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Recycling of parental histones preserves the epigenetic 
landscape during embryonic development 
Dominik Mühlen1,2†, Xiaojuan Li1†, Oleksandr Dovgusha1†, Herbert Jäckle2, Ufuk Günesdogan1,2* 

Epigenetic inheritance during DNA replication requires an orchestrated assembly of nucleosomes from parental 
and newly synthesized histones. We analyzed Drosophila HisC mutant embryos harboring a deletion of all ca-
nonical histone genes, in which nucleosome assembly relies on parental histones from cell cycle 14 onward. Lack 
of new histone synthesis leads to more accessible chromatin and reduced nucleosome occupancy, since only 
parental histones are available. This leads to up-regulated and spurious transcription, whereas the control of the 
developmental transcriptional program is partially maintained. The genomic positions of modified parental 
histone H2A, H2B, and H3 are largely restored during DNA replication. However, parental histones with active 
marks become more dispersed within gene bodies, which is linked to transcription. Together, the results 
suggest that parental histones are recycled to preserve the epigenetic landscape during DNA replication in vivo. 
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INTRODUCTION 
Eukaryotic chromatin is packaged into nucleosomes, which consist 
of DNA wrapped around a histone octamer (two copies of each of 
H2A, H2B, H3, and H4) as well as linker DNA and the linker 
histone H1. Histones are decorated with multiple posttranslational 
modifications (PTMs), which play an integral part in the epigenetic 
transmission of chromatin structure and transcriptional regulation 
across cell generations. 

During replication of DNA in S phase of the cell cycle, replica-
tion fork progression evicts transcription factors and nucleosomes, 
and the nascent DNA undergoes maturation by reestablishing chro-
matin accessibility (1, 2). Parental, preexisting nucleosomes distrib-
ute semiconservatively onto each new DNA strand after replication 
(3, 4). Specifically, H3-H4 tetramers and H2A-H2B dimers are re-
cycled and reassembled together with new histones, whose expres-
sion is replication coupled, to form nucleosomes behind the 
replication fork (fig. S1A) (5). Recycled histones maintain their 
PTMs, which can serve as a “template” to reestablish the epigenetic 
and transcriptional landscape after DNA replication (6, 7). This 
model implies that parental histones harbor a “memory” of their 
genomic position before passage of the replication fork (8). 
Notably, bulk analyses of histone populations in yeast and HeLa 
cells show that nucleosomes are restored at the same positions 
after DNA replication (9, 10). A study of tagged parental histone 
H3 before and after replication in mouse embryonic stem cells 
(ESCs) revealed local recycling of parental nucleosomes at repressed 
chromatin domains as compared to random dispersal of parental 
nucleosomes within active domains (11). 

How parental nucleosomes are relocated during embryonic 
DNA replication remains unknown. To address this question, we 
leveraged the Drosophila melanogaster mutant HisC, which carries 
a chromosomal deletion including all canonical histone genes 
(His1, His2A, His2B, His3, and His4) (12). Homozygous HisC 

mutant embryos have a late embryonic lethal phenotype. The ma-
ternal pool of histone mRNA supports the first 14 cell cycles (12, 
13), but after the maternal-to-zygotic transition, HisC mutant 
embryos lacked histone transcripts in S phase 15 (S15) (Fig. 1A), 
consistent with our previous study (12). This leads to prolonged 
DNA replication and results in a cell cycle arrest in G215 (fig. S1, 
B and C) (12, 14). Thus, nucleosome assembly relies on parental 
nucleosomes without additional supply of newly synthesized his-
tones during DNA replication in S15 of HisC mutant embryos (fig. 
S1A). We made use of HisC mutant embryos as a model system to 
study nucleosome assembly in a developing embryo. Our data 
suggest that parental histones harboring PTMs are recycled, and 
their genomic positions are restored during DNA replication to pre-
serve the epigenetic landscape. 

RESULTS 
Reassembly of chromatin in the absence of histone 
synthesis 
To determine how a lack of newly synthesized histones affects chro-
matin maturation, we performed ATAC-seq (assay for transposase- 
accessible chromatin using sequencing) with embryos at 3.5 to 4, 4.5 
to 5, 5.5 to 6, and 6.5 to 7 hours after egg laying (AEL) (fig. S2A), 
covering progression through S15-S16 in wild-type and S15-G215 
arrest in HisC mutant embryos (fig. S1C) (12). The principal com-
ponents analysis (PCA) of the ATAC-seq data showed global differ-
ences in chromatin accessibility between the two genotypes along 
PC1 (68%) (fig. S2B). However, PC2 separated wild-type but not 
HisC mutant samples based on developmental age (11%). These 
data suggest that the global chromatin accessibility pattern 
changes during S15-S16 in wild-type embryos but less so during 
the prolonged S15 and G215 arrest of HisC mutant embryos. 

Fragment size distribution showed that HisC and wild-type 
embryos were enriched for nucleosome-depleted regions [NDRs; 
≤120 base pairs (bp)] (fig. S2C). However, the typical periodicity 
of nucleosome-spanning fragments [>120 bp] was lower in HisC 

mutant embryos as compared to wild-type at all stages examined, 
with the smallest median fragment size at 6.5 to 7 hours AEL. To 
further analyze the distribution of these fragments, we mapped 
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the density of their midpoints and sizes relative to the nucleosome 
dyad centers (15, 16). Wild-type and HisC mutant embryos at all 
stages showed a characteristic V-shaped horizontal and vertical pe-
riodicity of nucleosome-spanning fragments at and around the 
dyad centers (Fig. 1B and fig. S2D), as described previously (16). 
However, most fragments were smaller in HisC mutant (~120 to 
145 bp) as compared to wild-type (~155 to 180 bp) embryos. This 
difference was particularly evident when we mapped nucleosome- 
spanning fragments of HisC mutant embryos at nucleosome dyad 
centers of wild-type (Fig. 1B). This suggests the presence of subnu-
cleosomes, which are wrapped by shorter stretches of DNA than 
complete nucleosomes (17). Overall, HisC mutant embryos 
showed a reduction in the median nucleosome occupancy levels 
at transcription start sites (TSSs) ±2 kb and putative regulatory el-
ements as well as an increase in the median distance between 

nucleosome dyad centers (Fig. 1, C and D, and fig. S2, E and F). 
These data suggest that, in the absence of newly synthesized his-
tones, parental histones are recycled but reassembled at a lower oc-
cupancy and some potentially as subnucleosomes. 

