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Abstract
Archaea, together with Bacteria, represent the two main divisions of life on Earth, with many of the defining characteristics of the more complex eukaryotes tracing their origin to evolutionary innovations first made in their archaeal ancestors. One of the most notable such features is nucleosomal chromatin, although archaeal histones and chromatin differ significantly from those of eukaryotes. Despite increased interest in archaeal histones in recent years, the properties of archaeal chromatin have been little studied using genomic tools. Here, we adapt the ATACseq assay to the archaeal context and use it to map the accessible landscape of the genome of the euryarchaeote Haloferax volcanii. We integrate the resulting datasets with genomewide maps of active transcription and single-stranded DNA (ssDNA), and find that while H. volcanii promoters exist in a preferentially accessible state, modulation of transcriptional activity is not associated with changes in promoter accessibility, unlike the typical situation in eukaryotes. Applying orthogonal single-molecule footprinting methods, we quantify the absolute levels of physical protection of H. volcanii, and find that archaeal nucleosomal chromatin is at its baseline comparably to slightly more open than that of eukaryotes. We also evaluate the degree of coordination of transcription within archaeal operons and make the unexpected observation that some CRISPR arrays are associated with highly prevalent ssDNA structures. These results provide a foundation for the future functional studies of archaeal chromatin.
Introduction
Life on Earth is now understood to be divided into two deep fundamental clades – Archaea and Bacteria. Archaea were only discovered as a separate branch of the tree of life in the 1970s1, yet it was noticed very early on that they share a number of common features with the more organizationally complex eukaryotes, especially in the organization of their information processing cellular machinery. Based on these and other similarities, already in the 1980s it was suggested that eukaryotes evolved from archaea2,3, a view that was strengthened in the phylogenomic era4, and eventually solidified with the discovery of archaeal lineages such as the Lokiarchaeota5. It is now also well understood that many of the complex cellular features that characterize eukaryotes trace their origins to their archaeal ancestry6,7.
One of the most notable such features is nucleosomal chromatin. Nearly all eukaryotic genomes are packaged by nucleosomes, consisting of two tetramers of the four core histones H2A, H2B, H3 and H4, wrapping around ∼147 bp of DNA. These proteins are, with very rare and unique exceptions8,9, the most extremely conserved among eukaryotes10, in large part because aside from their packaging function they are also subject to a large number of precisely regulated
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Figure 1: Archaeal ATAC-seq and the open chromatin landscape of H. volcanii. (A and B) Adaptation and optimization of the ATAC-seq assay to the archaeal context. (A) Distribution of TSS ratio scores (see Methods for details) for native, 0.1%- and 1%-formaldehyde ATAC-seq libraries. (C and D) Representative browser snapshots of ATAC-seq profiles along the H. volcanii genome. (E) Distribution of MACS2 ATAC-seq peaks relative to TSSs. (F) High reproducibility of H. volcanii chromatin accessibility measurements using ATAC-seq. Shown is the between-replicate correlation over TSSs in RPM (Read Per Million) units. (G) Fragment length distribution in H. volcanii ATAC-seq datasets. (H) Estimated relative copy number of H. volcanii chromosomes. Genomic DNA was tagmented and amplified (n = 4), and normalized read coverage was estimated for each chromosome/plasmid. The average ratios are shown. (I) Global ATAC-seq profile over each of the five H. volcanii chromosomes. The number in brackets corresponds to the magnification of the true proportional size of plasmids relative to the main chromosome.
posttranslational modifications (PTMs) at key residues11, through which they play a pivotal role in all aspects of chromatin biology (transcription and its regulation, DNA replication, DNA repairs, mitosis, and others).
Already in the 1980s it was noticed that some archaea possess proteins and structures similar to eukaryotic histones and nucleosomes12,13, and now we know that most archaea have nucleosomal chromatin and histones14–16, and that these histones are ancestral to the eukaryotic ones. This is not true for all archaea as some lineages use other proteins such as Alba/Sac10b, Sul7d, Cren7, and CC117,18 to package their genomes, but the most often observed state is to have histones.
These histones differ quite a bit from those in eukaryotes – while they share the core histone fold domain, they usually do not have the unstructured tails of H2A/H2B/H3/H4 that are the main location of key PTMs. Archaeal histones also do not form octameric nucleosomes; instead, only one or a very small number of histone genes are found in archaeal genomes, and the structures they form are very different from those of eukaryotes. The diversity of histone sequences across the whole archaeal phylogeny is very large and still largely unexplored experimentally, but the available structural19, biochemical and modeling work suggests that in at least some species histones can form so called “hypernucleosomes” or “archaeasomes”, consisting of a protein core of individual histones stacked next to each other, around which DNA is wrapped15,20, ranging from 60 to 500 bp21. Another interesting property of archaeal histones that has been proposed in the literature is their inherently dynamic association with DNA, resulting in so called chromatin ’slinkies’ that can easily slide along DNA21, in contrast to the much more stable association of nucleosomes with DNA in eukaryotes.
Despite its great importance for understanding the deep evolution of chromatin organization, up until now the structure of archaeal chromatin has received little attention and direct experimental investigation using modern genomic tools, with the exception of early MNase-seq studies nearly a decade ago that mapped nucleosomal positioning in the euryarchaeotes Haloferax volcanii 22 and Methanothermobacter thermautotrophicus and Thermococcus kodakarensis 23. Still very little is known about the relationship between chromatin structure and the regulation of gene expression in these organisms.
In order to fill these gaps, in the current work we map chromatin accessibility and active transcription in Haloferax volcanii using a combination of bulk and single-molecule techniques such as ATAC-seq24 (Assay for Transposase-Accessible Chromatin using sequencing), NOMe-seq/dSMF25 (Nucleosome Occupancy and Methylome sequencing/dual Single-Molecule footprinting) and KAS-seq26 (Kethoxal-assisted single-stranded DNA sequencing). We find that chromatin in H. volcanii exhibits similar features to that of eukaryotes on a broad level, with preferentially accessible promoters regions. However, unlike in eukaryotes, chromatin accessibility at promoters does not relate to transcriptional activity. Using single-molecule footprinting we estimate absolute protein occupancy levels over the H. volcanii to be comparable or possibly slightly lower than in eukaryotes, but unlike what is often seen in eukaryotes, we do not observe stably positioned nucleosome protection footprints, only statistically elevated accessibility around promoters. We also examine the coordination of transcriptional activity and chromatin accessibility within Haloferax operons, and make the unexpected discovery that some CRISPR arrays are associated with very strong ssDNA signatures.
Results
ATAC-seq reveals the open chromatin landscape of H. volcanii
In order to study chromatin accessibility in archaea we adapted the ATAC-seq assay to the Haloferax volcanii archaeon. H. volcanii is a halophile with a strong preference for very high salt concentrations in the growth medium (see the Methods section), which grows optimally at 42◦C27,28, and is a widely used archaeal model system.
After extensive testing of a variety of different experimental protocols (fixation conditions and input cell numbers), we arrived at the following modifications of the standard ATAC protocol. First, because archaea are not eukaryotes and do not have a nucleus, we omitted the cell lysis and nuclei isolation step that is a standard feature of eukaryotic ATAC-seq protocols, such as the now standard omniATAC29. Second, and most important, we reasoned that if the previously reported dynamic repositioning of archaeal nucleosomes along DNA applies to H. volcanii, optimal results might be obtained by introducing a crosslinking step into the standard ATAC protocol, which would stably “freeze” nucleosomes in place and not allow excessive transposition into DNA that spontaneously changes from protected to accessible during the duration of the transposition reaction. Indeed, comparing the TSS (transcription start site) enrichment generated without fixation and with light (0.1% formaldehyde) and strong (1% formaldehyde) fixation showed that strong fixation produces optimal results (Figure 1A). The optimal input cell number was determined to be ∼1 ×106. We then compared the H. volcanii ATAC-seq TSS metaprofile with that from the previously published MNase-seq dataset and observed the expected largely inverse relationship (Figure 1B). H. volcanii TSSs exhibit elevated accessibility in the 0 to -400 bp upstream region, decreasing away from the TSS, and possibly displaying a periodicity of sim60-70 bp.
Genome browser visualization of ATAC-seq profiles (Figure 1C-D) revealed an accessibility landscape largely reminiscent of that in eukaryotes with compact genomes such as the budding yeast Saccharomyces cerevisiae 30, with accessibility concentrated at TSSs. Peak calling using MACS231 generalized that observation (Figure 1E) – nearly all ATAC-seq peaks are located within 200 bp of an annotated TSS.
ATAC-seq measurements in H. volcanii are also highly reproducible between experimental replicates (Figure 1F).
The H. volcanii ATAC-seq fragment length distribution is unimodal, peaking at 90-100 bp, and does not show the eukaryotic mono-, di- and tri-nucleosomal signature (Figure 1G).
The H. volcanii genome consists of multiple replicons32, with a main chromosome (“chr”) and four plasmids of very different size – pHV4, pHV3, pHV1 and pHV2 (in order of decreasing size), which together comprise ∼30% of the total genome. In order to properly interpret sequencing data (which is typically normalized to total read coverage), we determined the relative copy number distribution of these replicons using tagmented naked genomic DNA control samples generated during the optimization of the ATAC-seq protocol (Figure 1G). The smallest plasmid – pHV2 – appears to exist
