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A chromosomal loop anchor mediates bacterial
genome organization

1<

Gaurav Dugar®'®, Andreas Hofmann®?2, Dieter W. Heermann®?2 and Leendert W. Hamoen

Nucleoprotein complexes play an integral role in genome organization of both eukaryotes and prokaryotes. Apart from
their role in locally structuring and compacting DNA, several complexes are known to influence global organization by
mediating long-range anchored chromosomal loop formation leading to spatial segregation of large sections of DNA. Such
megabase-range interactions are ubiquitous in eukaryotes, but have not been demonstrated in prokaryotes. Here, using a
genome-wide sedimentation-based approach, we found that a transcription factor, Rok, forms large nucleoprotein complexes
in the bacterium Bacillus subtilis. Using chromosome conformation capture and live-imaging of DNA loci, we show that these
complexes robustly interact with each other over large distances. Importantly, these Rok-dependent long-range interactions
lead to anchored chromosomal loop formation, thereby spatially isolating large sections of DNA, as previously observed for

insulator proteins in eukaryotes.

replication and segregation, and gene regulation'”. Eukaryotes

show a hierarchical organization of their chromosomes: from
nucleosomes at the kilobase (kb) scale to higher order, physically iso-
lated, domains at the megabase (Mb) scale>®. Key players in this higher
order structural organization of the genome are chromatin insulators,
which are DNA elements associated with specific insulator proteins
that mediate the formation of long-range chromatin loops, to physi-
cally isolate large regions of the chromosome®'. Genomic regions
within such loops self-interact more frequently and are called topo-
logically associating domains, or TADs. These domains are physically
and functionally isolated genome units that help co-regulate genes
and block the spread of regulatory activity to adjacent domains'>".
Although insulator proteins are not present in bacteria, TAD-like
domains have been observed at sites of highly expressed genes in bac-
teria and are termed chromosomal interaction domains (CIDs)"'#!°,

Condensin/cohesin complexes composed of structural mainte-
nance of chromosomes (SMC) proteins are major players in DNA
compaction and organization in all organisms, including bacte-
ria’'. In Bacillus subtilis and Caulobacter crescentus, SMC com-
plexes have been shown to tether the chromosome arms together
using loop extrusion®’. The SMC homologs MukB in Escherichia
coli and MksB in Pseudomonas aeruginosa have been shown to orga-
nize chromosomes by promoting cis contacts between chromosomal
loci**, and recently an SMC-like protein termed coalescin (CIsN)
in archaea was found to be involved in compartmentalization of its
chromosomes'’. However, chromosome conformation capture (3C)
techniques, including Hi-C, have provided no evidence that these
prokaryotic SMC complexes are directly involved in the formation
of CIDs in bacteria’»**.

In eukaryotes, promoters are often regulated by enhancer
regions that are located several kb to Mb away on the chromo-
some, and insulator proteins block interactions between enhanc-
ers and promoters by formation of physically isolated TADs*"*.
In prokaryotes, genes are regulated by transcription factors that
bind close to the promoter region, generally within several hun-
dred bp of the transcription start site”’. The absence of long-range

f tructural organization of genomes facilitates DNA compaction,

promoter—enhancer interaction in prokaryotes has led to the
assumption that protein-mediated long-range anchored loops may
have primarily evolved in eukaryotes>''. Here, aided by a chromatin
sedimentation assay and Hi-C, we show that the transcription factor
Rok forms large (Mb range) and well-defined anchored chromo-
somal loops leading to the formation of CIDs in the bacterium B.
subtilis. By spatially isolating large regions of the genome, Rok dis-
plays similarities with insulator proteins found in eukaryotes.

Results

Sedimentation-based approach reveals large DNA complexes.
Sedimentation-based approaches have been applied routinely to
interrogate macromolecular complexes like protein-protein and
protein-RNA interactions****. We reasoned that a similar approach
may reveal vital clues about higher order chromosome organiza-
tion in bacteria. To test this, we mildly treated the lysate of B. sub-
tilis with DNase and subsequently added it on top of dense sucrose
steps. After ultracentrifugation, the top fraction was sequenced to
identify the absence of DNA regions that had entered the sucrose,
and hence could be part of large complexes potentially involved
in chromosome organization (Fig. 1a and Extended Data Fig. 1a).
Using this approach, we found eight genomic regions that partially
disappeared from the top fraction after centrifugation (Fig. 1b and
Extended Data Fig. 1b). These chromosomal complexes could be
recovered from the sucrose-dense fraction (Fig. 1b). To find poten-
tial DNA-binding proteins involved in the formation of these large
DNA complexes, we analyzed existing chromatin immunoprecipi-
tation (ChIP) datasets for B. subtilis. We found that all eight sites
overlapped with the binding sites for the transcription factor Rok*
(Supplementary Table 3). To examine whether Rok is responsible
for formation of these complexes, we performed the DNA sedi-
mentation analysis using a rok deletion strain. As shown in Fig. 1b,
this prevented the sedimentation of all eight sites, and these regions
were subsequently termed Rok clusters.

Higher density of Rok motifs are observed in Rok clusters. Rok
is a small (191 amino acid) DNA-binding protein and its role as a
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Fig. 1| Identification of DNA associated with large complexes in B. subtilis. a, Schematic representation of the sedimentation-based DNA coverage
analysis. Large DNA-protein complexes are removed from cell lysate using ultracentrifugation over sucrose steps after mild DNase treatment. The DNA
retained in the cleared top fraction and dense fraction are sequenced. Lower coverage at some regions of the genome in the top fraction indicates potential
formation of large nucleoprotein complexes at these sites. b, DNA coverage maps of the top fraction (black) along with the dense fraction (cyan) obtained
from the wild-type (WT) strain. DNA coverage map of the top fraction of the Arok strain (orange) is shown below. Rok clusters are marked using orange
dots. The higher DNA coverage around the origin compared to the terminus is due to multifork DNA replication in exponentially growing B. subtilis cells.

Genome positions in Mb intervals are marked below.

transcription repressor has been well defined. Apart from acting
as a repressor of competence and cell surface genes”*, Rok is also
known to silence xenogeneic or horizontally acquired genes, which
typically have a higher AT content compared to the host genome**.