Next, we inspected ATAC-seq coverage tracks, which showed 
that HisC mutant embryos have reduced but detectable peaks that 
overlap with wild-type peaks (Fig. 1E and fig. S3A). This finding 
suggests that nucleosomes are more disorganized in HisC 

mutants, and their NDRs are less defined. In addition, large fraction 
of ATAC-seq reads from wild-type was mapped to a small propor-
tion of the genome, indicating localized enrichment (fig. S3B). In 
contrast, ATAC-seq reads from HisC mutant embryos showed a 
more uniform distribution across the genome, which indicates an 
overall increase in chromatin accessibility. This finding prompted 
us to analyze nucleosomal arrays around TSSs. ATAC-seq signals 

Fig. 1. Nascent chromatin in HisC mutants does not undergo maturation. (A) Quantitative polymerase chain reaction (qPCR) for histone genes His1, His2A, His2B, His3, 
and His4 with cDNA from wild-type (WT) or HisC mutant embryos at indicated hours (h) after egg laying (AEL). ΔΔCt ±SD; normalization using act5c (housekeeping gene) 
and matched WT embryos as a reference (= 1); n = 5 biological replicates; two-sided, unpaired Student’s t test, ***P < 0.0001. (B) V plots show density of nucleosome- 
spanning fragments [>120 base pairs (bp)] and sizes relative to nucleosome dyad centers of WT or HisC mutant embryos. ATAC-seq (assay for transposase-accessible 
chromatin using sequencing) data from embryos at 5.5 to 6 hours AEL. (C) Median nucleosome occupancy ±2 kb of transcription start sites (TSSs). ATAC-seq data from 
embryos at 3.5 to 4, 4.5 to 5, 5.5 to 6, and 6.5 to 7 hours AEL. Unpaired Wilcoxon test, ***P < 0.0001. (D) Median inter-dyad distances ±2 kb of TSSs. ATAC-seq data from 
embryos at 3.5 to 4, 4.5 to 5, 5.5 to 6, and 6.5 to 7 hours AEL. Unpaired Wilcoxon test, ***P < 0.0001. (E) Representative snapshots of ATAC-seq coverage tracks. Biological 
replicates are merged. chr, chromosome. 
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showed a characteristic positioning of nucleosomes in wild-type 
embryos: The NDRs corresponded to TSSs and were surrounded 
by a −1 nucleosome upstream and a well-positioned +1 nucleosome 
downstream, followed by regularly phased +2 and +3 nucleosomes 
(Fig. 2A and fig. S4). In HisC mutant embryos, the −1/+1 nucleo-
somes were well positioned but reduced; the +2/+3 nucleosomes 
were also reduced but showed a positional shift and a gain in 
signal between the nucleosomes (Fig. 2A and fig. S4). This was par-
ticularly evident at the TSSs of highly expressed genes, which we 
identified by RNA sequencing (RNA-seq) (see below). In addition, 
we analyzed fragment length distribution at TSSs ±600 bp by 
density plots. They revealed an enrichment of nucleosomal frag-
ments in regular arrays up- and downstream of TSSs in wild-type 
(Fig. 2B and fig. S5). In contrast, HisC mutant embryos exhibit an 
enrichment and broad distribution of nucleosomal and subnucleo-
somal fragments downstream of TSSs, which is pronounced down-
stream of the +1 nucleosome of highly expressed genes. 

Thus, although the recycled parental nucleosomes were well po-
sitioned around TSSs in S15/G215 of HisC mutant embryos, their 
levels were reduced, and they were not regularly phased in nucleo-
somal arrays further downstream of TSSs. Furthermore, it appears 
that the displacement of nucleosomes during transcription (18) 
results in an increased reassembly of subnucleosomes. We infer 
that the characteristic nucleosomal landscape is partially 

reestablished and more disorganized after S15 in HisC mutant 
embryos, resembling profiles of nascent chromatin shortly after 
DNA replication in both Drosophila S2 cells and ESCs (1, 2). 

Recycling and deposition of parental linker histone H1 
The formation of nucleosome arrays and chromatin compaction 
also depend on linker histone H1 (19, 20). In HeLa cells, most 
histone H1 variants are incorporated into chromatin only after its 
maturation (21). Drosophila harbors only a single somatic histone 
H1 isoform, which is expressed together with the other canonical 
histones during S phase of cell cycle (12, 22). To determine 
whether the lack of new histone H1 affects its distribution, we per-
formed CUT&Tag (cleavage under targets and tagmentation) (23) 
for H1 with embryos at 5.5 to 6 hours AEL (fig. S6), when most cells 
have completed or proceeded through late S15 in HisC mutants (fig. 
S1C) (12). Coverage tracks showed that the distribution of H1 was 
comparable in wild-type and HisC mutant embryos (Fig. 3A). H1 
contacts the nucleosomal dyad and both linker DNAs of one nucle-
osome (20, 24). H1 was enriched around nucleosome borders and 
slightly enriched at the midpoint of nucleosomes in wild-type 
(Fig. 3B). This was also the case in HisC mutant embryos but at 
reduced levels, consistent with reduced nucleosome occupancy 
(Fig. 1C and fig. S2E). Notably, median H1 fragment lengths corre-
sponded to those of mononucleosomal DNA and linker DNAs 

Fig. 2. Disorganized nucleosomal arrays in HisC mutants. (A) Normalized ATAC-seq count distribution of mononucleosomal reads (180 to 240 bp) at TSSs ±1 kb of WT 
(left) and HisC mutant (right) embryos at 6.5 to 7 hours AEL. ATAC-seq reads were divided on the basis of corresponding gene expression quartiles as determined by RNA 
sequencing (RNA-seq) (q1 = lowest). Note the different scales for data with WT or HisC mutant embryos. (B) Density plot showing ATAC-seq fragment size distribution and 
enrichment at TSSs ±600 bp of WT (left) and HisC mutant (right) embryos at 5.5 to 6 hours AEL. ATAC-seq reads were divided on the basis of corresponding gene ex-
pression quartiles as determined by RNA-seq (q0 = no reads and q1 = lowest). 
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(~200 bp) (Fig. 3C). Thus, despite the lack of zygotic histone H1 
expression in HisC mutants, parental histone H1 is recycled and ap-
propriately deposited during and/or after DNA replication. 

Up-regulation of transcription in HisC mutant embryos 
Chromatin accessibility enables binding of transcription factors to 
regulatory elements. Our results indicate that the chromatin is 
overall more accessible in HisC mutant embryos, so we hypothesized 
that transcription is up-regulated relative to wild-type. To test this, 
we examined transcript levels by RNA-seq of embryos at 3.5 to 4, 4.5 
to 5, 5.5 to 6, and 6.5 to 7 hours AEL. Similar to the ATAC-seq data, 
PCA separated samples based on genotype (PC1, 68%) (fig. S7A). 

However, PC2 also separated both wild-type and HisC mutant 
samples based on developmental age (PC2, 18%), suggesting that 
HisC mutant embryos partially proceed with the developmental 
program, consistent with our earlier study (12). We clustered 
genes based on their expression dynamics. This revealed two 
main clusters with either up- or down-regulated genes along the 
four developmental time points of wild-type and HisC mutant 
embryos, respectively (Fig. 4A and fig. S7B). Notably, the expression 
profile of these two clusters was different at 4.5 to 5 hours AEL in 
HisC mutant embryos as compared to wild-type, which is likely due 
to the slow progression of DNA replication that interferes with tran-
scription (14, 25). Moreover, Gene Ontology (GO) analysis for the 
main cluster of up-regulated genes in both genotypes revealed sig-
nificantly enriched terms associated with developmental processes 
such as cell migration, cell part morphogenesis, and imaginal disc 
morphogenesis (fig. S7C). In contrast, the main cluster of down-reg-
ulated genes is largely linked to “general” cellular processes such as 
RNA splicing or DNA metabolic process in both genotypes 
(fig. S7D). 