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Figure 2: Absolute DNA occupancy/protection levels in H. volcanii. (A-C) TSS metaprofiles in different conditions (two replicates of an exponentially dividing culture, and a stationary culture). (D) Single-molecule map (250-bp) around a main-chromosome TSS. Black indicates unmethylated and therefore protected sites, gray indicates methylated and thus accessible sites. (E and F) Single-molecule maps over the pHV2 plasmid: 250 bp-window map (E) and very high coverage (≥1,200 single molecules) 200 bp-window map (F).
in ∼26 copies for each main chromosome, pHV1 is found at ∼1.4 copies for each main chromosome, while the two large plasmids – pHV4 and pHV3 – exist in a 1:1 ratio to the main chromosome.
As previous studies of chromatin openness in bacteria have reported the existence of very large domains of lower and higher accessibility33, we wondered whether the same is observed in archaea with nucleosomal chromatin. We do not observe such domains in our datasets (Figure 1I). While this manuscript was in preparation, an ATAC-seq dataset was published for the crenarchaeote Sulfolobus islandicus 34, which lacks histones, instead packaging its genome mainly through Alba/Sac10b proteins35,36. In that species, large domains similar to those in bacteria were reported, suggesting that they might be a feature associated with the lack of nucleosomal chromatin in prokaryotes, while nucleosomal archaea such as H. volcanii exhibit eukaryote-like organization. We also reexamined the Sulfolobus islandicus dataset and found that it displays a much more modest TSS enrichment than that seen in H. volcanii, which is also more narrowly concentrated around the TSS position (Supplementary Figure 1).
Absolute DNA occupancy/protection levels in H. volcanii
While ATAC-seq is immensely helpful for identifying the location of accessible regions in the genomes and measuring their relative accessibility, it is a bulk method that does not provide information about the absolute levels of protection/accessibility in the genome. These can be estimated using restriction digestion-based or enzymatic labeling singlemolecule methods. In order to quantify absolute occupancy/protection levels in the H. volcanii genome, we applied NOMe-seq37 and dSMF25 to Haloferax chromatin. These methods rely on the preferential methylation of accessible cytosine nucleotides (5mC) by a recombinant methyltransferase that modifies specifically in GpC contexts (NOMe-seq) or a combination of methyltransferases that label both GpC and CpG (dSMF).
A potential confounding factor when using these methods is the presence of endogenous methylation in either context. Fortunately, in the case of H. volcanii endogenous DNA modifications have been previously studied using PacBio single molecule sequencing, and no CpG and GpC modifications were found, only two restriction modification system-associated modifications in different contexts, specifically, 4-methylcytosine in a C(m4)TAG context and N6-methyladenine in a GCA(m6)BN6VTGC context38.
Figures 2A-C show the metaprofiles of average methylation around H. volcanii TSSs for NOMe-seq and dSMF datasets generated from exponentially growing and stationary cultures (post log-phase in the growth curve). We observe baseline absolute protection levels around 84-85% in the exponentially growing cells and ∼89% in stationary cells. For comparison, analogous studies in eukaryotes, such as the budding yeast S. cerevisiae 30,39,40, have shown absolute protection levels around 90% (± 5%). Thus, archaeal nucleosomal chromatin exhibits broadly similar, though perhaps somewhat lower levels of protection than what is observed in core eukaryotes.
The detailed base-pair resolution of the single-molecule methods also enabled us to observe a feature not readily apparent in ATAC-seq and MNase-seq datasets – a protection footprint immediately upstream of the TSS. We also observe this feature as a protection footprint in a few percent of single molecules at individual promoters (Figure 2D). At present we are not able to confidently identify its functional association – its width is likely too small for it to be a positioned -1 nucleosome, and it is quite possible it corresponds to one of the complexes involved in the archaeal transcriptional cycle, analogous to how similar protection footprints associated with the RNA polymerase and the preinitiation complex (PIC) in eukaryotes have been observed in dSMF datasets25.
On the other hand, unlike this unique protection footprint, we do not observe strongly positioned individual nucleosomes along the Haloferax genome, such as those seen in core eukaryotes (Figure 2D). Our NOMe-seq and dSMF datasets were sequenced at an effective depth of ∼100× for fragments of width 200 bp. In order to address the question of nucleosome positioning at higher sequencing depth, we turned to the pHV2 plasmid, which, as previously discussed, exists in high copy numbers in H. volcanii cells. Over the pHV2 plasmid we obtained ∼200× coverage for fragments of length 250 bp (Figure 2E) and ∼1,200× coverage for fragments of length 200 bp (Figure 2F). The picture these maps reveal is one of considerable heterogeneity of footprints and accessible sites, consistent with previous proposals for highly dynamic association of archaeal nucleosomes with DNA.
The ssDNA and active transcription landscape in the H. volcanii genome
We then turned our attention to the landscape of active transcription in H. volcanii. To this end, we utilized the KAS-seq26 assay, which measures with high specificity the presence of single-stranded DNA in the genome. Most ssDNA is usually found within the transcriptional bubbles associated with RNA polymerase molecules engaged with DNA. There are several advantages which KAS-seq provides in the H. volcanii context. First, due to the absence of readily available means of depleting H. volcanii ribosomal RNA (rRNA) from RNA sequencing libraries, it provides a way to measure transcriptional activity at much lower cost than deep RNA-seq experiments. Second, it measures the act of active transcription, unlike
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Figure 3: The ssDNA and active transcription landscape in the H. volcanii genome as measured by KASseq. (A) Global KAS-seq profiles over each of the five H. volcanii chromosomes in an exponential culture. (B) High reproducibility of active transcription measurements using KAS-seq. (C-D) Representative browser snapshots of KAS-seq profiles along the H. volcanii genome. (E) KAS-seq metaprofile along H. volcanii gene bodies.
the steady-state transcript levels that conventional RNA-seq quantifies. Third, it also identifies other ssDNA structures, such as those resulting from paused polymerase molecules, G-quadruplexes, and others.
We carried out a time course of Haloferax growth and applied both KAS-seq and ATAC-seq during the “exponential” log-phase of growth, and on the “stationary” post-log phase stage, as well as on “standing” cultures, which had been left at room temperature for ∼1 week. We also carried out KAS-seq on exponentially growing cells that were then incubated at different temperatures – the typical growing temperature of 42◦C, 37◦C, 23◦C and a cold shock at 4◦C for 4 hours.
At the broadest global level, we observe uniform levels of KAS signal along the length of H. volcanii chromosomes (Figure 3A), with sharp localized peaks. Also, KAS-seq measurements in H. volcanii are highly reproducible between experimental replicates (Figure 2B). Locally, at the level of individual genes, we observe a combination of high peaks at the promoters of some genes and elevated KAS-seq signal along gene bodies (Figure 2C-D), which observation is generalized by KAS-seq metaprofiles over all genes (Figure 2E). This indicates that in H. volcanii RNA polymerases spend substantial
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Figure 4: Abundant ssDNA structures associated with some H. volcanii CRISPR arrays in specific conditions. (A) Global KAS-seq profiles over each of the five H. volcanii chromosomes in a long standing culture (∼3 months) reveals an extremely strong ssDNA peak associated with one of the CRISPR arrays on the pHV4 plasmid. (B) KAS-seq signal levels around pHV4 plasmid CRISPR arrays in different condition. (C) KAS-seq and ATAC-seq levels around all three H. volcanii CRISPR arrays in different condition.
amount of time associated with the TSS, perhaps to the point of full pausing analogous to that observed in metazoans41.
Abundant ssDNA structures associated with some H. volcanii CRISPR arrays in specific conditions
We also carried out, as a curiosity experiment, KAS-seq on a H. volcanii culture that had been left standing at room temperature for 3∼ months, which resulted in a surprising observation about the chromatin structure of CRISPR arrays in this organism. CRISPR (clustered regularly interspaced short palindromic repeats) arrays are a key element in the defense systems against foreign genetic material of many prokaryotes and consist of multiple identical repeats interspersed with non-repetitive sequences that target foreign plasmids and phages, together with a set of Cas genes. H. volcanii happens
to be one of the prokaryotic systems where they were first originally observed42–44.
In standing Haloferax cultures, transcriptional activity is largely suppressed, as the cells enter a dormant state. This is reflected in the largely flat global map for the long-term standing culture KAS-seq dataset (Figure 4A). However, we also observed a single extremely sharp peak on the pHV4 plasmid. Close examination revealed that this peak resides between the second CRISPR array in the H. volcanii genome and its associated Cas6 gene (Figure 4B), and that it is also found in all other conditions we assessed, but it stands out particularly in the long-term standing culture due to the absence of all other peaks that result from the active transcription of regular genes.
Curiously, only the second CRISPR array in H. volcanii displays this strong ssDNA structure, while the other two do not, but all three of them show elevated chromatin accessibility in ATAC-seq datasets, which is not focused on the beginning of the array but covers its whole length (Figure 4C). The possible interpretations of these observations at treated in detail in the Discussion section.
Coordination between chromatin accessibility and transcriptional activity within H. volcanii operons
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Figure 5: Coordination between chromatin accessibility and transcriptional activity within H. volcanii operons. Black bar shows the operon boundaries. (A) Ribosomal RNA operon. Note that the tracks shown here were generated by including multimapping reads (see Methods for details). (B) A-type ATP synthase subunits A, A, B, C, D, E, F, I, K, and H. (C) RNA polymerase II subunits. (D) NADH dehydrogenase-like complex subunits A, B, CD, H, I, J1, J2, K, L, M, N.
Being prokaryotes, archaea often have genes organized into operons45, with multiple genes transcribed as a single unit. However, transcription of these operons is still little studied using modern genomic tools. To address this gap, we used our KAS-seq and ATAC-seq data, which provides information about the chromatin accessibility and active transcription in different conditions, to investigate the extent of coordination between the transcriptional activity of different units in operons in the H. volcanii genome.