Previously, ChIP analysis of Rok revealed that it binds to more
than 250 sites dispersed over the B. subtilis genome”. To determine
why only a small subset of the Rok-binding sites lead to the forma-
tion of Rok clusters, we analyzed the distribution of high-affinity
Rok-binding motifs across the genome. Rok is known to bind to
an array of A/T-rich DNA, but shows the highest affinity toward
AACTA- or TACTA-containing motifs*’. We found that the 10-kb
regions spanning the Rok clusters were significantly enriched in
such high-affinity Rok-binding motifs (WWACTAW) when com-
pared to other Rok-binding sites that do not participate in Rok clus-
ter formation (Fig. 2a,b).

We wondered whether these Rok clusters might be visible in
cells using a fluorescent Rok-fusion. Indeed, during the exponential
growth phase we observed several discrete signals of Rok-GFP dis-
tributed over the cells (Fig. 2c). Notably, only two to four fluorescent
spots could be observed in each cell during stationary growth phase
(Fig. 2c). This suggests that either Rok dissociates from some of
the Rok clusters, or the individual clusters join together, raising the
striking possibility of long-range interactions between distant Rok
clusters and the formation of large anchored chromosomal loops.

Rok clusters interact to form large chromosomal loops. To test
for possible interactions between Rok clusters, we performed Hi-C
on wild type and a Arok strain grown to stationary phase (Fig. 3a).
The Hi-C maps revealed a clear juxtaposition of the two chromo-
some arms by the B. subtilis SMC complex observed previously"'”.
Importantly, we also observed specific interactions between several
Rok clusters. These interactions were seen as peaks of interaction in
the contact matrix (Fig. 3a, insets). The interactions between Rok
clusters were completely lost in the Arok strain and were subse-
quently restored after rok complementation (with native promoter)
at an ectopic locus (Fig. 3a and Extended Data Fig. 2).

Rok binds to the chromosome via its C-terminal DNA-binding
domain, whereas the N-terminal domain is involved in
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Fig. 2 | Rok clusters have more high-affinity Rok-binding motifs.

a, Sedimentation-based DNA coverage maps near Rok clusters (RC)

7 and 8 along with Rok ChlIP data?®. High-affinity Rok-binding motif
(WWACTAW) density (in gray) along with the individual sites marked as
vertical blue lines is shown below. Other Rok-enriched ChlP sites near the
Rok clusters are marked with arrow heads. b, Quantification of high-affinity
Rok-binding motifs (WWACTAW) at the eight Rok clusters compared to
eight other Rok-binding sites (mean values, s.e., two-tailed t-test). The
average genome-wide distribution of the motif is shown using the dotted
line. ¢, Visualization of Rok-GFP clusters during exponential (ex) and
stationary (st) growth phases using fluorescence microscopy. Membrane
was stained using Nile red. Scale bar, 2 um.

multimerization®>. This multimerization activity is likely impor-
tant for the observed interactions between the Rok clusters. To test
this, we performed Hi-C with two known multimerization-deficient
Rok mutant strains (Rok mutants with truncations of the N-terminal
domain) that still retain their ability to bind DNA using the C-terminal
domain®. Indeed, both Rok mutant strains showed no long-range
interactions between the Rok clusters (Extended Data Fig. 2).
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Fig. 3 | Rok clusters specifically interact with each other. a, Normalized Hi-C contact maps of wild type (top) and Arok strains (below) at stationary phase.
Some of the corner peaks formed as a result of interaction between Rok clusters are shown in the insets. These peaks of interaction were absent in the
Arok strains. b, Normalized Hi-C contact maps showing interactions between indicated Rok clusters in wild type and Arok strains along with the difference
plot (WT - Arok) at indicated growth phases (ex, exponential; le, late exponential; st, stationary). ¢, Virtual 4C analysis to study interaction of Rok cluster 8
(marked using a green bar) with the whole genome at different growth phases. The other Rok clusters along the genome are marked using gray bars. DNA
coverage of the top fraction obtained from the wild-type strain is shown as a dotted line. Genome positions in Mb intervals are marked below.

Furthermore, we also performed Hi-C on cells collected at expo-
nential and late-exponential growth phase to check for changes in
interaction between Rok clusters over growth. This revealed that the
contact frequency between the Rok clusters increased gradually from
exponential to stationary growth phase, complementing the fluores-
cence microscopy observations (Figs. 2c and 3b and Supplementary
Fig. 1). Virtual 4C analysis uses Hi-C data to plot the interaction of
a specific locus of interest (bait) with the whole genome. When we
applied virtual 4C analysis with Rok cluster 8 as bait, a clear increase
in interaction frequency with the other clusters from exponential to
stationary phase was observed (Fig. 3¢). No such changes in interac-
tions were observed in the Arok strain (Supplementary Fig. 2).

It is possible that the active replisome complex can dissoci-
ate Rok clusters and thereby regulate chromosomal loop forma-
tion at different growth phases. To test this, we performed Hi-C
on exponentially growing cells after arresting the replisome with
the replication inhibitor hydroxyurea®. Indeed, clear interactions
between Rok clusters were observed when replication was blocked
(Extended Data Fig. 3), suggesting a potential role for DNA replica-
tion in modulating the long-range interactions by Rok.
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Rok clusters interact within ‘superclusters’ Virtual 4C analysis
revealed that Rok clusters 1, 6, 7 and 8, which are near the origin,
primarily interact with each other to form an ‘origin supercluster,
even though Rok clusters 1 and 6 are located around 1Mb apart
(Figs. 3a and 4a and Extended Data Fig. 4). Rok clusters 2 and 3
on the other hand are close to the terminus and interact with each
other to form a ‘terminus supercluster’ (Fig. 4b and Extended Data
Fig. 5). Rok cluster 4 lies between the origin and terminus, and
showed no interaction with the other Rok clusters (Supplementary
Fig. 3). In addition, we noticed that four other Rok-binding sites*
were also recruited to their nearby supercluster during stationary
growth, three at the origin supercluster and one at the terminus
supercluster (Extended Data Figs. 5 and 6). It is likely that these
sites also form Rok clusters, but our sedimentation approach was
not sensitive enough to clearly identify them.

