
 
 

 

1 
 

 

 

 
Peer Review Information 

 
Journal: Nature Genetics 
Manuscript Title: A chromosomal loop anchor mediates bacterial genome organization     
Corresponding author name(s): Dr Gaurav Dugar  
 

Editorial Notes:  
Transferred manuscripts This manuscript has been previously reviewed at another journal. This 

document only contains reviewer comments, rebuttal and decision letters 
for versions considered at Nature Genetics. 

 
 
Reviewer Comments & Decisions:  
 

Decision Letter, initial version: 
 
9th Jul 2021 
 
 
Dear Gaurav, 
 
Your Article entitled "Long-range interactions between insulator-like domains in bacteria" has now 
been seen by reviewers #1 and #3, whose comments are attached. Unfortunately, reviewer #2 did 
not submit a timely review, despite our multiple chase emails. We have now decided to proceed 
without their feedback. I apologize for the long review process. 
 
While reviewer #1 finds your work improved, reviewer #3 continues to raise serious concerns, which 
in our view are sufficiently important that they preclude publication of the work in Nature Genetics, at 
least in its present form. 
 
Should further experimental data and significant textual changes allow you to fully address these 
criticisms we would be willing to consider an appeal of our decision (unless, of course, something 
similar has by then been accepted at Nature Genetics or appeared elsewhere). This includes 
submission or publication of a portion of this work someplace else. 
 
We hope you understand that until we have read the revised manuscript in its entirety we cannot 
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promise that it will be sent back for peer review. 
 
If you are interested in attempting to revise this manuscript for submission to Nature Genetics in the 
future, please contact me to discuss a potential appeal. Otherwise, we hope that you find our referees' 
comments helpful when preparing your manuscript for resubmission elsewhere**. 
 
Sincerely, 
 
Tiago 
 
 
Tiago Faial, PhD 
Senior Editor 
Nature Genetics 
https://orcid.org/0000-0003-0864-1200 
 
 
 
 
 
 
Reviewers' Comments: 
 
Reviewer #1: 
Remarks to the Author: 
This paper has improved significantly relative to the first iteration. The authors have done a nice job 
responding to many of the concerns raised and the net result is a much stronger paper. I am, 
however, still puzzled about a few things and think the paper would benefit from more explicit 
acknowledgement of what's not demonstrated or fully clear yet. From the tone of their responses to 
the initial queries, I get the sense that the authors view such acknowledgements as some sign of 
weakness, but I think it's always best to explicitly note what's still unclear. 
 
1) The current paper still does not adequately convey that Rok is binding but not looping in 
exponential phase. The authors argue that it's because replication 'clears out' the Rok-driven 
clustering, but by that logic, then one also wouldn't see the SMC-driven juxtaposition of chromosome 
arms (on a side note: the addition of the intriguing SMC data strengthens this paper a lot). I don't 
think it's necessary to sort out why the pattern is different in exponential v. stationary phase, but I 
think it's critical to acknowledge this and discuss the primary models that could explain it. This 
includes the replication idea, though as noted I think it's highly unlikely (and easily tested by blocking 
replication immediately after a round of replication), and a model in which there is a stationary phase 
dependent Rok modification or Rok co-factor that gets produced. 
 
2) I'm a little unclear whether the loop formation and increased intra-CID interactions driven by Rok 
are separable activities or whether the latter is effectively a direct consequence of the former. 
 
3) I still think the paper doesn't decisively show how a rok deletion impacts transcription. I think it's 
now more clear that deleting rok impacts transcription of the genes near the Rok clusters (Fig. 7c). 
But it also appears that transcription of all genes is up in the rok mutant, i.e. the baseline of the data 
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points in stationary phase is > 0 whereas it hovers around 0 in exponential phase. It's not clear if this 
is a stationary phase effect, an effect of deleting rok, or both. 
 
4) Following on the point above: if one takes into account the baseline shift, I think it's quite clear 
from Fig. 7c that the gene expression changes near the Rok cluster in the rok mutant are, as I first 
noted, at most 2-fold. The authors tried to argue in their responses that this could be significant and it 
certainly could be. But it's also true that such small effects might not matter much. I think the authors 
should be more open-minded about the possibility that Rok isn't really about transcription control and 
that it plays some other important role in chromosome organization during stationary phase that 
happens to have some minor effect on transcription. There is simply no data to rule out such a model. 
Again, as noted above, I think it's not a sign of weakness to acknowledge that things aren't completely 
"solved". It will, in the end, draw more attention to the paper and drive the field further forward. On a 
related note: I still think the authors are trying too hard to pigeon hole Rok into being a CTCF analog. 
It just may not be, which is fine. In fact, it clearly is different as Rok doesn't impede SMC translocation 
the way CTCF does. It doesn't undermine the paper to indicate that it might have some similarities, 
but be different too! 
 
