.1016/s0079-6603(08)60839-9
https://doi.org/10.1101/2025.10.03.680364
https://doi.org/10.1038/nmeth.4396
https://doi.org/10.1002/0471142727.mb2129s109
https://doi.org/10.3791/50102
https://doi.org/10.1002/dvdy.21499
https://doi.org/10.1146/annurev-genet-080320-040045
https://doi.org/10.1038/s41588-023-01603-8
https://doi.org/10.1016/j.molcel.2018.10.046
https://doi.org/10.1016/j.molcel.2017.11.015
https://doi.org/10.1078/0171-9335-00123
https://doi.org/10.1038/s41467-024-45177-3
https://doi.org/10.1186/gb-2008-9-9-r137


48 Green, C. D. et al. A Comprehensive Roadmap of Murine Spermatogenesis Defined by 1019 

Single-Cell RNA-Seq. Dev Cell 46, 651-667 e610 (2018). 1020 

https://doi.org/10.1016/j.devcel.2018.07.025 1021 

49 Luense, L. J. et al. Gcn5-Mediated Histone Acetylation Governs Nucleosome Dynamics 1022 

in Spermiogenesis. Dev Cell 51, 745-758 e746 (2019). 1023 

https://doi.org/10.1016/j.devcel.2019.10.024 1024 

50 Shiota, H. et al. Nut Directs p300-Dependent, Genome-Wide H4 Hyperacetylation in 1025 

Male Germ Cells. Cell Rep 24, 3477-3487 e3476 (2018). 1026 

https://doi.org/10.1016/j.celrep.2018.08.069 1027 

51 Govin, J. et al. Histone acetylation-mediated chromatin compaction during mouse 1028 

spermatogenesis. Ernst Schering Res Found Workshop, 155-172 (2006). 1029 

https://doi.org/10.1007/3-540-37633-x_9 1030 

52 Sakamoto, M. et al. Paternally inherited H3K27me3 affects chromatin accessibility in 1031 

mouse embryos produced by round spermatid injection. Development 149 (2022). 1032 

https://doi.org/10.1242/dev.200696 1033 

53 Zhao, M. et al. Transition nuclear proteins are required for normal chromatin 1034 

condensation and functional sperm development. Genesis 38, 200-213 (2004). 1035 

https://doi.org/10.1002/gene.20019 1036 

54 Gaucher, J. et al. Bromodomain-dependent stage-specific male genome programming by 1037 

Brdt. EMBO J 31, 3809-3820 (2012). https://doi.org/10.1038/emboj.2012.233 1038 

55 Goudarzi, A., Shiota, H., Rousseaux, S. & Khochbin, S. Genome-scale acetylation-1039 

dependent histone eviction during spermatogenesis. J Mol Biol 426, 3342-3349 (2014). 1040 

https://doi.org/10.1016/j.jmb.2014.02.023 1041 

56 Goudarzi, A. et al. Dynamic Competing Histone H4 K5K8 Acetylation and Butyrylation 1042 

Are Hallmarks of Highly Active Gene Promoters. Mol Cell 62, 169-180 (2016). 1043 

https://doi.org/10.1016/j.molcel.2016.03.014 1044 

57 Liu, S. et al. Chromodomain Protein CDYL Acts as a Crotonyl-CoA Hydratase to 1045 

Regulate Histone Crotonylation and Spermatogenesis. Mol Cell 67, 853-866 e855 (2017). 1046 

https://doi.org/10.1016/j.molcel.2017.07.011 1047 

58 Ramachandran, S. & Henikoff, S. Nucleosome dynamics during chromatin remodeling in 1048 

vivo. Nucleus 7, 20-26 (2016). https://doi.org/10.1080/19491034.2016.1149666 1049 