Relocated Rok cluster interacts with other Rok clusters. As a final
validation that these chromosome loops were indeed formed by
interactions between Rok clusters, we deleted Rok cluster 8 (3.4kb
region) and inserted it at an ectopic locus (amyE gene) located
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Fig. 4 | Rok clusters interact within superclusters. a,b, Interactions of Rok cluster 1 from origin supercluster (a) and Rok cluster 3 from terminus
supercluster (b) with the whole genome during stationary phase in wild type and Arok strains. Rok clusters are marked using gray bars. A Rok-bound

site (noncluster) also interacted with Rok clusters 2 and 3 and is marked using a green bar in (b), see Extended Data Fig. 5. ¢, Schematic illustration of
Rok-dependent association of Rok clusters at exponential and stationary growth phases. Orange dots represent individual Rok proteins multimerized at the
eight Rok clusters along the genome. Dotted cyan lines represent the SMC-mediated juxtaposition of the B. subtilis chromosome arms". It is unknown if

more than two Rok clusters can simultaneously interact within a cell.

~330kb away (Fig. 5a). Rok cluster 8 encompasses only one operon
encoding five genes (yybN, yybM, yybL, yybK, yyb]) of unknown
function (Extended Data Fig. 7). We removed the promoter along
with the start codon of the first gene in the operon (yybN) to dis-
rupt transcription at the complemented locus and exclude its role
in mediating interaction between Rok clusters. Hi-C on this strain
showed that the relocated Rok cluster could still interact with the
other Rok clusters, similar to the wild type situation (Fig. 5b,c).
RNA-seq revealed transcription primarily for the first gene in
the operon (yybN) in wild-type cells, which was abrogated in the
relocated strain, excluding a direct role of transcription in medi-
ating interaction between Rok clusters (Extended Data Fig. 7c).
Furthermore, we also inserted the same Rok cluster 8 region at the
amyE locus in the reverse orientation. Complementation of Rok
cluster 8 in the reverse orientation was also found to interact with
other Rok clusters, thereby excluding the role of binding polarity in
mediating long-range interactions by Rok (Extended Data Fig. 7).

Validation of interaction between Rok clusters in live cells. Hi-C
is performed on a large population of cells. To confirm that the Rok
clusters interact in single live cells, we marked the DNA near Rok
cluster 2 and 3 in the terminus supercluster using two fluorescent
repressor operator systems (FROS) arrays (LacO and TetO), and
visualized them individually using LacI and TetR fused to YFP and
CFP, respectively. Indeed, Rok clusters 2 and 3 were found signifi-
cantly closer together in wild-type cells compared to the rok dele-
tion strain grown to stationary growth phase (Fig. 5d), supporting
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the Hi-C data. Introduction of Rok-mCherry in the above strain
revealed that in a cell the signal for one of the Rok spots closely
overlapped with Rok clusters 2 and 3 during stationary growth
phase (Supplementary Fig. 4).

The SMC complex influences interaction between Rok clus-
ters. In B. subtilis, the SMC complex is recruited to the ParB-parS
nucleoprotein complexes near the origin of replication, where it
tethers the two chromosome arms using its loop extrusion activ-
ity"'”?". The SMC complexes are then unloaded near the replication
terminus by the recombinase XerD*. The symmetrical interaction
of Rok clusters along the origin-terminus axis suggests that the
SMC complex may also influence the interactions between the Rok
clusters by juxtaposition of the two chromosome arms'” (Fig. 4c
and Extended Data Fig. 8a). Hi-C on a strain lacking the functional
SMC complex (scpB deletion strain) abrogated the long-range inter-
actions between Rok clusters at stationary phase when compared
with wild-type cells grown under the same conditions (Extended
Data Fig. 8b), indicating that the alignment of chromosomal arms
by the SMC complex is potentially important for mediating interac-
tions between Rok clusters.

Previously, Rok was found to interact with DnaA, the initiator
protein of DNA replication in B. subtilis**. To deduce a potential
role of DnaA in Rok-mediated chromosomal interactions, Hi-C was
performed on a dnaA deletion strain, where DNA replication was
initiated by a plasmid-derived origin of replication (oriN) and its rep-
lication initiator protein (RepN)*. As several Rok clusters retained
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Fig. 5 | Verification of interaction between Rok clusters. a, Location of Rok clusters in the wild type and modified genomes. RC8 (Rok cluster 8) was
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their interaction in this strain, DnaA was not found to be essential for
chromosomal loop formation by Rok (Extended Data Fig. 9).

Interaction of Rok clusters leads to CID boundary formation.
Hi-C experiments have shown that bacteria can also form TAD-like
structures, which are termed CIDs"*>*. CID boundaries are gener-
ally established at regions of highly expressed genes in bacteria>*".
Such domains are physically isolated regions of the genome that
are known to co-regulate genes within a CID**. The long-range
interactions we observed between Rok clusters resemble anchor
sites for chromosome loops previously observed in eukaryotic Hi-C
maps’ (Fig. 3a). These anchor sites bound by insulator proteins are
known to physically isolate chromosomal loops leading to TAD
formation in eukaryotes>’. Here, we examined whether interac-
tion between Rok clusters can also influence CID formation in B.
subtilis. Topological domain boundaries are routinely examined
using directionality index (DI) analysis, which quantifies the bias
in upstream or downstream interactions for a genomic region and
changes abruptly at topological domain boundaries®. DI analysis
showed that CID boundaries changed from exponential to sta-
tionary growth phase (Supplementary Fig. 5). Importantly, sev-
eral domain boundaries located at Rok cluster sites were disrupted
upon Rok deletion in stationary phase. Specifically, preventing the

198

interaction between Rok clusters 2 and 3 (Fig. 4b and Extended Data
Fig. 5), by deleting rok, resulted in disruption of the domain bound-
ary at Rok cluster 3 (Fig. 6a, left panel). A similar disruption of
domain boundaries was observed for Rok cluster 1 within the ori-
gin supercluster (Extended Data Fig. 10a). Furthermore, in mutants
where Rok cluster 8 (3.4-kb-long region) was relocated ~330kb
away from the original location (in both sense and reverse orienta-
tion), new CID boundaries were formed at the new insertion site
(Fig. 6b and Extended Data Figs. 7d and 10b). Similarly, interac-
tion between Rok clusters within or near a CID may also increase
the intra-CID interaction frequency by formation of self-interacting
anchored loops, as shown for interaction between Rok clusters 6, 7
and 8 (Fig. 6a, right panel and Supplementary Fig. 6). This increase
in interactions can be seen throughout the origin supercluster
(Rok clusters 1, 6, 7 and 8) using the scalogram tool*, which plots
the cumulative contact frequency for each region as a function of
genomic distance and hence reflects its relative tightness (Fig. 6a).
Thus, interaction between Rok clusters can lead to the formation of
new CIDs or modulate interactions within the existing ones.