Perhaps the most conspicuous H. volcanii operon is the one including its rRNA genes46, of which there are two copies in the genome. Figure 5A shows KAS-seq and ATAC-seq profiles along rRNA genes in the different conditions we assayed. We observe a largely uniform KAS-seq profile in exponentially growing cells, and generally elevated chromatin accessibility (which might be associated with very active transcription); a more non-uniform pattern is seen in cold-shocked cells kept at 4◦C, where lower KAS-seq levels are seen over the large subunit (LSU) rRNA relative to the small one (SSU), with various intermediate states in other conditions.
More interesting patterns are seen in operons comprised of regular protein coding genes. Figure 5B shows a gene array consisting of A-type ATP synthase subunits, for which distinct KAS-seq peaks are seen at the beginning of the operon but also in between genes in the middle of it, and KAS-seq levels are not uniform over the gene bodies of all genes.
We examined multiple other operons (Figure 5C-D) and Supplementary Figure 2, which reveal a very diverse picture of the extent of coordination between the transcriptional activity over individual genes within an operon – the situation described above is by no means unique, and internal operon peaks are observed for multiple operons, while there are also other operons where KAS-seq signal is more uniform.
In some cases (e.g. Figure 5C), these internal KAS-seq peaks are also associated with matched ATAC-seq peaks. Thus, one interpretation of these observations is that not all these operons are true operons (even though they consist of functionally related genes), but instead there is a possibility for independent initiation and regulation of transcription from internal TSSs. This interpretation is particularly supported in the cases where ATAC-seq peaks are seen at the beginning of those genes, and in the cases where the baseline gene-body KAS-seq signal differs greatly between different sections of the operon. On the other hand, internal KAS-seq peaks might also arise if there is a very strong and immediate coupling between transcription and translation and the process of initiation of translation at internal positions in the operon somehow leads to the polymerase pausing at certain sites.
Chromatin accessibility does not correlate with transcriptional activity in H. volcanii
In eukaryotes, the regulation of chromatin accessibility at regulatory elements (promoters and enhancers) is key to gene regulation, as nucleosomal chromatin is generally refractive to occupancy by regulatory proteins and to active transcription47, and while there rarely is a perfect correlation between accessibility levels at promoters and gene expression, open chromatin states are generally associated with increased transcriptional activity.
In contrast, the relationship between chromatin accessibility in archaea has not been systematically studied as chromatin accessibility has not been mapped globally, across conditions, and in conjunction with global measurements of active transcription.
We first identified differentially accessible promoter regions between the different conditions we studied (Figure 6A-C). We did not find strong changes between exponentially growing and stationary cells (Figure 6A-C). We observed large changes between each of those two conditions and standing cultures, but in those comparisons the profiles are highly skewed instead of showing the typical more symmetric changes between two conditions, due to the dormant state in which standing cultures are in.
In stark contrast, we find a large number of genes that display strong differential KAS-seq signal over their gene bodies (Figure 6D-F). The lack of major changes in chromatin accessibility between conditions is therefore not due to little changing in the overall cellular state between these conditions, as large-scale transcriptional changes are in fact observed.
We then quantified the degree of correlation between KAS and ATAC signals (Figure 6G-H), and found no correlation between the two. We also found no correlation between the level of changes in chromatin accessibility and the changes in transcriptional activity between exponential and stationary cells (Figure 6I).
These global observations are supported by the study of individual loci. Figure 7A shows ATAC-seq levels and KAS-seq levels over all genes across different conditions; the lack of correlation between them is readily apparent. Figure 7B and C show individual examples of genes for which transcriptional activity shifts between conditions yet ATAC-seq profiles are largely identical.
We thus conclude that based on the currently available data, the modulation of chromatin accessibility does not appear to be a major determinant/correlate of transcriptional activity in Haloferax archaea.
Discussion
In this study, we, for the first time, adapt and apply methods for global profiling of chromatin accessibility and ssDNA in the euryarchaeote Haloferax volcanii. The characterization of the euryarchaeal chromatin landscape revealed several convergent and divergent with respect to those of core eukaryotes properties.
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Figure 6: Chromatin accessibility does not correlate with transcriptional activity in H. volcanii. (AC) Differential chromatin accessibility between different conditions. (D-F) Differential KAS-seq levels between different conditions. (G-H) Lack of correlation between KAS and ATAC signals in exponential and stationary conditions (I) Lack of correlation between changes in chromatin accessibility and changes in transcriptional activity.
The H. volcanii genome displays a chromatin organization very similar to that of eukaryotes with compact genomes such as budding yeast – accessibility peaks are almost exclusively found very close to promoters. Absolute accessibility/protection levels are similar, perhaps slightly lower than those in budding yeast, with a baseline protection level of 85-90%.
Unlike what has been reported about bacteria and archaea without nucleosomes, the H. volcanii genome does not exhibit large-scale domains of diminished and elevated accessibility, which property can now tentatively be associated with the absence of nucleosomes in prokaryotes.
In contrast to the norm in eukaryotes, accessibility at promoters does not correlate with transcriptional activity. This
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Figure 7: Chromatin accessibility does not correlate with transcriptional activity in H. volcanii. (A) Genome-wide heatmaps of ATAC-seq and KAS-seq signals around H. volcanii TSSs, sorted by ATAC-seq levels in the exponential condition. (B-C) Representative snapshots of genes with significantly altered transcriptional activity between the exponential and standing condition, but no corresponding changes in chromatin accessibility.
is a puzzling observation that will need to be functionally dissected in depth by future studies. The idea that chromatin accessibility is not necessary for transcription in archaea is supported by past work, which has proposed that transcription by the archaeal RNA Polymerase is slowed, but not blocked by archaeal nucleosomes48. However, that does not answer the question what accessibility is associated with. Nearly all promoters in H. volcanii show some level of accessibility (Figure 7A), but its levels differ greatly between individual genes. How these differential states are specified, and whether they might in fact change in some conditions that we have not assayed remains to be determined. MNase-seq studies in Methanothermobacter thermautotrophicus and Thermococcus kodakarensis 23 resulted in the proposal that nucleosome positioning in those organisms is significantly influenced by DNA sequence, but no such association was reported for Haloferax volcanii 22, and it is not certain that very weak sequence patterns can fully account for the very large differences in promoter accessibility combined with a general absence of such strong peaks elsewhere in the genome, that are observed in Haloferax. Expanding the available data coverage to both other archaeal clades and to multiple closely related species will allow first, to generalize these observations, and second, to train fully powered models that relate sequence to chromatin accessibility, identifying potential such determinants. In addition, we do not observe strongly positioned nucleosomes in Haloferax but a more heterogeneous picture consistent with the previously reported dynamic association of archaeasomes with DNA.
We also made the surprising observation that operons in Haloferax display non-uniform levels of transcriptional activity, and may in fact consist of multiple distinct transcriptional units. Again, this is an observation/hypothesis that needs to be generalized to/tested in more archaeal species, and not only in archaeal species, but also in bacteria, where the application of KAS-seq to the study of transcriptional activity may also result in unanticipated findings. In Haloferax we were only able to examine several dozen of unambiguous operons (e.g. unidirectional arrays of functionally related genes).
Bacteria are also highly relevant to the other surprising observation we made – the strong ssDNA structure present at the second Haloferax CRISPR array, especially in dormant cells that are otherwise mostly transcriptionally silent, but not at the other two CRISPR arrays. The second CRISPR array is unique in that it is also associated with the Cas6 gene. Cas6 is the endoribonuclease that generates guide RNAs49, thus one possible explanation for the strong ssDNA peak between the CRISPR array and Cas6 is that it represents paused RNA polymerase at the Cas6 promoter. That this gene is the only one with that property in dormant cells is remarkable and perhaps points to the importance of retaining the ability to process CRISPR transcripts even in a dormant cellular state. Alternatively, the ssDNA structure might be related to the transcription of the CRISPR array itself; while that could still apply to the second CRISPR array, it does not explain the absence of the same strong KAS peaks at the other two CRISPR arrays. The functional significance of elevated chromatin accessibility over CRISPR array is also currently unknown. As prokaryotes exhibit an immense variety of CRISPR systems and number and organization of CRISPR arrays, mapping these properties in multiple other additional prokaryotes should be highly informative.
The foundation provided by our work for the future application of functional genomic methods across different archaeal species and conditions should answer these and many other questions.
Methods
Except where explicitly indicated otherwise, data was processed using custom-written Python scripts (https://github. com/georgimarinov/GeorgiScripts)
Haloferax volcanii cell culture