Consistent with our hypothesis, differential gene expression 
analysis identified a large number of genes that were significantly 
up-regulated in HisC mutant compared to wild-type embryos 
[e.g., 2944 at 6.5 to 7 hours AEL, an absolute log2fold change of 
>1, and an adjusted P value (Padj) of <0.01] (Fig. 4B and fig. S8A). 
These included a small subset of genes associated with spermato-
genesis such as always early, wurstfest, and cookie monster that are 
normally not expressed during wild-type embryogenesis (Fig. 4C 
and fig. S8B). Thus, we asked whether genes within repressed chro-
matin are globally derepressed in HisC mutant embryos. We used 
published chromatin immunoprecipitation sequencing data from 
wild-type embryos at 4 to 8 hours AEL to map silenced genes, 
which are enriched for the heterochromatin-associated mark 
H3K9me3 (26). Expression analysis showed that these genes were 
up-regulated in HisC mutant embryos, but the median levels re-
mained relatively low [log2(normalized counts + 1) < 2] (fig. 
S8C). In addition, when we assigned significantly up-regulated 
genes in HisC mutant embryos to the corresponding expression 
levels in wild-type (q0 = no reads and q1 to q4 = expression quar-
tiles), we found that the majority of up-regulated genes (>60%) in 
HisC mutant embryos belong to the lowly (q1) and moderately (q2) 
expressed genes in wild-type embryos at the same stage (Fig. 4D). 

Together, these findings suggest that, although HisC mutant 
embryos can partially control the transcriptional program associat-
ed with development, the lack of histone synthesis leads to ectopic 
expression of some normally inactive genes and increased expres-
sion of genes, which are lowly and moderately expressed in wild- 
type embryos. Notably, despite the transcriptional activity of HisC 

mutant embryos and the role of the transcriptional machinery in 
the maturation of nascent chromatin after DNA replication (1, 2), 
the global nucleosomal landscape is not fully reestablished, which is 
likely due to reduced nucleosome occupancy. 

Spurious transcription initiation in HisC mutant embryos 
To gain mechanistic insight into how the lack of histone synthesis 
and nucleosome occupancy up-regulates transcription, we per-
formed CUT&Tag with embryos 4.5 to 5 hours and/or 5.5 to 
6 hours AEL to map total RNA polymerase II (RNAPII); serine- 
2-phosphorylated RNAPII (RNAPIIS2P), which is associated with 
the transition from pausing to elongation (27); and the 

Fig. 3. Histone H1 is recycled in HisC mutant embryos. (A) Representative snap-
shot of histone H1 CUT&Tag (cleavage under targets and tagmentation) coverage 
tracks of WT (blue) and HisC mutant (green) embryos at 5.5 to 6 hours AEL on chr 
2L. Biological replicates are merged. (B) Profile plot of histone H1 CUT&Tag-nor-
malized counts at nucleosome dyad centers of WT (blue) or HisC mutant (green) 
embryos at 5.5 to 6 hours AEL. (C) Fragment size distribution of histone H1 
CUT&Tag data with WT (blue) and HisC mutant (green) embryos at 5.5 to 6 hours 
AEL. n = number of fragments in million (M). 
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Fig. 4. Up-regulation of transcriptional activity in HisC mutant embryos. (A) Clustering of genes based on their RNA-seq expression dynamics of WT (blue) or HisC 

mutant (green) embryos at 3.5 to 4, 4.5 to 5, 5.5 to 6, and 6.5 to 7 hours AEL . Shown are the two major clusters of up- or down-regulated genes. Numbers of genes in each 
cluster are indicated. (B) MA plots showing differential gene expression analysis of RNA-seq data with WT and HisC mutant embryos at 3.5 to 4 and 6.5 to 7 hours AEL. Each 
transcript is represented by a dot (gray: not significant, red: significantly up-regulated, blue: significantly down-regulated; significance threshold: absolute log2fold 
change of >1 and Padj of <0.01; number of differentially expressed genes is indicated). (C) Heatmap of RNA-seq expression values (z score) of spermatogenesis- 
related genes, which are significantly up-regulated in HisC mutants. (D) Bar plot shows the number (in %) of differentially up-regulated genes in HisC mutants at 3.5 
to 4, 4.5 to 5, 5.5 to 6, and 6.5 to 7 hours AEL in corresponding WT expression quartiles (q0 = no reads and q1 = lowest). (E) Profile plots of serine-2-phosphorylated 
RNAPII (RNAPIIS2P) CUT&Tag-normalized counts across gene bodies of WT (left) and HisC mutant embryos (right) at 4.5 to 5 or 5.5 to 6 hours AEL separated by associated 
gene expression quartiles (q1 = lowest). Note the different scales for data with WT or HisC mutant embryos. TES, transcription end site. (F) Profile plots of H3K36me3 
CUT&Tag-normalized counts across gene bodies of WT (blue) and HisC mutant (green) embryos at 4.5 to 5 or 5.5 to 6 hours AEL. 
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transcription elongation-coupled histone mark H3K36me3 (fig. S9, 
A to C) (28). In wild-type embryos, total RNAPII was enriched at 
TSSs and throughout the gene body (fig. S9D). Both RNAPIIS2P 
and H3K36me3 showed a promoter-proximal peak and increasing 
enrichment in 5′ to 3′ direction of actively transcribed gene bodies 
(Fig. 4, E and F, and fig. S9, E and F). In contrast, RNAPII and RNA-
PIIS2P were reduced at TSSs but still enriched in gene bodies of 
HisC mutant embryos (Fig. 4E and fig. S9, D and E). Similarly, pro-
moter-proximal H3K36me3 was depleted but was enriched toward 
the 3′ end of gene bodies (Fig. 4F and fig. S9, E and F). These results 
suggest that the lack of histone synthesis in HisC mutant embryos 
leads to premature release of paused RNAPII into transcriptional 
elongation and/or initiation of spurious transcription within 
gene bodies. 

To address whether pausing of RNAPII is impaired in HisC 

mutant embryos, we analyzed H3K4me2 enrichment at 4.5 to 5 
and 5.5 to 6 hours AEL. H3K4me2 is enriched on nucleosomes 
flanking NDRs and associated with RNAPII stalling at TSSs, and 
thus it is coupled to the onset of transcription (23). We performed 
CUTAC (cleavage under targeted accessible chromatin) (29) for 
H3K4me2 (fig. S10A), which targets transcription-coupled, accessi-
ble regulatory sites. H3K4me2 CUTAC peaks overlapped with 
ATAC-seq peaks genome wide and at TSSs in wild-type (Fig. 5A 
and fig. S10, B to D). Similarly, enrichment of H3K4me2 CUTAC 
and ATAC-seq correlated well genome wide in HisC mutants (fig. 
S10, C and D). However, H3K4me2 CUTAC coverage was broadly 
enriched downstream of TSSs (Fig. 5A and fig. S10B). This shows 
that H3K4me2-modified nucleosomes are enriched within gene 
bodies of HisC mutant embryos, suggesting a premature release of 
RNAPII into elongation. 