Interaction of Rok clusters alter short-range interactions.
We noticed that the frequency of short-range (~50-kb region)
chromosome contacts, which are observed as the primary
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Fig. 6 | Interaction between Rok clusters impacts global chromosomal architecture. a, Normalized Hi-C contact maps of wild type and Arok strains

at stationary phase along with scalogram representations”. Rok clusters (orange dots) are marked along the genome below (middle). Normalized Hi-C
contact maps along with DI analysis shows higher order domain boundary at Rok cluster 3 (left) and increased intra-CID contact frequency between
Rok clusters 6 and 7/8 (right). b, Normalized Hi-C contact maps and difference plots (diff.) of Rok cluster 8 (RC8) deletion strain together with its
complementation at the ectopic amyE locus (left). The direction of complementation (sense +RC8S and reverse +RC8R orientation) is depicted by the
orange arrowhead. DI analysis shows formation of new CID boundary at the relocated Rok cluster 8 site in both the complemented strains (right panel).

(horizontal) diagonal in the Hi-C maps, increased at the Rok cluster
sites upon rok deletion (Fig. 7a,b). Moreover, we also observed an
increase in short-range interactions in the Arok mutant at the three
other Rok-binding sites (Fig. 7a and Extended Data Fig. 6, green
dots), which were shown to interact with the origin supercluster.
Interestingly, no changes were observed at Rok cluster 4, which does
not interact with the other Rok clusters (Fig. 7a and Supplementary
Fig. 3). These data indicate that long-range interactions between Rok
clusters restrict their local interaction with the neighboring regions
(Fig. 7b). These changes in short-range chromosome contacts are
known to strongly correlate with gene expression in bacteria®.

To test whether the genomic organization by Rok influenced
transcription, we performed RNA-seq analysis at exponential and
stationary growth phase of the wild type and Arok strain, and mea-
sured the effect on transcription of hundreds of genes around Rok
clusters (Fig. 7c). In the absence of Rok, a modest (less than twofold)
but significant upregulation in expression of genes around Rok clus-
ters 1 and 3 was observed in the stationary growth phase when Rok
clusters interact most strongly, whereas there was no clear differ-
ence in localized expression of these adjacent genes in exponential
phase (Fig. 7¢).

Discussion
Rok was first identified as a global transcription repressor involved
in the development of genetic competence, expression of cell
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surface genes, biofilm and mobile genetic elements in B. subtilis”’ .
Here, we have shown that Rok also mediates long-range chromo-
somal interactions leading to formation of anchored chromosomal
loops and CID boundaries. Such protein-anchored Mb-range inter-
actions have not been demonstrated in bacteria and raise important
questions regarding their evolution and functionality.

The formation of large anchored loops by Rok resembles the loop-
ing activity of insulator proteins found in eukaryotes. In mammals,
CCCTC-binding factor (CTCF) is the main insulator protein and has
been extensively studied for its role in regulation of chromatin archi-
tecture”**. CTCF interacts with specific regions of the genome and
forms chromatin loops by obstructing the cohesin complex as it trav-
els bidirectionally along the DNA, thereby extruding and segregating
large sections of chromatin®*. Insulator proteins including CTCF
also play important roles in preventing enhancer—promoter inter-
actions and heterochromatin spread in eukaryotes®. Although Rok
shares some characteristics of insulator proteins, as it also spatially
isolates large regions of the chromosome, the other roles of an insula-
tor protein, in the context of eukaryotic enhancer-promoter interac-
tions and heterochromatin spreading, are not translatable to bacteria.

Insulator proteins including the CTCF/cohesin complex interact
with other proteins to regulate their activities*~**. Rok may function
in concert with other cofactors, but this remains to be investigated,
although we did observe abrogation of interactions between Rok
clusters in a B. subtilis strain lacking a functional SMC complex.
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Fig. 7 | Interaction between Rok clusters alters local chromosomal architecture and transcription. a, Hi-C difference plot of wild type and Arok strains
at stationary phase, the color scheme of the plot is shifted to highlight regions of increased interactions (white and red) upon rok deletion. The magnified
view of short-range contacts between 10 kb and 50 kb along with the Rok clusters (orange dots) and other interacting Rok-binding sites (green dots)

are shown below. b, Average relative short-range interaction of the eight Rok clusters using normalized Hi-C data from wild type and Arok strains in

Fig. 3a (mean values, s.e., paired two-tailed t-test). Hi-C was performed twice with similar results. The illustration at the right shows how elimination of
long-range interactions between Rok clusters upon rok deletion increases the local short-range interaction. ¢, Changes in expression of genes around Rok
clusters 1and 2/3 upon rok deletion is visualized by plotting the changes in mRNA abundance (Arok/WT) at exponential (gray) and stationary (red)
phase. For statistical analysis, transcription changes in groups of 100 genes (black bar) were compared to the adjacent groups to determine the effect of

genome position on transcription (unpaired two-tailed t-test, ** P<0.0001).

However, this is different from the CTCF/cohesin complex, as Rok
does not directly impede the movement of the SMC complexes. It is
more likely that the juxtaposition of chromosomal arms by the SMC
complex assists in interaction between Rok clusters by promoting
physical proximity between the clusters. In a previous study, Rok
was also found to interact with DnaA*’; however, we show here that
DnaA is not essential for Rok-mediated loop formation.

In bacteria, CID boundaries are typically found at regions of
highly expressed genes“*'*. In C. crescentus, the relocation of a
highly expressed gene (rsaA) present at a CID boundary was found
to create a sharp new CID boundary at a new location'. Our results
demonstrate that chromosomal loop formation by Rok and sub-
sequent CID boundary formation can also be relocated to other
regions of the genome, and, importantly, this process appears to be
independent of local transcription within the Rok cluster. Although
topological domains in both eukaryotes and prokaryotes contrib-
ute to transcriptional changes™, TAD formation by CTCF/cohe-
sin complex can in some cases be dispensable for developmental
gene regulation while contributing to response to external stimuli*.
The direct role of Rok-mediated loop formation in transcription
remains unclear, as Rok also acts as a transcription repressor for
several genes in B subtilis*®. In this regard it would be interesting to
see if Rok-mediated chromosome remodeling may also contribute
to mitigate environmental stressors by regulating transcriptional
changes. Finally, insertion of a 2-kb boundary element containing
a CTCEF-binding site was shown to generate a new TAD boundary
in human cells®. Likewise, it can be envisaged that incorporation of
Rok clusters together with Rok protein may potentially be used to
create topological domains in heterologous systems.