5) The authors appear to have dropped a reference to Le and Laub EMBO 2017, which seems relevant 
to the discussions of CID formation and the role of transcription. 
 
6) The authors argue that the long-range looping presented hasn't been seen before in bacteria. But 
that's not accurate. I think it's become clear from work from several labs that ParB binds to multiple 
parS sites that are also quite distant from each other. Again, I don't think it undermines the work at 
hand at all to simply acknowledge that the looping seen here is reminiscent of what's been shown with 
ParB. 
 
 
 
Reviewer #2: 
None 
 
 
 
Reviewer #3: 
Remarks to the Author: 
- I understand the temptation of the authors to call Rok an insulator-like factor. There is a very well 
established literature on chromatin insulators dating back to the '80s and '90s well before super-
enhancers were described. Historically, insulators are characterized by either their role in blocking 
enhancer-promoter communication, or by stopping the spread of heterochromatin. Neither of these 
functions can be attributed to Rok from the results in this paper. Therefore, I do not see why one 
would call Rok an insulator-like protein. The observation of features in the Hi-C maps similar to those 
displayed by chromatin insulators is not enough, as this manuscript provides no evidence of functional 
analogy between Rok and eukaryotic insulator-like proteins. 
- The authors insist about the novelty of their observation of long-range DNA loops in bacteria. 
However, these have been well documented for other repressors (e.g. lac), for structural factors (e.g. 
MatP: Mercier et al Cell 2008; Dupaigne, Mol Cell 2012; gamma-delta resolvase: Li Science, 2005; ), 
long-range interactions between parS sites were reported by Hi-C (Marbouty, Mol Cell 2015), 
transposons and recombinases, etc. 
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- The persistent comparison of CTCF and Rok in the discussion is surprising, given the answer 
provided by the authors in their revision ("we have changed our use of CTCF analogue in the 
manuscript and refer now to insulator-like protein"). In eukaryotes, CTCF loop formation is thought to 
require the loop extrusion activity of cohesin. Also CTCF loop formation displays orientational 
selectivity (Rok doesn't). Thus, I don't see the parallel between Rok and CTCF apart from the fact that 
they both form corner domain interactions. 
- Despite the new data with Rok mutants, I don't think the authors provide enough evidence that the 
DNA binding activity and the multimerization domains of Rok are sufficient for the formation of loops. 
The action of another factor that would mediate these looping interactions cannot be ruled out from 
the results in this manuscript (this would require an in vitro dissection of the system). 
 