H. volcanii cells were obtained from the DSMZ German Collection of Microorganisms and Cell Cultures GmbH (Cat # 3757), and cultured in Halobacterium media50,51, prepared as follows: 7.50 g casamino acids, 10.00 g yeast extract, 3.00 g sodium citrate, 2.00 g KCl, 20.00 g MgSO4× 7 H2O, 0.05 g FeSO4× 7 H2O, 0.20 mg MnSO4× H2O, and 250.00 g NaCl were mixed with distilled water in a total volume of 1 L. Media was then autoclaved and allowed to cool. H. volcanii was typically grown at 42◦C, except for where otherwise indicated. Cultures were stored at room temperature when not actively growing.
Haloferax volcanii genome assembly and annotations
For all analyses, the genome assembly and annotation for the Haloferax volcanii DS2 strain, downloaded from the NCBI database, and also matching the haloVolc1 version on the UCSC Microbial Genome Browser52 (http://microbes.ucsc. edu/), was used. The UCSC Microbial Genome Browser was used for visualization of genome browser tracks.
ATAC-seq experiments
Several variations of the ATAC-seq assays were tested. As H. volcanii is an archaeon, i.e. a prokaryote without a nucleus, and as it does not have a cell wall, the nuclei isolation step typical for ATAC-seq protocols used in eukaryotes was omitted.
For native ATAC-seq, cells (∼0.1, ∼1 or ∼10 × 106 cells as measured by OD600) were pelleted at 10,000 g for 2 minutes, then resuspended in 50 µL transposition mix (25 µL 2× TD buffer, 2.5 µL Tn5, 22.5 µL ultrapure H2O), and incubated at 37◦C for 15 minutes. The reaction was stopped by adding 250 µL PB Buffer and purified using the MinElute PCR Purification Kit (Qiagen, Cat # 28006), eluting in 10 µL EB buffer. PCR was carried out by mixing the 10 µL eluate, 10 µL H2O, 2.5 µL i5 primer, 2.5 µL i7 primer, and 25 µL NEBNext High-Fidelity 2× PCR Master Mix, using the following thermocycler program: 3 minutes at 72◦C, 30 seconds at 98◦C, 10 cycles of: 98◦C for 10 seconds, 63◦C for 30 seconds, 72◦C for 30 seconds. Final libraries were purified using the MinElute PCR Purification Kit.
For crosslinked ATAC-seq, cells were fixed by adding 37% formaldehyde (Sigma) at a final concentration of either 0.1% or 1% and incubating for 15 minutes at room temperature. Formaldehyde was then quenched using 2.5 M glycine at a final concentration of 0.25 M. Cells were subsequently centrifuged at 10,000 g for 2 minutes, washed once in 1× PBS, and centrifuged again at 10,000 g for 2 minutes. Transposition was carried out as above for 15 minutes. The reaction was stopped with the addition of 150 µL IP Elution Buffer (1% SDS, 0.1 M NaHCO3) and 2 µL Proteinase K (Promega, Cat # MC5005), then incubated at 65◦C overnight to reverse crosslinks. DNA was isolated by adding an equal volume of 25:24:1 phenol:chloroform:isoamyl solution, vortexing and centrifuging for 3 minutes at 14,000 rpm, then purifying the top aqueous phase using the MinElute PCR Purification Kit, eluting in 10 µL EB buffer. Libraries were generated as described above.
ATAC-seq data processing
Demultipexed FASTQ files were mapped to the H. volcanii genome as 2×36mers using Bowtie53 (version 1.0.1) with the following settings: -v 2-k 2-m 1--best--strata. Duplicate reads were removed using picard-tools (version 1.99).
TSS scores were calculated as the ratio of ATAC signal in the region ±100 bp around TSSs versus the ATAC signal of the 100-bp regions centered at the two points ±2 kbp of the TSS as previously described54.
Peak calling was carried out using MACS231 with the following settings: -g4000000-fBAM--to-large--keep-dup all --nomodel.
DNA isolation and naked DNA sequencing
Genomic DNA was isolated by centrifuging cells at 10,000 g and resuspending the pellet in 200 µL 1× PBS, then using the MagAttract HMW DNA Kit (Qiagen, Cat # 67563), following the manufacturer’s instructions.
Genomic DNA libraries were prepared using 5 ng of DNA in a 50-µL transposition reaction (x µL DNA, 22.5 - x µL H2O, 25 µL 2× TD buffer, 2.5 µL Tn5). The reaction was carried out for 5 minutes at 55◦C, then stopped with 250 µL PB buffer. DNA was isolated using the MinElute PCR Purification Kit and amplified as described above for ATAC-seq.
NOMe-seq and dSMF experiments
NOMe-seq/dSMF experiments were carried out as previously described30, with some modifications. Cells were pelleted at 10,000 g, then crosslinked as described for ATAC-seq at 1% formaldehyde concentration.
Fixed cells were resuspended in 100 µL M.CviPI Reaction Buffer (50 mM Tris-HCl pH 8.5, 50 mM NaCl, 10 mM DTT), then treated with M.CviPI by adding 200 U of M.CviPI (NEB), SAM at 0.6 mM and sucrose at 300 mM, and incubating at 30◦C for 20 minutes. After this incubation, 128 pmol SAM and another 100 U of enzyme were added, and a further incubation at 30◦C for 20 minutes was carried out. For dSMF experiments, M.SssI treatment followed immediately, by adding 60 U of M.SssI (NEB), 128 pmol SAM, MgCl2 at 10 mM and incubation at 30◦C for 20 minutes. The reaction was stopped by adding an equal volume of Stop Buffer (20 mM Tris-HCl pH 8.5, 600 mM NaCl, 1% SDS, 10 mM EDTA).
Crosslinks were reversed overnight at 65◦C, and DNA was isolated using the MinElute PCR Purification Kit (Qiagen, Cat # 28006).
Enzymatically labeled DNA was then sheared on a Covaris E220, and converted into sequencing libraries following the EM-seq protocol, using the NEBNext Enzymatic Methyl-seq Kit (NEB, Cat # E7120L).
NOMe-seq data processing
Adapters were trimmed from reads using Trimmomatic55 (version 0.36). Trimmed reads were aligned against the H. volcanii genome using bwa-meth with default settings. Duplicate reads were removed using picard-tools (version 1.99). Methylation calls were extracted using MethylDackel (https://github.com/dpryan79/MethylDackel). Additional analyses were carried out using custom-written Python scripts (https://github.com/georgimarinov/GeorgiScripts).
KAS-seq experiments
KAS-seq experiments were carried out following the previously published protocol26 with some modifications in the sequencing library generation part.
Briefly, a 500-mM N3-kethoxal solution was brought to 37◦C, then added to 2 mL of culture at a final concentration of 5 µM. Cells were then incubated for 5 minutes at 37◦C in a ThermoMixer at 1000 rpm.
Cells were then pelleted by centrifugation at 10,000 g for 1 minute, resuspended in 200 µL 1× PBS buffer, and DNA was immediately isolated using the Monarch Genomic DNA Purification Kit (NEB, Cat # T3010S), with the modification that elution was carried out with 50 µL 25 mM K3BO3 solution (pH 7.0).
Biotin was clicked onto kethoxal-modified guanines by mixing 50 µL DNA, 2.5 µL 20 mM DBCO-PEG4-biotin (Sigma, Cat # 760749; DMSO solution), 10 µL 10× PBS, and 22.5 µL 25 mM K3BO3 and incubating at 37◦C for 90 minutes.
DNA was isolated using AMPure XP beads and eluted in 130 µL 25 mM K3BO3 (pH 7.0), then sheared on a Covaris E220 for 120 seconds down to ∼150-200 bp.
Libraries were built on beads using the NEBNext Ultra II DNA Library Prep kit (NEB, Cat # E7645L). Biotin pull down was initiated py pipetting 20 µL Dynabeads MyOne Streptavidin T1 beads (ThermoFisher Scientific, Cat # 65306) into DNA lo-bind tubes. Beads were separated on magnet, resuspended in 200 µL of 1× TWB buffer (Tween Washing Buffer; 5 mM Tris-HCl pH 7.5; 0.5 mM EDTA; 1 M NaCl; 0.05% Tween 20), then separated on magnet again and resuspended in 300 µL of 2× BB (Binding Buffer; 10 mM Tris-HCl pH 7.5, 1 mM EDTA; 2 M NaCl). The DNA (130 µL) was added together with 170 µL 0.1× TE buffer, and incubated at RT on rotator for ≥15 minutes. Beads were separated on magnet, resuspended in 200 µL of 1× TWB, and incubated at 55◦C in a Termomixer for 2 minutes with shaking at 1000 rpm. Beads were again separated on magnet and the 200-µL 55◦C TWB wash step was repeated. Beads were separated on magnet and resuspended in 50 µL 0.1× TE.
End repair was carried out by adding 7 µL NEB End Repair Buffer and 3 µL NEB End Repair Enzyme, incubating at 20◦C for 30 minutes, then at 65◦C for 30 minutes.
End repair was followed by adaptor ligation by adding 2.5 µL NEB Adaptor, 1 µL NEB Ligation Enhancer and 30 µL NEB Ligation Mix, incubating at 20◦C for 20 minutes, then adding 3 µL USER Enzyme and incubating at 37◦C for 15 minutes. Beads were separated on magnet, resuspended in 200 µL of 1× TWB, then incubated at 55◦C in a Thermomixer for 2 minutes with shaking at 1000 rpm. Subsequently beads were separated on magnet and resuspended in 100 µL of 0.1× TE, separated on magnet again, resuspended in 15 µL of 0.1× TE Buffer, and transfered to PCR tubes.
Beads were then incubated at 98◦C for 10 minutes, and libraries were amplified by adding 5 µL of i5 primer, 5 µL of i7 primer and 25 µL of 2× Q5 Hot Start Polymerase Mix, using the following PCR program: 30 seconds at 98◦C; 15
cycles of 98◦C for 10 seconds, 65◦C for 30 seconds, and 72◦C for 30 seconds; and a final extension at 72◦C for 5 minutes.
Beads were separated on magnet and the final libraries were purified from the supernatant using 50 µL AMPure XP beads, eluting in 0.1× TE buffer.
KAS-seq data processing
Demultipexed FASTQ files were mapped to the H. volcanii genome as 2×36mers using Bowtie53 with the following settings: -v 2-k 2-m 1--best--strata. Duplicate reads were removed using picard-tools (version 1.99).
Multimapping reads analysis
For the purpose of examining repetitive regions in the genome, such as the rRNA operons, which exist in two identical copies in the genome, and are thus not uniquely mappable, reads were mapped with the -a option instead of -k 2-m 1. Normalization was carried out as previously described and discussed56.
Differential accessibility/KAS-seq analysis
The analysis of differential chromatin accessibility as measured using ATAC-seq or enriched for KAS-seq signal was carried out using DESeq257. Read counts were calculated over promoters or gene bodies and used as input into DESeq2.
External sequencing datasets
MNAse-seq datasets for H. volcanii were downloaded from NCBI accession PRJNA17481822, and processed as described above for ATAC-seq and KAS-seq.
ATAC-seq for Suflolobus islandicus 34 was downloaded through the Short Read Archive (SRA) from BioProject accession 814106.
Data availability
The sequencing datasets generated for and used in this study can be accessed from GEO accession GSE207470.
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Supplementary Figure 1: TSS enrichment levels in ATAC-seq data for Suflolobus islandicus. (A) TSS metaprofiles for ATAC-seq in fixed and unfixed cells and for genomic DNA libraries. (B) TSS scores for each dataset.
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Supplementary Figure 2: Coordination between chromatin accessibility and transcriptional activity within H. volcanii operons. Black bar shows the operon boundaries. (A) Putative phosphate-phosphonate ABC transporter.
(B) Flagellar cluster (FlaCE, FlaF, FlaG, FlaH, FlaI, FlaJ). (C) Urease accessory protein operon (UreG, UreD, UreE, UreF). (D) 50S ribosomal proteins L12, L10, L1, L11. (E) Putative ABC transporter. (F) FeS assembly genes SufC, SufB, SufD. (G) RNA Polymerase subunits. (H) Dihydroxyacetone kinase subunit L, subunit DhaK, and phosphotransfer subunit.
SM 2