Bacteria are thought to lack the long-range promoter regulation
that is observed in eukaryotes. A well-known DNA loop-forming
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protein in Gram-negative bacteria is integration host factor, but this
protein facilitates the formation of small DNA loops (sub kb) by
directly bending DNA to regulate expression®. Active loop extru-
sion by SMC complex and the related homologs do form large
chromosomal loops in bacteria; however, these loops are dynamic
and hence not anchored at specific regions of the genome"**. ParB
is known to deform the local DNA structure by locally spreading
to the adjacent DNA (~15kb) near the parS sites'", but loop for-
mation of this large nucleoprotein complex remains undefined™.
Relatively large artificially anchored DNA loops of 10-20kb, using
DNA-binding proteins such as Lacl and Cas9, have been shown
to mediate promoter regulation over a distance’*’. However,
long-range (0.2-2 Mb) anchored loop formation, as shown for Rok,
has not been observed before in bacteria. Rok is only found within
Bacillus species. Nevertheless, several other nucleoid-associated
proteins, including H-NS and Lsr2, are also known to possess in vitro
DNA-bridging activity”~>°, and such proteins may serve as potential
candidates for chromosomal loop formation in bacteria. However,
unlike Rok, these proteins have relatively low sequence specificity,
which may hamper the formation of anchored chromosomal loops
at specific sites**. Other bacterial transcriptional factors, such as
LacI and GalR, that oligomerize and show high specificity for DNA
sequences are more likely candidates for anchored loop formation
in bacteria®>”. In this regard, our sedimentation approach, together
with chromosome conformation capture methods such as Hi-C,
may help unravel the diversity and functionality of chromosomal
loop anchors in prokaryotes.
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Methods

B. subtilis strains and growth. B. subtilis strains were grown on LB agar plates
supplemented with appropriate antibiotics: spectinomycin (150 uygml™),
erythromycin (2 pgml™) or chloramphenicol (5ugml™). For liquid culture, B.
subtilis strains were inoculated at optical density (ODy,,) of 0.005 from an overnight
culture and grown at 37 °C in LB medium or Spizizen minimal medium (SMM)*.

Strain construction. All strains were constructed using transformation and
homologous recombination of an overlap PCR product or plasmid. The overlap
PCR product or plasmid contained the antibiotic resistance gene and the given
insertion or mutation between ~1,000 bp of homologous region on either side.
pHJS105 plasmid was used as the base plasmid for insertion/complementation

at the amyE locus™. All strains constructed in this study were verified by
whole-genome sequencing or colony PCR. The strains used in this study are listed
in Supplementary Table 1. Primers used for the construction of strains are listed in
Supplementary Table 4.

Sedimentation-based DNA coverage assay. Top fraction, B. subtilis cultures were
grown (final ODy, of ~0.6) in 200 ml of LB medium. All the cells were collected by
centrifugation at 10,000g for 5min and the pellet was immediately frozen in liquid
nitrogen. The pellets were stored at —80°C until use. The pellet was transferred

to a 20- or 50-ml stainless steel canister (Retsch) precooled in liquid nitrogen and
containing 1 ml 1x PBS (with protease inhibitor). The pellet was cryogenically
broken using five rounds of disruption in a TissueLyser II (20 Hz for 2 min, each
round). The canister was cooled in liquid nitrogen after each round. The pulverized
sample was retained from the canister and 1 ml ice-cold 1x PBS (with protease
inhibitor) was added to the sample. Portions (5l each) of 10X Fragmentase
Reaction Buffer v2 and dsDNA fragmentase (NEB, catalog no. M0348S) were
added to the samples and mixed by short vortexing. The samples were incubated
at 30 °C for 15 min to mildly fragment the DNA (>200bp fragments). The sample
was then added to the top of two-step sucrose density layers (20% and 60%) and
ultracentrifuged for 2h at 30,000 r.p.m. (SW41 rotor, Beckman) and 4°C. The top
fraction (100 ul) was collected for DNA extraction.

Dense fraction, B. subtilis cultures were grown (final ODg, of 0.6) in 200 ml
LB medium. The samples were treated with rifampicin (100 uM final) for 10 min
while shaking to abort transcription before collection. Treatment with rifampicin
eliminates transcription-dependent protein-DNA complexes. Cells were then
fixed using 0.1% formaldehyde (final) for 10 min at room temperature to stabilize
complexes, followed by quenching using glycine. Cell pellets were stored and
processed as before for ‘top fraction’ but this time the fraction (750 pl) at the
interphase of 20% and 60% sucrose density layers was collected using a syringe
introduced by puncturing the side of the tube. This fraction was diluted to 10%
sucrose density using ice-cold 1x PBS (with protease inhibitor) and again loaded
on top of two-step sucrose density layers (20% and 60%) and ultracentrifuged for
2h at 30,000 r.p.m. (SW41 rotor, Beckman) and 4 °C. The dense fraction (500 ul)
at the interphase of the 20% and 60% sucrose density layers was collected by
puncturing the side of the tube using a syringe.

Nucleic acids were extracted from the fractions collected above (top and dense)
using phenol/chloroform/isoamyl alcohol (PCI; Carl Roth, catalog no. A156.3)
and the nucleic acid was concentrated using ethanol precipitation. Nucleic acid
was resuspended in water and the RNA was removed using RNase A. The DNA
was again extracted and concentrated using PCI (Carl Roth, catalog no. A156.3)
and ethanol, respectively. The partially fragmented and purified DNA was directly
used for library preparation using a NEBNext Ultra II DNA Library Prep Kit
for Illumina (NEB, catalog no. E7645S) as per manufacturer’s instructions, and
subsequently subjected to sequencing using an Illumina NextSeq 550. The details
of libraries produced are listed in Supplementary Table 2.