- The discussion is very vague and it is not clear whether the authors think there is a role of Rok in the 
regulation of replication or not (see ln 326-332). I would recommend this lead to be followed or 
abandoned. 
- Transcription factories in eukaryotes are not necessarily 'based on attachment to the nuclear 
lamina/matrix' as the authors claim in their rebuttal letter. Also, there is evidence for clustering of 
RNAP in bacteria (e.g. see literature from the Kapanidis/Xiao labs) in contrast to the claim of the 
authors that 'transcription factories have been defined in eukaryotes only'. 
- There is no clear link between transcription and chromosome organization from the results in the 
paper. For instance, the interpretation of the cluster 8 shuffling experiments are that loops/borders 
can be introduced without transcription. Also it seems removal of Rok leads to minor changes in 
transcription despite the large changes in Rok-loops/borders. Despite this, the authors claim that 
"...the effect we observe is spread out over several hundred genes around the cluster 1 and 3, which 
links genome organization by Rok to transcriptional effects.". 
- Ref 1 remarks that Rok loops are not visible in exponential phase and provides a rationale for why 
this may not happen. This involves the presence of additional factors. The authors do not provide any 
additional experimental evidence to answer this question, but instead suggest that fast cycles of 
replication may be the cause. This could be the case of the loops involving the origin region but not 
those in the terminus (as copy number in terminus remain constant despite changes in growth rates). 
Also, if they want to put forward this hypothesis, I would have expected experimental support (e.g. by 
inhibiting replication using mutant strains). 
- The same referee points out that Rok and DnaA (the replication initiation protein in Bacillus) have 
common binding sites. This is very relevant because previous Hi-C studies have shown that regions 
containing DnaA binding sites can form specific loops (Marbouty, 2015). Thus, determining the role of 
DnaA/ other replication proteins in the formation of the loops annotated here as 'Rok-loops' is key. 
This is not addressed by the revision. 
- If there are 250 binding sites for Rok, why are loops only observed between a very small set of 
binding sites? There must be other factors involved otherwise I do not understand the mechanism 
proposed by the authors. 
- Role of SMC. The authors now provide a Hi-C experiment in absence of SMC. In this mutant, the 
interaction between replichore arms is known to vanish (Wang, 2015; Marbouty, 2015). But why do 
the interactions between Rok sites also completely disappear? If the simple model of Rok oligomers 
bridging long-range contacts was true, then one would expect a decrease in loop strength, or the 
formation of alternative loops between Rok sites in the same arm. 
- In Fig. 6 it is apparent that Rok site 3 forms very strong interactions with a locus that is beyond Rok 
site 2. These interactions also vanish in the Rok deletion mutant strain. This points to a role of other 
factors in the formation of loops, or in pleiotropic effects in the Rok deletion mutant. Ruling this out is 
critical to their interpretation that 'Rok mediates long-range chromosomal interactions by 
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multimerization'. 
- For me the interpretation of Rok-GFP loci still remains elusive. How come there are 250 binding sites 
of Rok, 8 clusters, and still the authors observe only 2-3 clusters of Rok-GFP per cell? The new 
explanations provided by the authors do not shed light into this. 
- The new data where RC8 was removed and shifted to a new location are very nice and convincingly 
show that insertion of an ectopic Rok cluster creates a loop with a neighboring cluster and at the same 
time creates a CID border. The authors indicate that they removed the promoter of the operon. 
However, this does not rule out the possibility that the genes in the operon are transcriptionally 
inactive by another promoter. In that case, expression of the operon can lead to the formation of a 
CID as shown in other cases (e.g. Le et al.). This is such an important result in the manuscript that I 
would recommend qPCR to rule out that transcription is playing a role in looping or formation of a CID 
border. 
 
 
 

Decision Letter (continuation), initial version: 
 
9th Jul 2021 
 
 
Dear Gaurav, 
 
Reviewer #2 has just submitted their comments (please see below). Again, apologies for the delay. 
You will see that the reviewer is broadly positive about the revised manuscript, which is encouraging. 
If you wish to revise the manuscript and resubmit it to Nature Genetics, please address their minor 
comments along with those of reviewers #1 and #3. 
Please let me know if you'd like to discuss the reviewers' concerns in detail and a potential 
revision/appeal. I'd be happy to do so. 
Thank you. 
 
Best wishes, 
 
Tiago 
 
 
 
 
Reviewer #2 
 
(Remarks to the Author) 
Comments 
Dugar et al. present a revised manuscript of their study of the role of the Rok protein in forming large 
interaction clusters in Bacillus Subtilis. The original submission was at Nature and it has now been 
transferred to Nature Genetics. I thought the original submission was quite interesting already but 
lacking in some key experiments. They authors have performed all the experiments and the paper 
(SMC mutant, moving Rock sites). It is now even more interesting, so I believe that it should be 
accepted. There are only a few minor comments I would have below that I think would make the 
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paper better. 
 
First, they talk about Rok and the elements it is bound by as being insulator elements. The classical 
definition of such sites was that they could block the spread of heterochromatin or prevent enhancer-
promoter communication. Subsequent work has also shown that such insulators (particularly CTCF) 
are also associated with spatial insulation. My impression is that in this paper they haven’t really 
shown that these either a) prevent heterochromatin spread or b) prevent enhancer-promoter 
communication (though they do show that the rok mutants have affects on transcription, it isn’t totally 
clear why). In this sense, their results are most consistent with these elements being spatial 
insulators. I think that the paper may provide better context for why they are using the word insulator 
if they were to outline that this is really meant is a spatial capacity. I don’t think that this would 
require much changes, just maybe some text in either the introduction or discussion would be more 
than sufficient. 
 
Two very minor points just related to figure presentation. 
 
First, the imaging data in Supplementary Figure 9 is so much better than what is it Fig. 5d. Why don’t 
they have the data for Supp. Fig. 9 in the main figures? 
 
Second, Supplemental Figures 8c and 10b are both really amazing and interesting. Similar to what I 
wrote above, it seems almost a shame not to have these in the main figures. 
 