Next, we examined whether the lack of histone synthesis and di-
minished nucleosome occupancy are associated with spurious tran-
scription. We mapped transcription start regions (TSRs) by 
STRIPE-seq (survey of transcription initiation at promoter elements 
with high-throughput sequencing) (30) using embryos at 5.5 to 6 
and 6.5 to 7 hours AEL. STRIPE-seq counts at promoter regions 
positively correlated with transcript levels, consistent with elevated 
transcription (fig. S11A). The density of TSRs was centered around 
TSS positions but less pronounced in HisC mutant embryos as com-
pared to wild-type (fig. S11B). Consistently, TSRs were largely an-
notated to promoter regions (≥75% in wild-type and ≥55% in HisC 

mutant), but in HisC mutants, a considerably larger fraction of TSRs 
was associated with other genomic regions, including exons, 
introns, and intergenic regions (≤20% in wild-type and ≤39% in 
HisC mutants) (Fig. 5B and fig. S11, C and D). This difference 
became more evident when we called differential TSRs in HisC 

mutants, many of which were associated with regions outside of 
promoters (~55%) (Fig. 5C). Consistent with the TSR annotation, 
we found a significant increase of normalized STRIPE-seq read 
counts at exons and introns (Fig. 5D). To further test whether inter-
genic TSRs correlate with spurious transcription, we analyzed nor-
malized RNA-seq counts 1 kb downstream of these TSRs and found 
a significant increase in HisC mutants (Fig. 5, B and E, and fig. 
S11D). Together, these findings suggest that reduced nucleosome 
occupancy and the lack of histone synthesis in HisC mutants 
cause spurious transcription initiation within gene bodies and in-
tergenic regions. 

Genomic positioning of modified parental nucleosomes 
during DNA replication 
PTMs are associated with chromatin accessibility and transcription-
al control. Given that HisC mutants can at least partially control the 
developmental transcriptional program, we asked whether the epi-
genetic landscape is reestablished during and/or after S15 by per-
forming CUT&Tag for H3K4me3 at 3.5 to 4, 5.5 to 6, and 6.5 to 
7 hours AEL (fig. S12, A and B). H3K4me3 deposition is transcrip-
tion coupled and represents a hallmark of active transcription (23). 
Wild-type embryos showed a bimodal enrichment of H3K4me3 at 
TSSs, followed by a decline across gene bodies, and the level of en-
richment correlated positively with transcript abundance quartiles 
(Fig. 6A and fig. S12C). In HisC mutants, H3K4me3 was still en-
riched at TSSs, but the levels were reduced and followed by a 
broader profile across gene bodies (Fig. 6A and fig. S12C), which 
is consistent with spurious transcription initiation. Furthermore, 
coverage tracks showed a similar H3K4me3 enrichment pattern 
but reduced levels in HisC mutant as compared to wild-type 
embryos (Fig. 6B and fig. S13A). 

To compare H3K4me3-enriched loci, we used narrow peak 
calling [Model-based Analysis of ChIP-seq 2 (MACS2)]. This com-
parison showed a subset of common H3K4me3 peaks with lower 
levels in HisC mutant as compared to wild-type embryos (Fig. 6, B 
and C, and fig. S13, A to C). In addition, we identified a subset of 
peaks predominantly within gene bodies with low but significant 
levels of H3K4me3 specific for HisC mutants (Fig. 6C and fig. 
S13, B and C). Considering that H3K4me3 enrichment profiles 
did not significantly change across developmental time points 
(Fig. 6B and fig. S13), these results suggest that parental histones 
with H3K4me3 might be deposited in close proximity or are 
located even at the genomic position that they were holding 
before replication, while their dispersal across gene bodies could 
be a consequence of transcription. Alternatively, unmodified paren-
tal histones could be sufficient to reestablish the H3K4me3 land-
scape as a result of transcriptional activity. 

To distinguish between these possibilities, we performed 
CUT&Tag for the transcription-independent marks H3K27ac and 
H3K27me3 at 4.5 to 5 and 5.5 to 6 hours AEL. H3K27ac is associ-
ated with active promoters and enhancers (31), displayed a bimodal 
enrichment at TSSs, and is relatively depleted toward the 3′ end of 
gene bodies in wild-type embryos (Fig. 7A and fig. S14, A and B). 
The bimodal enrichment of H3K27ac at TSSs was reduced in HisC 

mutant compared to wild-type embryos, and H3K27ac was en-
riched throughout the gene bodies (Fig. 7A and fig. S14B). 
Narrow peak calling again showed a robust subset of peaks 
common to both wild-type and HisC mutant embryos in addition 
to genotype-specific peaks (Fig. 7B and fig. S14C). Inspection of 
coverage tracks revealed a similar enrichment of H3K27ac at 
many loci in wild-type and HisC mutant embryos (Fig. 7C and 
fig. S14D). However, the enrichment profiles were typically 
broader in HisC mutant embryos, and some regions showed 
ectopic enrichment (Fig. 7C and fig. S14D). The analysis of 
H3K27ac peaks in intergenic regions showed a comparable enrich-
ment profile but at different levels in both genotypes (Fig. 7D and 
fig. S14E). Thus, the pattern of H3K27ac enrichment is similar, par-
ticularly, at intergenic regions in both HisC mutant and wild-type 
embryos, while differences of H3K27ac enrichment within gene 
bodies are likely due to transcriptional activity, consistent with 
the dispersal of H3K4me3. 
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The polycomb repressive complex 2–dependent mark 
H3K27me3 is associated with repression. As for H3K4me3 and 
H3K27ac, the levels of H3K27me3 enrichment were reduced in 
HisC mutant embryos, but both wild-type and HisC mutant 
embryos exhibited overlapping broad H3K27me3-enriched 
domains (Fig. 7, E and F, and fig. S15, A to C). Notably, we also 
called peaks specific for each genotype, which, however, showed 
very low levels of H3K27me3 enrichment in both genotypes 
(Fig. 7F and fig. S15B). Together, these data suggest that parental 
histone H3 carrying active or repressive marks largely preserve 
their genomic position during and after replication in embryos, 
while dispersal of nucleosomes within gene bodies containing his-
tones with active marks correlates with transcription. 