RNA isolation and RNA-seq. Total RNA was extracted from B. subtilis cells using
the hot-phenol method, as previously described, except 5 mgml~ lysozyme was
used to disrupt the B. subtilis cell wall. Residual DNA was removed from the total
RNA using DNase I (NEB, catalog no. M0303S) digestion as per manufacturer’s
instructions. Total RNA was checked on agarose gel to verify the integrity of the
RNA samples by visualizing the ribosomal RNA bands. rRNA was then removed
from 10 ug of total RNA using MICROBExpress Bacterial mRNA Enrichment Kit
(Thermo Fisher, catalog no. AM1905) or from 1pg of total RNA using NEBNext
rRNA depletion kit for bacteria (NEB, catalog no. E7850) as per manufacturer’s
instructions. The RNA was then extracted using PCI for RNA (Carl Roth, catalog no.
X985.3) and precipitated using ethanol. A 20-100-ng portion of the rRNA-depleted
RNA was used for library preparation using the NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina (NEB, catalog no. E7760S), which was subsequently
sequenced using an [llumina NextSeq 550. The details of libraries produced, along
with the rRNA removal kit used, are listed in Supplementary Table 2.

Mapping and visualization of DNA coverage maps, RNA-seq and ChIP-seq
datasets. DNA and RNA sequencing data used in this study were generated using
the experiments described above. Raw Rok ChIP data generated by Seid et al.*
were obtained from NCBI (accession number PRJNA272948). All the sequencing
data were processed using the open source web-based platform Galaxy®'. The

quality of the FASTQ files was first assessed using fastQC and checked for

basic statistics and per base/sequence quality scores before further downstream
processing. All files were then trimmed using Trimmomatic (Galaxy v.0.36.5
without illuminaclip step, sliding window trimming with number of bases to
average across (4) and average quality required (20))** before mapping them to
the B. subtilis ssp. subtilis str. 168 reference genome (NC_000964.3) using Bowtie2
(Galaxy v.2.3.4.2 with default setting only)*’. The BAM files were converted to
bigwig using the tool bamCoverage (Galaxy v.3.0.2.0, bin size 5 and normalization
to reads per kilobase per million)** and the coverage maps were visualized using
Integrated Genome Browser (IGB v.9.0.2). The RNA-seq BAM files were also

used as the input for featureCounts (Galaxy v.1.6.3)* along with the B. subtilis 168
general feature format (gff3, accession no. ASM904v1) file to quantify and compare
gene expression. Normalized coverage files were used to generate DNA coverage
and ChIP ratio plots directly using IGB (v.9.0.2). The details of libraries produced
are listed in Supplementary Table 2.

Motif density analysis. The 10-kb sequence around each Rok cluster

(5kb upstream and downstream of local minima from the top fraction of
sedimentation-based DNA coverage assay, Supplementary Table 3) along with
eight highly enriched Rok ChIP sites (not involved in cluster formation, 5kb
from each side of Rok ChIP* peak maxima at metS, rpoB, citA, yjcN, yosW,

¥ggA, braB and sboA genes) were extracted for analysis. The extracted sequences
were quantified for presence of high-affinity Rok-binding motifs: ‘WWACTAW".
‘WACTA was identified previously as a high-affinity motif of Rok using
protein-binding microarray”. The distribution of the motif along the genome was
directly visualized in IGB (v.9.0.2). B. subtilis ssp. subtilis str. 168 reference genome
(NC_000964.3) was used to quantify the average abundance of the motif.

Chromosome capture by Hi-C. Hi-C was carried out essentially as previously
described® with minor modifications. Cultures were grown as described above
and samples were collected at different growth phases (exponential, 5h; late
exponential, 10h and stationary, 22h) in LB or SMM media. For replication
arrest, culture at exponential phase was treated with hydroxyurea (1 mgml™)

for 75 min. Briefly, 2-5ml culture was sequentially fixed using 80% methanol

and 3% formaldehyde. Cells were washed with ice-cold 1x PBS after each step.
The cells were then collected by centrifugation and the pellets were flash frozen
in liquid nitrogen. Cells were lysed using Ready-Lyse Lysozyme (Epicentre,
catalog no. R1802M) in 1x TE buffer followed by 0.5% SDS treatment. The
chromosomal DNA in the cell lysate was then digested using HindIII for 3h at
37°C. The restriction ends were filled with biotin-14-dCTP, dGTP, dATP, dTTP
using DNA polymerase I, large (Klenow) fragment (NEB, catalog no. M0210S).
The chromatin was fractionated by centrifugation and subsequently the pellet
was ligated using T4 DNA ligase (NEB, catalog no. M0202M) overnight at 16°C.
Samples were then treated with RNase A and de-cross-linked at 65°C for 6h in
the presence of proteinase K. The DNA was then extracted using PCI (Carl Roth,
catalog no. A156.3) and precipitated using ethanol. Biotin was removed from the
nonligated ends using T4 DNA polymerase (M0203S) in the presence of dATP and
dGTP. Then, the DNA was again extracted and precipitated as before, and then
fragmented using dsDNA fragmentase (NEB, catalog no. M0348S) treatment for
15min at 37 °C. The fragmented DNA was used for library preparation using the
NEBNext Ultra IT DNA Library Prep Kit for Illumina (NEB catalog no.E7645S)

as per manufacturer’s instructions until adapter ligation and purification using
AMPure XP beads (Beckman Coulter, catalog no. A63881). Biotinylated library
fragments were extracted from the sample using 20 ul of Dynabeads MyOne
Streptavidin T1 beads (Thermo Fisher, catalog no. 65601) as per manufacturer’s
instructions. The washed beads (with biotinylated DNA) were used for PCR library
amplification (8-10 cycles) using NEBNext Ultra IT Q5 Master Mix (NEB, catalog
no. M0544S). The amplified library was purified using AMPure XP beads followed
by paired-end sequencing using an Illumina NextSeq 550. The details of libraries
produced in this study are listed in Supplementary Table 2.

Hi-C data mapping and contact matrix. Hi-C matrices were constructed using
the Galaxy HiCExplorer webserver: https://hicexplorer.usegalaxy.eu”. Briefly,
paired-end reads were mapped separately to B. subtilis genome (NCBI Reference
Sequence NC_000964.3) using very sensitive local setting mode in Bowtie2
(Galaxy v.2.3.4.2). The mapped files were used to build the contact matrix using the
tool hicBuildMatrix (Galaxy v.2.1.2.0) using a bin size of 10 kb, HindIII restriction
site (AAGCTT) and AGCT as the dangling sequence. The contact matrix (.cool
format) was then used for further analysis and visualization as described below.