image4.png
A standing culture (3 months) KAS-seq

Scale
chr 2,383,000 2,384,000] 2,385,000] 2,386,000 2,387,000 2,388,000]
250_
KAS standing culture (3 months)

et et et .t B R i e ARt
B Scale 20 kb} | haloVolct 60_ ATAC exponential
PpHV4:  175,000] 180,000| 185,000 190,000] 195,000| 200,000 205,000] 210,000) 215,000 220,000 225,000] 230,000] 235,000) 240,000) 245,000 250,000| 255,000) 260,000)

25%0_ standing culture (3 months)

0._,
st ittt 50_ ATAC stationary

250 exponential

o e s h __X__ —— ———— - A

250_ stationary 0
50_ ATAC standing culture (1 week)

[ U S—— L -~ . P R S
250 standing culture (1 week)

s Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Elements
I cnsprt VR THETHE
O i i i i i i it i inbicibibsiiuicnilth "
= s Genbank RefSeq Gene Annotations
- 42C PR < < < < < << << HVO_2520 Bl HVO_2521 < << << <<k Hvo_2523 B
e HVO_2522 >>>>>
Hvo_2518 [EEEE
v
[P N W -L - BN . - A -—L—A; scale Skbl ! aovole
250_ 37¢C pHV4: | 202,000] 203,000] 204,000| 205,000] 206,000] 207,000 208,000] 209,000] 210,000| 211,000] 212,000] 213,000| 214,000]
250 _
KAS standing culture (3 months)
o ama b M. L o e s A A
60 _ ATAC exponential
250 _ 4c
L A—.‘_A___‘_‘L o
[ U S S - 50_ATAC stationary
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Elements
crispr2 crispr3 i
0_|
Sscale 2kb] | halovolc 50_ ATAC standing culture (1 week)
Hva: | 205,000| 205,500| 206,000 206,500] 207,000| 207,500| 208,000 208,500| 209,000| 209,500| 210,000| 210,500)
250 _

standing culture (3 months)

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Elements
rspr RN

Genbank RefSeq Gene Annotations
HVO_A0199 HVO_A0201 HVO_A0204 HVO_A0207 555555
(e HVO_A0202 I Cas6 555> Hvo_A0208 EEEEN
HVO_A0200 >>>>>>>>>>  HVO_A0203 HVO_A0200 5555555555
PRSP > >>>>>>>>>>>

Scale 2 kbp————————————————— haloVolc1

pHVA: | 215,000 215,500] 216,000| 216,500] 217,000] 217,500 218,000] 218,500| 219,000] 219,500] 220,000| 220,500| 221,000] 221,500]
250 _

KAS standing culture (3 months)

et Rl A A B e

60_ ATAC exponential

20 37C o_|
50-ATAC stationary

0_
50_ ATAC standing culture (1 week)

250_ 2C

o .—L—————-——.
- Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Elements

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) Elements N
cispr HHHHHHHHHHH A HHH T criors HHHHHH

HVO_A0200 Genbank RefSeq Gene Annotations Genbank RefSeq Gene Annotations .
33335555 00202 (R HV0_A020: IREEERRRRTTRTR, Casé ESESTrSSToTD 355555555555555 HVO_A0212 >>  HVO_A0213 €<<CCCeecccs HVO_A0215 EEE)

HVO_A0201 HVO_A0204 (A [RVOIERZIOTR 555555555555 >>>>>>5555555555>55>>>>>>>>525555555555> HVO_A0210 55555 HVO_A0214 K<CCCRCc<
HVO_A021T 5>>5555>>>





image5.png
RPM

RPM

10_2032 €c€€eec

e

Scale 5 kot
.| 2764500] 27650001 2765500] 2766000] 2766500 27670001 2767,500] 2768000 2768500 2769000] 2769500] 2770000

1 halovolct
J
2770500] 2770001 27715001 27720001 2772500] 2773000] 27735001 2774000 2774500]

1
7s_

KAS exponential

[
175

KAS stationary

u,____._‘-————-‘-—-‘*_._____
- KAS 37C

- KAS 4C

ATAC exponential

[EUT VY
- ATAC stationary

Genbank RefSeq Gene Annotations

Vo234 EEEEEER]