Last, we asked whether H2A-H2B dimers decorated with PTMs 
are recycled in a similar manner as H3-H4 tetramers. We performed 
CUT&Tag for H2AK9ac and H2BK16ac at 4.5 to 5 and 5.5 to 
6 hours AEL (figs. S6 and S16) and found that both modifications 
were broadly enriched across gene bodies in both genotypes (fig. 
S17A). Similar to the H3 modifications, peak calling shows a 
robust subset of common peaks for H2AK9ac and H2BK16ac in 
both wild-type and HisC mutant embryos as well as genotype-spe-
cific peaks (Fig. 8, A to D, and fig. S17, B and C). The levels of these 
modifications were reduced at 4.5 to 5 hours as compared to 5.5 to 
6 hours AEL in HisC mutant embryos, suggesting de novo acetyla-
tion of unmodified nucleosomes over developmental time. Similar 
to H3K4me3 and H3K27ac, analysis of H2AK9ac and H2BK16ac 

Fig. 5. Premature release of RNAPII into elongation and spurious transcription initiation in HisC mutant embryos. (A) Comparison of ATAC-seq (≤120-bp reads, red) 
and H3K4me2 CUTAC (≤120-bp reads, orange) profile plots of WT and HisC mutant embryos at 5.5 to 6 hours AEL at TSSs ±2 kb. Note the different scales for data with WT 
or HisC mutant embryos. (B) Representative snapshot of STRIPE-seq (survey of transcription initiation at promoter elements with high-throughput sequencing) and RNA- 
seq coverage tracks of WT (blue) and HisC mutant (green) embryos at 6.5 to 7 hours AEL on chr 3R. (C) Genomic annotation of differential TSRs (HisC versus WT) at 5.5 to 6 
and 6.5 to 7 hours AEL. 5′UTR, 5′ untranslated region. (D) Box plots showing normalized STRIPE-seq counts within exons and introns of WT (blue) and HisC mutant (green) 
embryos at 5.5 to 6 and 6.5 to 7 hours AEL. Unpaired Wilcoxon t test, ***P < 0.0001. (E) Box plots showing normalized RNA-seq counts 1 kb downstream of intergenic TSRs 
of WT (blue) and HisC mutant (green) embryos at 5.5 to 6 and 6.5 to 7 hours AEL. Unpaired Wilcoxon t test, ***P < 0.0001. 
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peaks in intergenic regions shows enrichment in both genotypes, 
but their levels were different (Fig. 8, E and F, and fig. S17D). 
These results suggest that during replication in the absence of 
newly synthesized histones, H2A-H2B dimers harboring PTMs 
largely maintain their positional information. 

DISCUSSION 
Our data indicate that, in the absence of newly synthesized histones 
in a developing Drosophila embryo, parental nucleosomes are recy-
cled and reassembled during DNA replication (Fig. 9). This finding 
is consistent with a previous study using Xenopus egg extracts, 
showing efficient recycling of parental histones upon depletion of 
the free histone pool (32). The resulting chromatin exhibits irregu-
lar nucleosomal arrays downstream of TSSs, which could be a con-
sequence of reduced nucleosome occupancy and/or increased 
transcriptional activity (33), and also results in dispersal of active 
PTMs within gene bodies. Consistently, this results in spurious 
transcription, as was observed upon deletion of Chromodomain- 
Helicase DNA-binding 1 (CHD1) or Imitation Switch 1 (ISW1), 
which are chromatin remodelers with nucleosome spacing activity 
(34). In addition, the overall level of H3K36me3 across gene bodies 
is reduced, which was suggested to suppress spurious transcription 
(35). Despite these notable effects on the chromatin landscape, the 
genomic positions of histone modifications are not substantially 
altered during or after DNA replication, in particular, in intergenic 
regions. One explanation is that histone variants can partially com-
pensate for histone demand, as shown for H3.3, a variant function-
ally redundant with H3 (36). Alternatively or in addition, 
nucleosomes of HisC mutants are at least partly reassembled as sub-
nucleosomes including hexasomes or hemisomes, which is 

apparent within gene bodies. Such subnucleosomes are wrapped 
by shorter stretches of DNA and are more fragile than nucleosomes 
(17), which supports our results showing reduced ATAC-seq frag-
ment length distribution and nucleosome occupancy while main-
taining the epigenetic landscape. 

Our study reveals that, in a developing organism, such as the 
Drosophila embryo, active and repressive PTMs largely maintain 
their positional information during DNA replication, when paren-
tal nucleosomes provide the only available canonical histones. 
However, active marks become more dispersed, which is linked to 
active transcription. Notably, the levels of histone modifications 
become reduced at peaks, when new histones are not supplied 
during S phase. Moreover, our study establishes that parental 
histone H1 is recycled during DNA replication and that not only 
modified histone H3 but also modified H2A and H2B appear to 
exhibit a “positional memory” with respect to their previous loca-
tion in the genome. 

MATERIALS AND METHODS 
Antibodies, oligonucleotides, fly stocks, software, and NGS 
libraries 
Antibodies can be found in table S1. Oligonucleotides can be found 
in tables S2 to S4. Fly stocks can be found in table S5. Software used 
to analyze NGS data can be found in table S6. List of next-genera-
tion sequencing (NGS) libraries generated in this study including 
information on the number of independent biological replicates 
can be found in table S7. 

Fig. 6. Genomic positions of H3K4me3 are largely preserved in HisC mutant embryos. (A) Profile plots of H3K4me3 CUT&Tag-normalized counts at TSSs ±2 kb of WT 
and HisC mutant embryos at 5.5 to 6 hours AEL separated by associated gene expression quartiles (q1 = lowest). Note the different scales for data with WT or HisC mutant 
embryos. (B) Representative snapshot of H3K4me3 CUT&Tag coverage tracks of WT (blue) and HisC mutant (green) embryos at 3.5 to 4, 4.5 to 5, and 5.5 to 6 hours AEL on 
chr 2L. Biological replicates are merged. (C) Profile plots of H3K4me3 CUT&Tag-normalized counts at called peaks (narrowPeak) ±2 kb of WT and HisC mutant embryos at 
5.5 to 6 hours AEL. Blue denotes peaks called in WT only; green denotes peaks called in HisC mutant embryos only; gray denotes common (com.) peaks called in both 
genotypes. 
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Fly strains and embryo collection 
w1118 flies were used as wild-type controls. The generation of the 
HisC deletion, which covers the histone gene cluster on chromo-
some 2L, was described previously (12). To generate homozygous 
HisC mutant embryos, we crossed heterozygous Df(2L)HisC, 
P{GAL4-twi.2xPE}/ CyO, P{ftz-lacB}E3 with Df(2L)HisC, P{UAS: 
eYFP}AH2/ CyO, P{ftz-lacB}E3 flies. The resulting enhanced 
yellow fluorescent protein (eYFP)–expressing embryos with the ge-
notype Df(2L)HisC, P{GAL4-twi.2xPE}/ Df(2L)HisC, P{UAS: 
eYFP}AH2 were identified under a fluorescence stereomicroscope 
and collected with a P20 pipette. Nonfluorescent embryos from 
this cross with the genotypes Df(2L)HisC, P{GAL4-twi.2xPE}/ 
CyO, P{ftz-lacB}E3, Df(2L)HisC, P{UAS:eYFP}AH2/ CyO, P{ftz- 
lacB}E3, or CyO, P{ftz-lacB}E3/ CyO, P{ftz-lacB}E3 were collected 
and used for H3K4me3 CUT&Tag shown in fig. S12B as an addi-
tional control. For time-staged embryo collections, flies were kept in 
cages covered by an apple agar plate at 25°C. Egg deposition on 

apple agar plates was restricted to 30 min, which were subsequently 
aged at 25°C for 3.5, 4.5, 5.5, or 6.5 hours. 