Hi-C data visualization. Contact maps. Hi-C contact maps were assessed,
compared and prepared for the illustration using the interactive browser-based
visualization tool ‘Bekvaem™® whose source code is published and made available
to the public (https://doi.org/10.11588/data/KGYOS6).

Comparison of contact maps. First, Hi-C contact frequency matrices were
normalized using the Sinkhorn-Knopp balancing algorithm®. In a subsequent
step, the normalized contact probability matrices were compared via their
difference, that is, two contact probability matrices A = (a;;) and B = (b;;) were
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compared via their difference D = (d;;) by (element-wise) matrix subtraction
dij = ajj — bjj. To be able to detect only very small local differences also, the
(element-wise) logarithmic ratio was computed as R = r;; = log, |a/bj;|.

Domain detection. Domain boundaries within Hi-C contact maps were detected
algorithmically using an in-house Python implementation based on the
directionality index approach presented by Dixon et al.”. The method is motivated
by the observation that domains are demarcated by regions that are biased in their
interaction probability; the upstream domain boundary is preferentially interacting
downstream whilst the downstream boundary is preferentially interacting
upstream. This method is based on a two-step strategy. First, the two-dimensional
(2D) contact information is translated into the directionality index encoding the
ratio of downstream and upstream interactions. Next, downstream interactions are
compared to upstream interactions to derive whether the strength of interactions
are significantly stronger in one direction compared to the other. Domain
boundaries are characterized in that this preferred direction of interactions
changes abruptly’.

Scalograms. Scalograms visualizing the dispersion of the contact probability
signal along the spatial scales were implemented in Python by following the
description of Lioy et al.* on GitHub (https://github.com/koszullab/E_coli_
analysis/). Scalograms visualize the extent to which genomic regions are affected
by neighboring sequences. For each genomic position, the number of contacts
between its position and an increasing number of neighboring bins is cumulated.
Subsequently, the resulting heat map is depicted using a contour line function. In
this illustration, the number of cumulated contacts is divided into five color-coded
areas. This representation helps to understand the intrachromosomal contact
probability P(s) as a function of the genomic distance, which can be modeled
using a power law. Therefore, it helps in understanding the polymeric nature of
chromosomes on a local scale.

For virtual 4C analysis, the bait region (10-kb bin) containing the Rok cluster
was used as input for the tool hicPlotDistVsCounts (Galaxy v.2.1.4.0) in the
Galaxy HiCExplorer web server. The total contacts of the input bait region with all
bins were quantified for a Hi-C matrix and normalized for comparison between
different conditions (genotype and growth phase). Average short-range interaction
around Rok clusters was also quantified similarly for Fig. 7a.

FROS and image analysis. LacO48 (kan) and TetO48 (cat) arrays were amplified
from the strain BWX1200 (ref. °) and integrated near Rok clusters 2 and 3,
respectively. tetR-CFP and lacI-mYPet (from BWX1200) were then introduced in
the above strain to visualize the integrated arrays (Strain GD201, Supplementary
Table 1). For imaging, cells from stationary growth phase were immobilized

on 1% agarose (in 1x PBS) and imaged with a Hamamatsu ORCA-Flash-4.0LT
CMOS camera mounted on an Olympus BX-60 fluorescence microscope. The
spots (fluorescence maxima) of the arrays within each cell were determined using
Coli-Inspector’ by using manually configured fluorescence thresholds. The
distance between CFP and mYPet (Yfp derivative) spots was then determined and
analyzed for pairs of spots that were present in the same cell and were less than
0.5 um apart.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

All raw and processed sequencing datasets generated during this study can
be accessed at Gene Expression Omnibus repository under accession number
GSE144475.

Code availability
All source code used in this study has been published before and is referenced in
the Methods section.

References

58. Spizizen, J. Transformation of biochemically deficient strains of Bacillus
subtilis by deoxyribonucleate. Proc. Natl Acad. Sci. USA 44, 1072-1078
(1958).

NATURE GENETICS | www.nature.com/naturegenetics

59. Jahn, N., Brantl, S. & Strahl, H. Against the mainstream: the membrane-
associated type I toxin BsrG from Bacillus subtilis interferes with cell envelope
biosynthesis without increasing membrane permeability. Mol. Microbiol. 98,
651-66 (2015).

60. Dugar, G. et al. High-resolution transcriptome maps reveal strain-specific
regulatory features of multiple Campylobacter jejuni isolates. PLoS Genet. 9,
€1003495 (2013).

. Afgan, E. et al. The Galaxy platform for accessible, reproducible and
collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 46,
W537-W544 (2018).

62. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for

Tllumina sequence data. Bioinformatics 30, 2114-2120 (2014).

63. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357-359 (2012).

64. Ramirez, F. et al. deepTools2: a next generation web server for
deep-sequencing data analysis. Nucleic Acids Res. 44, W160-165 (2016).

65. Liao, Y., Smyth, G. K. & Shi, W. FeatureCounts: an efficient general purpose
program for assigning sequence reads to genomic features. Bioinformatics 30,
9232930 (2014).

66. Crémazy, E. G. et al. Determination of the 3D genome organization of
bacteria using Hi-C. Methods Mol. Biol. 1837, 3-18 (2018).

67. Wolff, J. et al. Galaxy HiCExplorer: a web server for reproducible Hi-C data
analysis, quality control and visualization. Nucleic Acids Res. 46,

WI11-W16 (2018).

68. Hofmann, A., Miiggenburg, J., Crémazy, F. & Heermann, D. W. Bekvaem:
integrative data explorer for Hi-C data. . Bioinform. Genom. https://doi.
org/10.18454/jbg.2019.2.11.1 (2019).

69. Sinkhorn, R. & Knopp, P. Concerning nonnegative matrices and doubly
stochastic matrices. Pacific J. Math. 21, 343-348 (1967).

70. Wang, X., Llopis, P. M. & Rudner, D. Z. Bacillus subtilis chromosome
organization oscillates between two distinct patterns. Proc. Natl Acad. Sci.
USA 111, 12877-12882 (2014).