59 Dubruille, R. et al. Histone removal in sperm protects paternal chromosomes from 1050 

premature division at fertilization. Science 382, 725-731 (2023). 1051 

https://doi.org/10.1126/science.adh0037 1052 

60 Mann, M., Risley, M. S., Eckhardt, R. A. & Kasinsky, H. E. Characterization of 1053 

spermatid/sperm basic chromosomal proteins in the genus Xenopus (Anura, Pipidae). J 1054 

Exp Zool 222, 173-186 (1982). https://doi.org/10.1002/jez.1402220209 1055 

61 Schachner, L. F. et al. Decoding the protein composition of whole nucleosomes with 1056 

Nuc-MS. Nat Methods 18, 303-308 (2021). https://doi.org/10.1038/s41592-020-01052-9 1057 

62 Gamarra, N. et al. DiMeLo-cito: a one-tube protocol for mapping protein-DNA 1058 

interactions reveals CTCF bookmarking in mitosis. bioRxiv (2025). 1059 

https://doi.org/10.1101/2025.03.11.642717 1060 

63 Xia, B. et al. Widespread Transcriptional Scanning in the Testis Modulates Gene 1061 

Evolution Rates. Cell 180, 248-262 e221 (2020). 1062 

https://doi.org/10.1016/j.cell.2019.12.015 1063 

https://doi.org/10.1016/j.devcel.2018.07.025
https://doi.org/10.1016/j.devcel.2019.10.024
https://doi.org/10.1016/j.celrep.2018.08.069
https://doi.org/10.1007/3-540-37633-x_9
https://doi.org/10.1242/dev.200696
https://doi.org/10.1002/gene.20019
https://doi.org/10.1038/emboj.2012.233
https://doi.org/10.1016/j.jmb.2014.02.023
https://doi.org/10.1016/j.molcel.2016.03.014
https://doi.org/10.1016/j.molcel.2017.07.011
https://doi.org/10.1080/19491034.2016.1149666
https://doi.org/10.1126/science.adh0037
https://doi.org/10.1002/jez.1402220209
https://doi.org/10.1038/s41592-020-01052-9
https://doi.org/10.1101/2025.03.11.642717
https://doi.org/10.1016/j.cell.2019.12.015


64 Soumillon, M. et al. Cellular source and mechanisms of high transcriptome complexity in 1064 

the mammalian testis. Cell Rep 3, 2179-2190 (2013). 1065 

https://doi.org/10.1016/j.celrep.2013.05.031 1066 

65 Zhang, X., Blumenthal, R. M. & Cheng, X. Updated understanding of the protein-DNA 1067 

recognition code used by C2H2 zinc finger proteins. Curr Opin Struct Biol 87, 102836 1068 

(2024). https://doi.org/10.1016/j.sbi.2024.102836 1069 

66 Wolfe, S. A., Nekludova, L. & Pabo, C. O. DNA recognition by Cys2His2 zinc finger 1070 

proteins. Annu Rev Biophys Biomol Struct 29, 183-212 (2000). 1071 

https://doi.org/10.1146/annurev.biophys.29.1.183 1072 

67 Nagpal, A. et al. The zinc finger of DNA ligase 3alpha binds to nucleosomes via an 1073 

arginine anchor. Nat Commun 16, 11531 (2025). https://doi.org/10.1038/s41467-025-1074 

66320-8 1075 

68 Mandal, S., Chhetri, K. B., Jang, Y. H., Lansac, Y. & Maiti, P. K. AT vs GC binding of 1076 

protamine-template: A microscopic understanding through molecular dynamics and 1077 

binding free energies. J Chem Phys 163 (2025). https://doi.org/10.1063/5.0272245 1078 

69 Brunner, A. M., Nanni, P. & Mansuy, I. M. Epigenetic marking of sperm by post-1079 

translational modification of histones and protamines. Epigenetics Chromatin 7, 2 (2014). 1080 

https://doi.org/10.1186/1756-8935-7-2 1081 

70 Moritz, L. et al. Sperm chromatin structure and reproductive fitness are altered by 1082 

substitution of a single amino acid in mouse protamine 1. Nat Struct Mol Biol 30, 1077-1083 