Total RNA isolation 
Embryos were dechorionated in 50% bleach and washed three times 
with phosphate-buffered saline (PBS) with 0.1% Tween 20 (PBS-T). 
Embryos were preserved in RNAlater (Invitrogen) and macerated in 
50 μl of RLT buffer (QIAGEN RNeasy Plus Micro kit) using a pre-
cooled 1-ml Dounce homogenizer. The lysate was passed through a 
QIAshredder spin column (QIAGEN). RNA was then isolated using 
the QIAGEN RNeasy Plus Micro Kit. RNA concentration and 
quality were determined using a NanoDrop 2000 spectrometer 
(Thermo Fisher Scientific), Qubit 2.0 fluorometer (Invitrogen), 
and/or a 2200 TapeStation with High Sensitivity RNA screen 
tapes (Agilent). 

Fig. 7. Genomic positions of H3K27ac or H3K27me3 are largely preserved in HisC mutant embryos. (A) Profile plots of H3K27ac CUT&Tag-normalized counts at TSSs 
±2 kb of WT and HisC mutant embryos at 5.5 to 6 hours AEL separated by associated gene expression quartiles (q1 = lowest). Note the different scales for data with WT or 
HisC mutant embryos. (B) Profile plots of H3K27ac CUT&Tag-normalized counts at called peaks (narrowPeak) of WT and HisC mutant embryos at 5.5 to 6 hours AEL. Blue 
denotes peaks called in WT only; green denotes peaks called in HisC mutant embryos only; gray denotes com. peaks called in both genotypes. (C) Representative snapshot 
of H3K27ac CUT&Tag coverage tracks of WT (blue) and HisC mutant (green) embryos at 5.5 to 6 hours AEL on chr 2L. Biological replicates are merged. (D) Profile plots of 
H3K27ac CUT&Tag-normalized counts at called peaks (narrowPeak) ±1 kb in intergenic regions of WT and HisC mutant embryos at 5.5 to 6 hours AEL. Blue denotes peaks 
called in WT; green denotes peaks called in HisC mutant embryos. (E) Representative snapshot of H3K27me3 CUT&Tag coverage tracks of WT (blue) and HisC mutant 
(green) embryos at 5.5 to 6 hours AEL on chr 2L. Biological replicates are merged. (F) Profile plots of H3K27me3 CUT&Tag-normalized counts at called peaks (broadPeak) of 
WT and HisC mutant embryos at 5.5 to 6 hours AEL. Blue denotes peaks called in WT only; green denotes peaks called in HisC mutant embryos only; gray denotes com. 
peaks called in both genotypes. 
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Reverse transcription quantitative polymerase chain 
reaction 
cDNA was amplified using the QuantiTect Reverse Transcription 
Kit (QIAGEN) with 50 ng of input RNA. Quantitative polymerase 
chain reaction (PCR) was performed using KAPA SYBR FAST 
Master Mix (2×) (Kapa Biosystems). Relative gene expression was 
analyzed using the comparative ∆∆Ct method using Actin5C for 
normalization (37). 

RNA sequencing 
Eighty nanograms of total RNA was used as input for each library 
preparation using Nugen Ovation Drosophila RNA-seq Systems 1- 
16 (0350-32). cDNA fragmentation was performed using a Covaris 
S2 (duty factor: 10%, cycle burst: 200, intensity: 5, and 210 s) son-
icator. Libraries were amplified using 11 PCR cycles. Libraries were 

multiplexed and sequenced using an Illumina HiSeq 4000 
rapid run. 

Assay for transposase-accessible chromatin using 
sequencing 
ATAC-seq was performed as previously described with minor 
changes (38, 39). HisC mutant embryos arrest in G2 phase of cell 
cycle 15 (12). To isolate ~50,000 nuclei, we collected 10 HisC 

mutant embryos for each experiment and developmental time 
point. To isolate a comparable number of nuclei from wild-type 
embryos, which proceed through cell cycle 15 and divide, we col-
lected 10 embryos at 3.5 to 4 hours AEL, 8 embryos at 4.5 to 5 
and 5.5 to 6 hours AEL, and 7 embryos at 6.5 to 7 hours AEL. 
Briefly, nuclei were isolated in 50 μl of lysis buffer [10 mM tris- 
HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl, and 0.1% IGEPAL CA- 
630], and chromatin was tagmented in 45 μl of transposase mix 

Fig. 8. Genomic positions of H2AK9ac or H2BK16ac are largely preserved in HisC mutant embryos. (A) Representative snapshot of H2AK9ac CUT&Tag coverage 
tracks of WT (blue) and HisC mutant (green) embryos at 5.5 to 6 hours AEL on chr 2L. Biological replicates are merged. (B) Profile plots of H2AK9ac CUT&Tag-normalized 
counts at called peaks (broadPeak) of WT and HisC mutant embryos at 5.5 to 6 hours AEL. Blue denotes peaks called in WT only; green denotes peaks called in HisC mutant 
embryos only; gray denotes com. peaks called in both genotypes. (C) Profile plots of H2AK9ac CUT&Tag-normalized counts at called peaks (broadPeak) ±1 kb in intergenic 
regions of WT and HisC mutant embryos at 5.5 to 6 hours AEL. Blue denotes peaks called in WT; green denotes peaks called in HisC mutant embryos. (D) Representative 
snapshot of H2BK16ac CUT&Tag coverage tracks of WT (blue) and HisC mutant (green) embryos at 5.5 to 6 hours AEL on chr 2L. Biological replicates are merged. (E) Profile 
plots of H2AK9ac CUT&Tag-normalized counts at called peaks (broadPeak) of WT and HisC mutant embryos at 5.5 to 6 hours AEL. Blue denotes peaks called in WT only; 
green denotes peaks called in HisC mutant embryos only; gray denotes com. peaks called in both genotypes. (F) Profile plots of H2BK16ac CUT&Tag-normalized counts at 
called peaks (broadPeak) ±1 kb in intergenic regions of WT and HisC mutant embryos at 5.5 to 6 hours AEL. Blue denotes peaks called in WT; green denotes peaks called in 
HisC mutant embryos. 
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(22.5 μl of Tagment DNA Enzyme 1 (TDE1) buffer, 23.75 μl of 
ddH2O, and 1.25 μl of TDE1) for 75 min (Illumina TDE1 
Tagment DNA Enzyme 15027865, TD buffer 15027866). Tag-
mented DNA was purified and subjected to PCR amplification 
using the following parameters: gap filling I at 58°C for 5 min, 
gap filling II at 72°C for 5 min, denaturation at 98°C for 30 s, 11× 
(denaturation at 98°C for 10 s, annealing at 63°C for 30 s, and ex-
tension at 72°C for 1 min), and final extension at 72°C for 3 min. 
Library was purified using 1.3× volume AMPure XP Beads 
(Beckman Coulter, A63881) and resuspended in 22 μl of 0.1× TE 
buffer. Libraries were multiplexed and sequenced (paired-end 
read 75) using a HiSeq 4000 (standard flow cell). 