. Vischer, N. O. E. et al. Cell age dependent concentration of Escherichia coli
divisome proteins analyzed with Image] and Object]. Front. Microbiol. 6,
586 (2015).

6

—

7

—_

Acknowledgements

We thank R. Dame and F. Z. Rashid for providing critical input on Hi-C protocol, S. van
Leeuwen (MAD, University of Amsterdam) for providing excellent sequencing services
and N. Vischer for help with FROS image analysis. This work was funded by EMBO,
ALTF 936-2016 (G.D.), European Commission MCSA-IF grant no. 749510 (G.D.),
Netherlands Organization for Scientific Research (NWO) VENI grant-VI.VENI.192.103
(G.D.) and Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
under Germany’s Excellence Strategy EXC-2181/1-390900948, the Heidelberg
STRUCTURES Cluster of Excellence (D.W.H.).

Author contributions

G.D. conceived the project, designed and performed all experiments (including Hi-C
library preparation, analysis and visualization), analyzed data and wrote the manuscript.
A.H. and D.W.H. performed Hi-C data analysis and visualization, and provided input
on manuscript preparation. L.W.H. conceived the project, analyzed data and wrote the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/541588-021-00988-8.

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41588-021-00988-8.

Correspondence and requests for materials should be addressed to Gaurav Dugar or
Leendert W. Hamoen.

Peer review information Nature Genetics thanks Marcelo Nollmann, Jesse Dixon and
the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Peer reviewer reports are available.

Reprints and permissions information is available at www.nature.com/reprints.


https://github.com/koszullab/E_coli_analysis/
https://github.com/koszullab/E_coli_analysis/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144475
https://doi.org/10.18454/jbg.2019.2.11.1
https://doi.org/10.18454/jbg.2019.2.11.1
https://doi.org/10.1038/s41588-021-00988-8
https://doi.org/10.1038/s41588-021-00988-8
http://www.nature.com/reprints
http://www.nature.com/naturegenetics

ARTICLES NATURE GENETICS
a

valle
_~valiey
S top
o fraction
5]
>
Q
< K
< ea
= /P
o dense
fraction
- : Genome
or ter ori
& wt
[ top fraction
8
$ wt
I dense fraction
8 " e
[0}
& Arok
[ .
g " top fraction
|t
§ top ratio
(Arok | wt)
I i ,JJ. S ik
50
k=) ChlP ratio
& ‘ ‘ ‘ ’ ‘ l ‘ (Rok / Control)
L JJHJ.‘ Sl 1l Ill‘ Ll I‘J.\ ma u.“ ad e Hﬂ
© © © —6—6—66
. 2 3 4 5 6 7 8 Rok cluster
— — = |
wt
top fraction

wt
dense fraction
T

top fraction

coverage coverage coverage

top ratio
(Arok | wt)

Ratio

Ratio

bt it .‘unuum‘w‘mm
A

ChlP ratio
J (Rok / Control)
RN P N )

Extended Data Fig. 1| Sedimentation based DNA coverage maps and identification of Rok associated large DNA complexes. a) lllustration of the
expected sedimentation based DNA coverage maps. b) DNA coverage maps from the top fraction of wild type (black) and Arok (orange) strains. The ratio
of top fraction coverage plots (Arok/wt) shows the Rok clusters as peaks (grey). DNA coverage of DNA obtained from the dense fraction is shown in cyan.
Rok clusters are defined at sites where both local minima and local maxima are observed in DNA coverage of top fraction and dense fraction, respectively
(Supplementary Table 3). Rok ChIP data in red is also shown along the coverage files.

NATURE GENETICS | www.nature.com/naturegenetics


http://www.nature.com/naturegenetics

NATURE GENETICS RTICLES

0.01 0.01
Interaction Interaction
intensity intensity
0 0
Arok + rok "
| Arok + rok

Arok + rok45

Arok + rok95 Arok + rok95

Extended Data Fig. 2 | Rok multimerization is essential for interaction between Rok clusters. a) Normalized Hi-C contact maps of wild type, rok
deletion (Arok), rok complementation (Arok + rok), complementation with rok mutant with 45 aa truncation from the N-terminus (Arok + rok45) and
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Extended Data Fig. 3 | Inhibition of replication promotes Rok mediated chromosomal loop formation in exponential phase. Normalized Hi-C contact
maps of wild type strain at exponential phase after treatment with the replication inhibitor hydroxyurea (1mg/ml). The interaction between Rok clusters
1and 6 is shown in the inset. Hydoxyurea shows some inhibition of the SMC complex (reduced contacts in the secondary vertical diagonal showing
juxtaposition of the two chromosome arms), presumably since this complex traverses from the origin to the terminus and encounters arrested replisomes.
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Extended Data Fig. 7 | Relocated Rok cluster 8 (RC8) interacts with other Rok clusters. a) Location of Rok clusters in the wild type and modified
genomes. RC8 was deleted and complemented at an ectopic locus (amyE) within the origin supercluster in both sense (+RC8S) and reverse (+RC8R)
orientation. b) Virtual 4 C analysis to determine the interactions of the amyE locus (containing the complemented RC8) with the whole genome during
stationary phase in ARC8 and the complemented strains. Rok clusters are marked using grey bars and RC8 complementation at the amyE locus is
marked using a green bar. ¢) Screenshot showing relative cDNA reads (RNA-seq data) mapped to RC8 in the wild type, RC8 deletion and the RC8
complementation strains (without yybN promoter). The transcription start site and the terminator around the yybN gene obtained from SubtiWiki

is marked in the annotation below. d) Normalized Hi-C contact maps and difference plots of wild type and the RC8 mutant strains near the amyE
complementation locus at stationary phase. The genomic regions shown is boxed in a).

NATURE GENETICS | www.nature.com/naturegenetics


http://www.nature.com/naturegenetics

ARTICLES NATURE GENETICS

a _ b

0.01

" Interaction
. intensity
0
AscpB_min
ter . 2 wt_min
v.. :.\_::-.--‘_:::‘ 4 0
SMC complex scpB_min

S N

0.01

Interaction
intensity

0

diff.

Extended Data Fig. 8 | SMC complex mediates Rok cluster interactions. a) Circular representation of DNA coverage from top fraction of differential
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stationary growth phase in minimal medium (c).
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