1091 (2023). https://doi.org/10.1038/s41594-023-01033-4 1084 

71 Moritz, L. et al. A hidden protamine PTM code in sperm generates heterogeneous 1085 

chromatin states and finetunes reproductive fitness. bioRxiv (2025). 1086 

https://doi.org/10.1101/2025.11.18.688960 1087 

72 McMillan, R. B., Kuntz, V. D., Devenica, L. M., Bediako, H. & Carter, A. R. DNA 1088 

looping by protamine follows a nonuniform spatial distribution. Biophys J 120, 2521-1089 

2531 (2021). https://doi.org/10.1016/j.bpj.2021.04.022 1090 

73 Porschke, D. Nature of protamine-DNA complexes. A special type of ligand binding co-1091 

operativity. J Mol Biol 222, 423-433 (1991). https://doi.org/10.1016/0022-1092 

2836(91)90220-z 1093 

74 Alavattam, K. G. et al. Attenuated chromatin compartmentalization in meiosis and its 1094 

maturation in sperm development. Nat Struct Mol Biol 26, 175-184 (2019). 1095 

https://doi.org/10.1038/s41594-019-0189-y 1096 

75 Ke, Y. et al. 3D Chromatin Structures of Mature Gametes and Structural Reprogramming 1097 

during Mammalian Embryogenesis. Cell 170, 367-381 e320 (2017). 1098 

https://doi.org/10.1016/j.cell.2017.06.029 1099 

76 Du, Z. et al. Allelic reprogramming of 3D chromatin architecture during early 1100 

mammalian development. Nature 547, 232-235 (2017). 1101 

https://doi.org/10.1038/nature23263 1102 

77 Flyamer, I. M. et al. Single-nucleus Hi-C reveals unique chromatin reorganization at 1103 

oocyte-to-zygote transition. Nature 544, 110-114 (2017). 1104 

https://doi.org/10.1038/nature21711 1105 

78 Nakatani, T. et al. Emergence of replication timing during early mammalian 1106 

development. Nature 625, 401-409 (2024). https://doi.org/10.1038/s41586-023-06872-1 1107 

 1108 

 1109 

https://doi.org/10.1016/j.celrep.2013.05.031
https://doi.org/10.1016/j.sbi.2024.102836
https://doi.org/10.1146/annurev.biophys.29.1.183
https://doi.org/10.1038/s41467-025-66320-8
https://doi.org/10.1038/s41467-025-66320-8
https://doi.org/10.1063/5.0272245
https://doi.org/10.1186/1756-8935-7-2
https://doi.org/10.1038/s41594-023-01033-4
https://doi.org/10.1101/2025.11.18.688960
https://doi.org/10.1016/j.bpj.2021.04.022
https://doi.org/10.1016/0022-2836(91)90220-z
https://doi.org/10.1016/0022-2836(91)90220-z
https://doi.org/10.1038/s41594-019-0189-y
https://doi.org/10.1016/j.cell.2017.06.029
https://doi.org/10.1038/nature23263
https://doi.org/10.1038/nature21711
https://doi.org/10.1038/s41586-023-06872-1


 1110 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryTable1.xlsx

SupplementaryTable2.xlsx

SupplementaryTable3.xlsx

CombinedSupplementaryMaterials7826.pdf

https://assets-eu.researchsquare.com/files/rs-10308188/v1/f1ee3a73de0153d363ddc611.xlsx
https://assets-eu.researchsquare.com/files/rs-10308188/v1/7a5ba444dea9307d2b20934c.xlsx
https://assets-eu.researchsquare.com/files/rs-10308188/v1/160684f06a9a8df570eefe98.xlsx
https://assets-eu.researchsquare.com/files/rs-10308188/v1/9596db55316e98ef9e2ca791.pdf