Cleavage under targets and tagmentation 
CUT&Tag was performed as described previously with minor 
changes (23). Digitonin (Sigma-Aldrich, D141-100MG) was 
added to the final concentration of 0.05% to the respective buffers 
before use. Fifteen HisC mutant and 12 wild-type embryos were col-
lected for each experiment. Embryos were macerated using a 1-ml 
Dounce homogenizer with five to seven gentle strokes with a loose- 
fitting glass pestle in ice-cold PBS containing protease inhibitors 
(Roche, 4693132001). The cell lysate was centrifuged at 1200g for 
5 min at 4°C. The supernatant was discarded, and the pellet was re-
suspended in ice-cold nuclear extraction buffer. The volume of con-
canavalin A (ConA) beads (Bangs Laboratories, BP531) per samples 
was adjusted to 5 μl. The nuclei were treated as described (23) and 
bound to the ConA beads. The beads were incubated in 50 μl of 

antibody buffer containing 1× bovine serum albumin and 0.5 μg 
of primary antibody. Each sample was then incubated overnight 
at 4°C on an orbital shaker. The tubes were placed on a magnet, 
and the supernatant was discarded. Fifty microliters of secondary 
antibody solution (1:100 in digitonin wash buffer 150) was added 
and then incubated for 1 hour at room temperature. The beads 
were bound to a magnet and washed twice with digitonin wash 
buffer 150. One microliter of EpiCypher CUTANA pAG-TN5 
(15-1017-EPC) mixed with 19 μl of digitonin wash buffer 300 was 
added to the beads and mixed by pipetting. After incubation at 
room temperature for 1 hour, the beads were separated on a 
magnet and washed twice with stringent digitonin wash buffer 
300 without disturbing the beads. Tagmentation, stopping, and 
nuclei release was performed as described (23). For library amplifi-
cation, 2× NEBNext HiFi PCR mix (M0541S) or 2× EpiCypher HiFi 
PCR mix (15-1018-EPC) was used. The following PCR program was 
used for all libraries: gap filling I at 58°C for 5 min, gap filling II at 
72°C for 5 min, denaturation at 98°C for 30 s, 11× (denaturation at 
98°C for 10 s and extension at 60°C for 10 s), and final extension at 
72°C for 1 min. Libraries were purified using 0.9× volume of 
AMPure XP Beads (Beckman Coulter, A63881) and resuspended 
in 22 μl of 0.1× TE buffer. Libraries were multiplexed and sequenced 
(paired-end read 100) using a NovaSeq 6000 (SP or S1 flow cell). 

Cleavage under targeted accessible chromatin 
CUTAC was performed as described previously (29) using a rabbit 
anti-H3K4me2 antibody (Active Motif, 39142). The same 

Fig. 9. Schematic representation of the chromatin landscape in HisC mutant embryos. (Top) Chromatin prior replication. (Bottom) Chromatin after replication. 
RNAPII, RNA polymerase II. 

Mühlen et al., Sci. Adv. 9, eadd6440 (2023) 1 February 2023                                                                                                                                                 11 of 14  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  
D

ow
nloaded from

 https://w
w

w
.science.org at M

ax Planck Society on June 22, 2023



adjustments that were made for CUT&Tag were also applied for 
CUTAC. Tagmentation was performed by incubating the samples 
for 20 min at 37°C with CUTAC-hex tagmentation solution (5 
mM MgCl2, 10 mM TAPS, and 10% 1,6-hexanediol) in a thermocy-
cler. Stopping, nuclei release, and library amplification as well as 
cleanup were performed as described for CUT&Tag. Libraries 
were multiplexed and sequenced (paired-end read 100) using a 
NovaSeq 6000 (SP flow cell). 

Survey of transcription initiation at promoter elements 
with high-throughput sequencing 
STRIPE-seq was performed as described previously (30). A total of 
200 ng of total RNA was used as input for each replicate. TEX master 
mix (MP Biomedicals, 0210309705) was prepared by mixing 0.2 μl 
of terminator exonuclease (Lucigen, 162370) and 0.2 μl of termina-
tor exonuclease reaction buffer A per sample. To digest uncapped or 
degraded mRNA, as well as ribosomal RNA, 1.6 μl or 200 ng of total 
RNA was incubated with 0.4 μl of TEX master mix and incubated 
for 1 hour at 30°C in a thermocycler. After incubation, the reverse 
transcription oligonucleotide was annealed by adding 1.5 μl of sor-
bitol/trehalose solution (DOT Scientific, DSS23080-500 and MP Bi-
omedicals, 0210309705), 1 μl of RTO (10 μM), and 0.5 μl of 
deoxyribonucleotide triphosphates (dNTPs) (10 mM each) to 
each sample. The reactions were mixed by vortexing, spun down, 
and incubated first at 65°C for 5 min and then kept at 4°C for 
2 min. For the template switching RT reaction, 2 μl of 5M 
betaine, 2 μl of 5× SuperScript IV reaction buffer (Invitrogen, 
18090050B), 0.5 μl of 0.1 M dithiothreitol, and 0.5 μl of SuperScript 
IV reverse transcriptase (Invitrogen, 18090010) were mixed by vor-
texing and added to each RTO annealing reaction. The samples 
were incubated in a thermocycler at 25°C for 10 min, followed by 
42°C for 5 min. Without removing the samples from the thermocy-
cler, 0.25 μl of 400 μM template switching oligonucleotide was 
added, and the reactions were incubated subsequently for 25 min 
at 42°C followed by 10 min at 72°C. The samples were purified by 
adding 1.1× volume of AMPure XP beads (Beckman Coulter, 
A63881). After thorough mixing, the samples were incubated at 
room temperature for 10 min, followed by bead separation on a 
magnet. The beads were washed with 200 μl of 70% ethanol, air 
dried, and eluted in 20 μl of nuclease-free water after incubation 
at room temperature for 10 min. For library amplification 2.5 μl 
of forward library oligo and reverse library oligo were added togeth-
er with 25 μl of 2× NEBNext ULTRAII Q5 HiFi PCR master mix. 
PCR was conducted with the following parameters: denaturation at 
98°C for 3 min, 14× (denaturation at 98°C for 20 s, annealing at 
60°C for 15 s, and extension at 72°C for 45 s), and final extension 
at 72°C for 2 min. Libraries were purified with double sided size ex-
clusion using first 0.5× volume of AMPure XP beads and then in-
creasing to 0.9× volume. Libraries were resuspended in 22 μl of 0.1× 
TE buffer. Libraries were multiplexed and sequenced (single-end 
read 100) using a NovaSeq 6000 (SP flow cell). 

Western blots 
All steps were performed on ice or at 4°C. Protein was isolated from 
15 adult flies or 20 μl of wild-type or HisC mutant embryos by me-
chanical disruption in 200 μl of radioimmunoprecipitation assay 
buffer [50 mM tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS, 1 mM EDTA, 10 mM NaF, 1 mM phenyl-
methylsulfonyl fluoride, 10 mM sodium butyrate, and protease 