0 203 EEEEER
HVO 2935 (RRERRRRRRRRRXN
« Annotated Genbank ncRNAs

o _ss_2 0 30638

/05502 TRTRTRERTRTRRIRERIRITTT
Ho_Lsu_2

0 200l Hv0_20420080

IO 20w
V0 2041 (RRRR

HVO 2943 2335335523332335>

10k}
06.000]

| haloVolct
|
02000 a03000]  40s000] 405,000 407000 408000 403000] 410000 411000 412000] 413000  414000| a16000] 417,000

415,000] 418,000] 419,000 420,000|

KAS exponential

KAS stationary

KAS 42¢C

KAS 37C

ATAC exponential

ok bt Lt sk ..Mmm‘u-.u.u TN YN T Y Y RSP ‘mm.n.m..m...m.. sl btk

ATAC stationary

cecececece  HvO_posas ENTENEEEENIEENEEEEY.  HvO _Boss1 [RRR HVO _B0354 €€€EEEEEeeeeeeeeeeeeeee  HIO Bo3se
HYO_Bo3ds 22222322 HVO_B0350>>>>2>>  HVO_Bo3s3 22325 HO_Bo3ss

0 _go3s2 [ER HVO_B03s7 <<eceedeececeecces

Vo _go3ss RRER V0 _Bossoccceccccccecc
HVO_Bo3s9 € ceceecccece HVO_Bo3s1 33295

W0 _eoss2 R
HIO_B0363 933329533293329935

RPM

RPM

| halovolct

270,000 275,000] 290000

295,000]
e

KAS exponential

KAS stationary

KAS 42C

KAS 37C

KAS 4C

TAC exponential

skttt bt bkl i bt s it st sl

ATAC stationary

HVO 0302533553 HVO_0305 ¢¢¢<¢
33223325555 HVO_0304 ¢¢¢<<< K
HVO_0303 ¢ €< HVO _0306€¢€€<<<

o o312l
Hi0_0313 53>
VO 0314 53335

O o315 >

HVO_0316 3333353355 HVO_0319 5>

HV0 0317 3333322 o ozl
HVO_0318553535353535

HVO_0321 ¢ cccc

HI0 0322 52333322 WO o325l HVO 0328 ceccc
o _oszsl WO 0326 >>>>
HVO_0324 €eeeeecece

HVO_0331 ¢
HVO_0330€¢¢¢
HVO 0329 33>>>
HVO_0327535>

HV0_0309 cc¢
0 _o310l
HUO 0311 323333233333

10k} | halovelct

chr: | 880,000| 881,000| 882,000 883,000| 884,000| 885,000| 886,000] 887,000] 838,000| 889,000] 890,000| 891,000] 892,000] 893,000 894,000 895,000 896,000| 897,000| 898,000 899,000 900,000] 901,000| 902,000 03,000 904,000] 905,000| 906,000 907,000] 908,000| 909,000] 910,000]

KAS exponential

KAS stationary

KAS 42C

KAS 37C

S 4C

ATAC exponential

huu... - MWMMmWMMmAA&JM~;M-LM*~@A,MM

ATAC stationary

HVO_0971 ¢cececccce HVO_0974 ¢ HVO_0976 333333>
cecedece HVO_09724€¢. VO _097533355335353
HVO _0973 et

HVO_0980 3333353335
HVO 0978 >>

HVO_0977555>

HVO 09793555

o _oses B
HVO_osB1 33333
HO_os82 5>
WO o983 >
H/O_oses >
HIO 0985 333323333325

WV 096733333332 HVO 0950335333935
HVO 0988 33333325 HVO 09915232
VO _oosol@l Wo_oss2fl
WO _oso3
HVO_0994 33353555

VO _o9os ERREER!

HVO 09965333555
HVO 09575335555
HVO_0999¢ <

0 _ososll
HVO 1000 cccc





image6.png
A

ATAC-seq exponential vs. stationary

B

ATAC-seq exponential vs. standing

log2FoldChange

ATAC-seq standing vs. stationary

all

up
down

-
N

log2FoldChange
" 2

N
L

w
L

KAS-seq log2FoldChange

1.0 all 2
up
down
0.5 1
Q Q
2 2o
8 001 e L ERRRREE  L s
o [3)
3 1
(<] [<]
& 0.5 w
i D 2
o o
1.0 3
1.5- 4
ree T T T T r T T T T T T 1
32 64 128 256 512 1,024 2,048 4,09 32 64 128 256 512 1024 2048 4,09
baseMean baseMean
D KAS-seq exponential vs. stationary E KAS-seq exponential vs. standing
21 2
all all
up up
1 down down 4
o1 @ i
o D g
] o
5 &
LI SR =t
:
> D 2
o o
2 ] k)
2- 4
r T T T T T T T L T T T T T T T T T
32 64 128 256 512 1,024 2,048 4,096 8,192 32 64 128 256 512 1,024 2,048 4,096 8,192
baseMean baseMean
G exponential KAS vs ATAC H stationary KAS vs ATAC
4,096 4,096 .
2,048+ 2,048 ’
3) o
< <
';:1.024- :1,024—
= =
o 512 o 5124
4 4
(2] (2]
& 256+ . © 256
128_ 128_
2_
6a . . R“=0.0 6a

256
gene RPM (KAS)

512 1,024 2,048 4,096

256
gene RPM (KAS)

512 1,024 2,048 4,096

T T T T T T 1
4,096

32 64 128 256 512 1,024 2,048
baseMean
KAS-seq standing vs. stationary
all
up
down ."
32 64 128 256 512 1,024 2,048 4,09 8,192
baseMean
KAS vs. ATAC change
3
2 .
1
0 . . .
1 o
2]
2_
34 R“=0.0
T T T T T 1
-1.0 -0.5 0.0 0.5 1.0 1.5

ATAC-seq log2FoldChange




image7.png

image8.png
Average RPM

20

15

10

gDNA SRR18275628
—— ATAC fixed SRR18275629 + SRR18275630
—— ATAC unfixed SRR18275631 + SRR18275632
—— ATAC on gDNA SRR18275639

I B B EE— |
-600 -400 -200 0 200 400 600

Position relative to TSS

Dataset TS_S

ratio

gDNA SRR18275628 1.05

ATAC fixed SRR18275629 + SRR18275630 1.1
ATAC unfixed SRR18275631 + SRR18275632 0.80
ATAC on gDNA SRR18275639 0.88





image9.png
RPM

RPM

RPM

RPM

392,500 393,000 393,500] 398,500]

_KAS exponential

~KAS, tationary

AC

- ATAC exponential

o Ada. ....AAL.-LAn.n... s gk s
- ATAC stationary

O _oss2EER HUO_044099533293339955
HVO_0443555539553333. HVO_osas

200}
395,000]

| haloVolct
397,000 397,500

395,500 396,000] 396,500] 398,000 398,500] 399,000] 399,500 400,000 400500

m;um*mmwd.wm“m‘d

HVO 0446 €444 ERELRECERRC
Ceeececeececcececdeece

HVO 04485233532333233>
HVO _0447 € €44 ERKERRERERRERRRES

HVO 0450333355555
HVO_04492535235523332>35> HVO _0451/35533555553)

HVO_0441 €€ €€t

Scale

chr: 1,007,000] 1098000  1099000]  1,100000]

KAS exponential

KAS stationary

KAS 42C

KAS 37C

RPM

KAS 4C

ATAC exponential

O,A.n.j] “‘.ul‘mu ad
ATAC stationary

HVO 1207 €¢¢

HvO 1200 REXRER

ceeee

HVO 12109535353

skof

| halovolt
1,104,000

1,109,000
1

1101000]  1,002000]  1,103,000] 1105000|  1,106000]  1,107,000]  1,108,000] 1m0000| 1111000 1112000 1113000  1114000]  1,115000]

MAMMM Lk ik Mmmmm“m_h IR VTP T

HVO _121333535359535553 HVO _12175933535353535355> HVO _121933335333535 HVO 1222 €€€ceccec HVO 1224 ¢cececs

ceceeccceece

HVO _1209[EER

HVO 12115353555
HVO_1212 €ccecce

HVO_1214 355>

HVO 1218 5923535353533355>

Hvo 1220 BB

HVO 1223 €€€€EEEeeeeccecccedecce

HVO 121533353

HVO _1221 €€ e

Scale

pvs; | 147500 1as000] 148500] 145000] 149500 150000

*_KAS exponential

Ot rrres et e re.
*-KAS stationary

—————————— e T e
Fa
KAS 42C

- KAS 4C

0_mamamtnenmsmasttiiioe o,
- ATAC exponential

LIRPRRPRVP T NV WP O

- ATAC stationary

3322333223352355>
HVO _ADIS0 33233332333533>

ssso00]  ssa0l  sss000] 556,000

_ KAS exponential

o_|

*-KAS stationary

KAS 42C

KAS 37C

25_

KAS 4C

o

HVO _ADIST 33333233353335>

S ko | halovolct
150,500 151,000] 151,500] 152000] 152,500] 153,000] 153,500] 154000] 154,500] 155,000] 155500] 156000] 156500] 157,000 157500] 158,000]

WO Aots3 cceccce VO _otss €ecece HUO_AD1S7 € €€ eeceeeececeecceeece
W0 _as2 1 HO_AD156 €44 €€ceeececeeeceeeecceeees
HIO_AD1S4 €€ eeceeecceeeccceecese

skt
559,000]

| halovolct
seso00]  seao00]  s65000]

ss7000] 558,000 seo000]  se1000]  se2000] seo00 567,000

158,500]

568,000]

155,000] 159,500] 160000

HVO_A0159 53335
HVO _ADTSE €€ ¢ R CEREERRLLeRectees

se0000]  570000|

160,500]

2eaeadhh o, .‘_...........JM....._.A........A.L..,‘-._._ et e s e bk a

571,000]

70_

- ATAC exponential

R nuh.uh

ATAC stationary

eeeeeceece HVO _os22 (RERXREREA

HVO_o621 ¢ccccccccccccceics  HUO_oc23iEEER

HVO_os24 EEEERN

Scale

chr: 305000]  306000]  307,000] 308000] 309000] 310000

150 KAS exponential

502 KAS stationary

o,

- KAS 42C

o_.

- KAS 37C

=o- KAS 4C

Hvo_oszs R

HVO_0628553253233592355>  HVO 06305332335
HVO 0629 3922333233

110 _os26 KRERR

HVO_0627 32233323552333233332335>

0 _os:1 BER

10k}
311,000

halovolel

{
312000 313000 314000 315000 316000] 317000] 318000] 319000 320000 321,000 322,000

323,000]

TAC exponenhal

MMMM.

o ATAC stationary

10 033755 0 _os0ER
HUO 033939332993

HVO_0338¢¢< << <<

HVO_0343 >
HVO_0342>3>
HVO_0341333353>

HVO_03483523353335335>
HVO 0347 5333323335235
HVO_0346 >

HVO_0350 332333535
HVO_034955352335333523333233523>

HVO_0353 55
WO 0352532555 HYO_o3ss (RKIEN
HUO 0351535 HVO_o3sa 3933

324,000]

HVO _03563535335533333335>

Lo s s il coonitl i adi i . e JMMM.....A_ svath s b bt & deenat bt a4

HVO_0633 €€ €€t

VO 0632 €€ CEEEEeeeeaeeseeaeccs HVO 0634 €€ <4<

325000]  326000]

HVO_0357 3335>

327,000

...MAMMM.WMMMM_Lm.mnmmmm.um

HVO 0359

HVO 035853352335

RPM

RPM

RPM

O_ dhdid a

2592500 2593000 2593500

KAS exponential

KAS statiopary

KAS 42C

KAS 37C

KAS 4C

ATA(C exponential

uath AL j TR
ATA( stationary

33322335 HVO_2752 €¢¢¢<c

0 _a7s1 EEEEER

HVO 2753 ¢¢<¢

Sale
chr: 771500]

772000 772.500] 773,000

KAS exponential

KAS stationary

KAS 42C

KAS 37C

KAS 4C

ATAC exponential

HVO _2750 €4 REEEERELRRRLEeReeeeess

773,500]

HVO 12165355355

200
2,595,500

| haloVolcl

2,594,500 2,595,000| 2596,000| 259,500 2,597,000 2,597,500

2598000]  2598500] 25990001 2599500]  2600000]  2600500]

- _uam-“mlﬂmh Y WP _AA‘_‘ . P

PR N

HVO_2755 €€4cccec HVO _2757 €444t

HVO _2756 €44 € ¢€CC €t

V0 2750 cccecccceccceccccececeeee V0 _2761599333995333933399353
VO 2758 cceececees O _2760 IEEEEEEER

sk
774000]

| haloVolel

774500 775000 775500  778000] 778500  777000| 777500 778000  778500|  779000] 779500

780000 780500| 781000  781,500|

PV WP RTR VYT IO T TVTIr | G WY W PR Ry NPT TR T

ATAC stationary

33233322335233552335223352335223352233523352233322332233322355>

Scale
chr.1,411,000]

141,500 1,412,000]

KAS exponential

KAS stationary

KAS 42C

KAS 37C

KAS 4C

ATAC exponential

HVO _1542]

HVO _086035555553353335333333355
HVO _08593333555555333553

HVO _oss EEEEEERERl

HVO_0861(3335555555555533355335 | HVO 0863925335

HVO _oses ERREERRRRRRREETLT

HVO 0865 33333

200
1413000

| haloolct

1,412500| 1,415,500|

1413500 1414000 1,414,500|

1415.000] 14160001 1416500 14170001

BT T Ty R PRRTITRT U NPT Y TOUTNT (7 Ty Y

2_ ATAC stationary

HVO _15433332233> HVO 1545 €€€€€Eeeeeeececaeccee
HVO 1544 [€€€eeeiecs

HVO 1547 € €€€€€0ECEEEEEEEEEEEEEeeeeeeeeeeeeeeeeteeeeeeeeeeeeeeeeecess
HVO 1546 € €€€€E€EEEEEEEEEEEEEeeaacceee





image1.png
TSS ratio
=
N
o

0.1

Fraction of peaks
o
N

0.0

Haloferax ATAC-seq B 14

12

| I B S e a—
200 300 400 500 600

Fragment length

| haloVolcl
1 175,000|

Scale

10 kb}
chr: 1,150,000] 1,155,000] 1,160,000] 1,165,000] 1,170,000| 1,180,000] 1,185,000|

WA@LMMMMMW%

HVO_1260 <<€€¢<<cc HVO_1263 (<< HVO_1268 HVO_ 1272 <<<< HVO_1275 5 HVO_1281 <<<<  HVO_1286 >>> HVO]ZQZ. HVO_1296 >  HVO_1299 >  HVO_1302 <<<<<
= 10 Hvo_1261 (REREER HVO_1265 > HVO_ 1269 HVO_1273A HVO 1279 > HV0_1283 <<<<  Hvo_1288 |  HVO_1293 HV0_1297 55  HVO_1300 >> HVO_1303 <
o HVO_1262 555> HVO_1267 > Hvo, 70 HV01274 HVO_1282 ¢ HVO_1287 >> HVO_1294 >>>>>>  HVO_1298 >>>> HVO_1304 <<¢
o HVO_1264 €< HVO_1271 << Hvo_1276 | HV0_1284 K<< HVO_1290 <<< HVO_1295 >>> HVO_1301 €<<<<<<  HVO_1305 <
@ HVO_1266 >>>> HVO_1273 <<<<<<  HVO_1277 HVO_1285 HVO_1291 553
oo 8 HVO_1278 HVO_1289 €
© HVO_1280 >>5>
=
[
2 6 - ATAC Scale 20kb} { haloVolcl
pHV3: 195,000] 200,000 205,000 210,000 215,000 220,000 225,000 230,000 235,000 240,000
= 4 ViNAse ‘ ﬂ |
2 HVO_BOT64 >>  HVO_BOT69 55>  HVO_BOI73 <<<<<< _ HVO_BOT77 <<<<<<_HVO_BOI81 '3  HVO_BOI8S >>> HVO_BOI8Y >>  HVO_BOI94 <<< HVO_B0199 > HVO_B0203 >>53555>> HVO_B0207 |
HVO_BO165 > Hvo_B0171 Hvo_so174 [l Hvo_Bo178 [l HVO_B0183 >3 HVO_BO187 >35> Hvo_B0192 HVO_B0198 [<<< HVO_B0201 << HVO_B0204 | >
HVO_BO166 B HVO_BOT75 <<<< HVO_BOT79 << HVO_BO184 >>>>> HVO_BO18S 53>  HVO_B0193 HVO_B0200 >>>> HVO_B0205 |<€<<<
—_— e e S T B | Hvo_Bo167 BB HVO_B0176 <<< HVO_B0180 << HVO_BO0186 >>> Hvo_B0191 [EEEE  HVO_B0197 << Hvo_B0202 [ Hvo_B0206 |KREEE
Hvo_Bo168 B HVO_B0182 355 HVO_B0190 >> Hvo_B0195 ||
& R QV' Q‘?' -600-400-200 0 200 400 600 HVO_BOT70 >35> HVO_BO196 >
X olo olo e .
S & 03\’\ s! Position relative to TSS ‘
F ATAC-seq exponential, repl vs. rep2
2,048 L
-
I
P
s 512
-_— —— o
14
P
SO (,e° SRS ES SRS ELES O PP LSOO 00000 SO PSSO S o 128
PN AN S B B ROA A =
Distance to TSS
H g 32
£ 32 -
216
2 2
g2 s R“=0.95
S 4 8
3
s 2 e e S B
-E 1 —r1 8 32 128 512 2,048
]
w05 rep1 RPM