inhibitors (Roche)], applying 10 strokes of a loose and subsequently 
of a tight-fitting pestle in a 200-μl Dounce homogenizer. DNA- 
bound proteins were released by sonication (7× 30-s on/off, 
medium intensity) using a Bioruptor Pico (Diagenode, 
B01060010). Debris was separated and discarded by centrifugation 
(15 min with 20,000g at 4°C). Protein concentration was measured 
using a Qubit 2.0 fluorometer (Invitrogen). After centrifugation, 4× 
loading buffer was added to the supernatant to a final concentration 
of 2×, and the samples were boiled for 5 min at 95°C. Twenty mi-
crograms of protein per lane was separated using Bio-Rad Mini- 
PROTEAN TGX Precast 4 to 15% gradient gels using the Mini- 
PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad) in 1× 
running buffer (25 mM tris-HCl, 190 mM glycine, and 0.1% 
SDS). Proteins were transferred onto a Immobilon-E polyvinyli-
dene difluoride membrane (Merck Millipore, IEVH08100) applying 
100 V for 60 min at 4°C in a wet transfer chamber (20 mM tris-HCl, 
190 mM glycine, and 20% methanol). Membranes were washed in 
Tris-buffered saline with Tween20 (TBS-T) and blocked for 1 hour 
using 5% skim milk and subsequently incubated overnight at 4°C 
with the primary antibody [1:1000; α-RNAPIIS2P (Abcam, 
ab5095), α-RNAPII (Active Motif, 61668), α-H1 (Active Motif, 
61786), α-H2AK9ac (Active motif, 39110), or α-H2BK16ac 
(Active Motif, 39122) in 5% skim milk]. Membranes were washed 
three times for 10 min in TBS-T and incubated with the secondary 
antibody [1:2000; horseradish peroxidase–conjugated α-Mm 
(SA00001-1, ProteinTech) or α-Rb (SA00001-2, ProteinTech) in 
5% skim milk] for 2 hours at room temperature. Membranes were 
washed three times for 15 min in TBS-T, and the blots were devel-
oped using Pierce enhanced chemiluminescence (Thermo Fisher 
Scientific, 32109) and a ChemiDoc Imaging System (Bio-Rad). 

RNA-seq data analysis 
Quality check of the raw reads was done by FastQC v0.11.5 (www. 
bioinformatics.babraham.ac.uk/projects/fastqc) and subsequently 
mapped to the D. melanogaster reference genome assembly dm6 
(FlyBase Dmel Release 6.23) using STAR v2.5.2b2 two-pass mode 
(40), with guidance from the gene models of FlyBase Dmel 
Release 6.23. Aligned reads were assigned to gene annotation 
using HTSeq-count version 0.10 (41). Differential gene expression 
was calculated using DESeq2 (42). Genes were considered differen-
tially expressed between genotypes and time points if they had an 
absolute log2fold change exceeding 1 and a Padj of less than 0.01. 
PCA was performed by prcomp function and plotted by ggplot2 
in R (43). Reads were normalized by scale factor using DESeq2 
(42). Heatmaps were generated using the pheatmap R package 
(https://rdrr.io/cran/pheatmap/). Transcripts per kilobase million 
were calculated by RSEM v1.3.1 (44). GO enrichment analysis 
was performed using clusterProfiler (45). 

ATAC-seq data analysis 
Quality check of paired-end was done using FastQC v0.11.5 (www. 
bioinformatics.babraham.ac.uk/projects/fastqc). Nextera Transpo-
sase adapter and low-quality bases were eliminated using Trim 
Galore v0.6.6 (www.bioinformatics.babraham.ac.uk/projects/trim_ 
galore) and Cutadapt v1.17 (46). After trimming, reads were 
mapped to the D. melanogaster reference genome dm6 (FlyBase 
Dmel Release 6.23) assembly using bowtie2 v2.3.4.2 (47). Mapped 
pairs were further filtered to maintain mapping quality above 10, as 
well as forward reverse (FR) orientation concordant alignments, 
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using custom scripts and samtools v1.9 (48). PCR duplicates and 
mitochondrial reads were removed by Sambamba v0.6.7 as well as 
reads blacklisted by the The Encyclopedia of DNA Elements 
(ENCODE) project (49, 50). Peaks of accessible chromatin were 
identified for each sample using MACS2 v2.1.2 with the following 
settings: -f BED --nomodel --shift -100 --extsize 200 --keep-dup all 
after converting the BAM to BED file (51). Coverage tracks requir-
ing bigwig files and heatmaps were generated using deepTools 
v3.3.1 (52). The nucleosome-free region and nucleosome positions 
were analyzed using NucleoATAC-0.3.4 (16). For Fig. 1 (C and D) 
and fig. S2 (E and F), paired-end reads were aligned to the Dmel 
R6.23 genome with Bowtie 2 (47) using --very-sensitive -X 2000 
option. Low-quality [Mapping Quality (MAPQ)of <30] and mito-
chondrial reads were discarded. PCR duplicates were marked and 
removed using Picard (MarkDuplicates). Peaks were called using 
MACS2 with the –f BAMPE --keep-dup all options (51). For down-
stream analysis, we used peaks only present in at least two biological 
replicates. To identify inter-dyad distances around promoter 
regions, a window of ±2 kb around TSSs was used for nucleosome 
position extraction. Consistent peaks were annotated, and the nu-
cleosome positions within intronic and intergenic regions in wild- 
types were extracted. These regions were used to define nucleosome 
positions within intronic and intergenic regions, respectively, for 
both wild-type and HisC mutant samples. PCA analysis was per-
formed using ATAC-seq BAM files and DESeq2 (42). 

CUT&Tag and CUTAC analysis 
CUT&Tag and CUTAC datasets were processed as described for 
ATAC-seq. After read mapping using custom scripts and samtools 
v1.9 (48), peaks were called using MACS2 v2.1.2 (51) with the fol-
lowing settings: narrowPeak representation was used for histone 
marks H3K4me3, H2K27aC, and H3K4me2 with the following set-
tings: -f BAMPE --keepdup all -p 5e-4 --call-summits. For histone 
marks enriched in broad domains including H3K36me3, 
H3K27me3, H2AK9ac, and H2BK16ac, the broadPeak representa-
tion was used applying the following settings: -f BAMPE --keepdup 
all -p 5e-4 -b 0.01. bigwig files required for coverage tracks and heat-
maps were generated using deepTools v3.3.1 (52). 

STRIPE-seq analysis 
Quality of STRIPE-seq data sets was analyzed using FastQC v0.11.5 
(www.bioinformatics.babraham.ac.uk/projects/fastqc). STRIPE-seq 
read files were processed and aligned to D. melanogaster reference 
genome dm6 (FlyBase Dmel Release 6.23) following the GoS-
TRIPES workflow (https://github.com/BrendelGroup/ 
GoSTRIPES) (30). Reads counts were further calculated, and TSSs 
were called using TSRchitect (https://bioconductor.org/packages/3. 
14/bioc/html/TSRchitect.html). The threshold for a TSS to be called 
was set to at least five raw counts that had to cluster into a TSR con-
sistently in at least three of the analyzed replicates. Read counts were 
then normalized, and differential TSR analysis was performed using 
DESeq2 with default settings (42). TSR shape analysis was accom-
plished using TSRexploreR (53). Annotation of TSSs and TSRs was 
done with ChIPseeker using a promoter window from ±250 bp of a 
TSS (54). Genome browser tracks in bigwig format were generated 
from merged replicates using deepTools bamCoverage (52). 

Figure preparation 
Figures were assembled and labeled using Affinity Designer 
(https://affinity.serif.com). Coverage tracks were visualized using 
the Integrative Genomics Viewer (v2.12.3; https://igv.org). 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S17 
Tables S1 to S7  

View/request a protocol for this paper from Bio-protocol. 
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