———————

chr pHV1 pHV3 pHV2 pHV4

pHV2
(10x)





image2.png
200 bp

stationary culture

exponential culture

exponential culture

ol e M T T Y R T T | PR | =r._E1;E_f.§.i§i;iE
'S N e TSN NS ML SCAPLIP WM SN PLACLMILLSPLI 13 okl APV 241 et A /SR SIS e, L. PSSP = APPSO i Lk

[T T S * LT L LTI LA N LI L "L LT B, 1T TELTEELITL | AFELEL L P P L ' L B T LN J LT L T L. "N ST T L L L T L., [ LY LTI L T AL T . < (| ST

J T L LT £ Y k- ) L T T R L, WL LT | L TN UL L PR T L ke L T ML LI P L UL YT LTV LT L O T TLTHEL LTI M

ﬁl‘lgﬁ T "N .. T L L R T T LT N T T. LU Y LTI . FEANHCE T LT T . | LT T N TR B FET LN LD TR LT LT Y. L

L | ISU - LI B T BN L LU T PN SN S R S S | S . BN B B B SR "A.EE NN EPA MR TN N BT . LN | BT UL SN LN B . Bl R MEEIER "IN IN.FETYEEEN . 0. FEEE L FTLLEELE U R T

LI T LT L TTT L L] EELELLE S A G P TE T L TYLE AP A T 2T T, PR "TPLLE AL B Rl AL L L "kl T T LY PR LL L :rIILlI_!

3 5 E il " YA AITITE - PP N AT B e "B ¢ = Umillibes  Un TIUREHE il M LT O T - E TS Y1

PP TN T TP AP R T .7 = 2 TR T T TR I T Tt ™= T T " T, 7 S A T

200
’
4
’
’
7
4
’
’
’
’
7
, 6,000]

100
7
’
’
4
’
’
7
’
’
’
s000] #° 5,500]
1
\
HVO ,Dogs

w)
(%]
[
[e]
-
g 3
‘B 8
[=)
o © _ |
2 o)
e g z JREELIF. FE.]
< 1IN I | N — .
o m T LI i —— - ———1]
S5 5 2
() 8 2 N ) O 0 DD N DN F N D — W
% N 2 N EEEEE BN I S S 0 — ] 111 — -
[=} 2
5 = 3 LI BN TRl e T N Ty 1 NN ITT T N Wl IANN TN T INN ]
) 2 8. I |JLLENI NN I.E ™ S S DL I A E . ..
m -~
o m,n N S NN | NN N NN N S S S . | B — 1 N
2 = 2 I N B N SN | N S S ] E— — —
8 2
1 My 2
S S T R, 2 /
[=} =)} © ~N o n _ 2 /
a ) ] -] ] ] 3 —————————— mmeeSresmmme———————— . .
S s s & & S - F— _ Ml ALY LA PP AT I WL LA L A,
g ~ 1
2 nd 2 \ I TR ] 110 ] I T | NN IEEEE N O S ——
=3 ~ \
3 ~ 1
o ~ 2 \ l.l (N TR B NEEN - [ITRT] IIEEEEEEEE NN . . N
S 2 \ 1 IE 1 DN N — B0 N S N N N I . —
E : _ T TR — Y —— T
g8 's : | O L I el ST [l
- = = a 1
o 8 2 \
..W - a B L AN LN F.. J.IIJL'ALEL N L LI .S | N EEmraLmiill I
o
o ®© 8 1 . . J_ By . LN I ] . L .. LR LN, L
o 5 Hm I EEm e I [ - ——— B I — I T — — BT — 1 —— T BT - T — T
b @ ° 1 NN BN N N - N . .
c =
e 8 -
o E g o el ok ST ol T e TEL L L T L T | L
o 4 g
o & o
S = n | EEEEE W SN (NN I O ] S s NIl BN R EEIE N m m 1.
' .w. —— — —— — . — -l BL_LNN .l .DEE_N__L'SlS_ LY NEE L] NLN /NN . EEE. .l
o | o — — ' S S — R T U ol Bl T 10 N TR IR0 R I B T IR ENE | BN A -
[=] Ln “H
o0 3] ¥ S I —— N — . .-M NI I S . 1 O S NN NN DN NN S S ) S
— L e ——————— <K
e S S S Y E— ] dlllll—llllllll- l-l"-ll-ll
—
Q P S oy Q pod 2 N NN EE— — — - I O BN NI N I DN N S N N SN | . N, — -
o o NS BN | NN O B S W S | . -
© © © © © © © N LUFEE Bl UINFME NI FIE' | D" | LA S MR B FLLL ' L L
=] S ¥ S S S S — - - — -1 T 1Tk —— 1 —— T — —————"7T—]
% | I N NN | BN S BN 0 BN DN B 0 mE O
gy L8, 0 L, T, o, g 1] W,
(T T BN NN THNT BN — N D IRE N D] NN | —
o "IN . T DN S EE I . | e e 1 1] EEEEEI S D N - . N - I 1 I EEEEEEE | N . |
m Ll e e —————————— EENE BN | . m
R D NS 0 N O S NN WO ] I 1B N EEE NI ] BN B B B B S NI NN N NN -
=4 .i— 1N N SN S B NN S B S S BN BN B B | — -
A 1 e E——— E— i S m ' “E EEIIE N N N I NI I E NI N I EEEE. ] n L IR R 1]

T . r —r°r 1

0.86

=..=....lll.i_-.|.l...II.t..h.rlllI.:..r._l..__
o s o S——  ——  — — " | | EFETENLE LN | PR B R . L | TN Y .

-100 0
Position relative to TSS

N I S S | |

h 2%
L1 ]| L e | ¢ | I} NI |] g

= —— H

o - N

0

N W LENLE] D S D BN P, N PN 3
N N S E—

n < o0 o - o

* * * * * * "HLEN'STEN MR ET T M Y LA

o o (=] (=] o o N W BN | N NN SN BN SN BN ] D BN BN B .
uonejAylaw - ()] .




image3.png
pHV2
(10x)

B KAS-seq exponential, repl vs. rep2

c Scale 10kb} | halovolct
chr: 2,580,000) 2,585,000 2,590,000] 2,595,000] 2,600,000] 2,605,000) 2,610,000]
4,096
1,024
=
Genbank RefSeq Gene Annotations &
> HVO_2734 >> HVO_2737 > HVO_2743 <<<<< HVO_2747 <<< HVO_2752 < HVO_2757 <<< HVO_2761 >>>>> HVO_2765 >>>> HVO_2767 <<<<<<<<<<K
353555 HVO_2738 HVO_2744 <<< HVO_2748 ¢ HVO_2753 ¢ HVO_2758 << HVO_2762 >>> HVO_2766 >>>>>>>55>>> HVO_2768 ‘g_ 256
HVO_2733 HVO_2739 HVO_2745 ¢<<<< HVO_2750 >>>> HVO_2755 ¢ HVO_2759 < << << HVO_2763 < << HVO_2769 o
Hvo_2735 i HVO_2740 > HVO_2746 <<<< Hvo 2751 [l HVO_2756 << << HVO_2760 HVO_2764 >>>> HVO_2770 <¢<< =
HVO_2736 <<<<<<<<<< HVO_2749 < HVO_2754 <<<<< HVO_2771 |
HVO_2741 64
HVO_2742 <<<«¢
Scale 10 kb| | haloVolc1 .
chr: 2,815,000 2,820,000| 2,825,000 2,830,000] 2,835,000 2,840,000 2,845,000 16 «
L1684-Haloferax_volcanii_exponential 2
R“=0.98
—mnmnm—nm—mer—m—m———m—————
8 32 128 512 2,048 8,192
rep1 RPM

4(] Genbank RefSeq Gene Annotations

>33>> HVO_2984 << HVO_2989 >>>>>> HVO_2994 &8 HVO_2997 <<<<<< HVO_3000 >>>>>>>>>> HVO_3004 l HVO_3007 <<<< HVO_3011 I HVO_3015 I
1 HVO_2985 HVO_2990 HVO_2995 << HVO_2998 <<<<<< HVO_3001 <<<< HVO_3006 >>>>>>>>  HVO_3010 <<<<<<CLCCLC
HVO_2981 >>> HVO_2986 << HVO_2991 HVO_2996 <<<<< HVO_2999 <<<<<< HVO_3002 <<<< HVO_3008 >> HVO_3012 <<<<
HVO_2982 Hv0_2987 | HVO_2992 << HVO_3003 HVO_3009 > HVO_3013 ¢
HVO_2983 << HVO_2988 << < HVO_2993 HVO_3005 <<<<<<< HVO_3014 <<<
E KAS-seq exponential

—_

= 12

o

14

-
11

(]

g

= 10

[

3

o 9

>

8

o

2

< 7

-200 TSS +200 -200 TTS +200

Position relative to gene