 
 

Author Rebuttal to Initial comments, appeal: 
 
Detailed response 

For clarity, our response to the reviewer’s comments are marked in blue. 

Reviewer #1: 

Remarks to the Author: 
This paper has improved significantly relative to the first iteration. The authors have done a nice job 
responding to many of the concerns raised and the net result is a much stronger paper. I am, however, 
still puzzled about a few things and think the paper would benefit from more explicit acknowledgement 
of what's not demonstrated or fully clear yet. From the tone of their responses to the initial queries, I 
get the sense that the authors view such acknowledgements as some sign of weakness, but I think it's 
always best to explicitly note what's still unclear. 
 
1) The current paper still does not adequately convey that Rok is binding but not looping in exponential 
phase. The authors argue that it's because replication 'clears out' the Rok-driven clustering, but by that 
logic, then one also wouldn't see the SMC-driven juxtaposition of chromosome arms (on a side note: the 
addition of the intriguing SMC data strengthens this paper a lot). I don't think it's necessary to sort out 
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why the pattern is different in exponential v. stationary phase, but I think it's critical to acknowledge this 
and discuss the primary models that could explain it. This includes the replication idea, though as noted I 
think it's highly unlikely (and easily tested by blocking replication immediately after a round of 
replication), and a model in which there is a stationary phase dependent Rok modification or Rok co-
factor that gets produced. 

We agree with the Reviewer that it is unclear if replication clears out Rok clusters and thereby inhibits 
Rok dependent chromosomal loop formation in exponential phase. As pointed out by the reviewer, it is 
possible that specific factors or Rok modification in the stationary phase may help in Rok dependent 
loop formation. We will discuss this in the revised manuscript. 

Together with the textual changes, we also plan to provide new chromosome capture data on 
exponential phase cells after blocking replication to further shed light on chromosomal loop formation 
via Rok. 

 

2) I'm a little unclear whether the loop formation and increased intra-CID interactions driven by Rok are 
separable activities or whether the latter is effectively a direct consequence of the former. 

It is indeed the same activity which enables Rok dependent loops to interact more frequently within the 
loop and thereby leading to formation of new CIDs (boundaries) or increase in intra-CID interactions. We 
will discuss this more clearly. 

 

3) I still think the paper doesn't decisively show how a rok deletion impacts transcription. I think it's now 
more clear that deleting rok impacts transcription of the genes near the Rok clusters (Fig. 7c). But it also 
appears that transcription of all genes is up in the rok mutant, i.e. the baseline of the data points in 
stationary phase is > 0 whereas it hovers around 0 in exponential phase. It's not clear if this is a 
stationary phase effect, an effect of deleting rok, or both. 
 
4) Following on the point above: if one takes into account the baseline shift, I think it's quite clear from 
Fig. 7c that the gene expression changes near the Rok cluster in the rok mutant are, as I first noted, at 
most 2-fold. The authors tried to argue in their responses that this could be significant and it certainly 
could be. But it's also true that such small effects might not matter much. I think the authors should be 
more open-minded about the possibility that Rok isn't really about transcription control and that it plays 
some other important role in chromosome organization during stationary phase that happens to have 
some minor effect on transcription. There is simply no data to rule out such a model. Again, as noted 
above, I think it's not a sign of weakness to acknowledge that things aren't completely "solved". It will, in 
the end, draw more attention to the paper and drive the field further forward. On a related note: I still 
think the authors are trying too hard to pigeon hole Rok into being a CTCF analog. It just may not be, 
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which is fine. In fact, it clearly is different as Rok doesn't impede SMC translocation the way CTCF does. 
It doesn't undermine the paper to indicate that it might have some similarities, but be different too! 

We agree with the reviewer‘s points 3 and 4 that transcriptional regulation is likely not the prime 
function of loop formation by Rok clusters. In our manuscript we wanted to point out that there is a 
significant fold change (albeit only 2-fold) in a large region of genes (~200 genes) surrounding Rok 
clusters 1 and 3. But indeed, as the reviewer also  pointed out, the exact mechanism for this regulation 
remains unclear. We will address this more clearly in the revised manuscript. 

 

5) The authors appear to have dropped a reference to Le and Laub EMBO 2017, which seems relevant to 
the discussions of CID formation and the role of transcription. 

We will include it again in the discussion. 

 

6) The authors argue that the long-range looping presented hasn't been seen before in bacteria. But 
that's not accurate. I think it's become clear from work from several labs that ParB binds to multiple 
parS sites that are also quite distant from each other. Again, I don't think it undermines the work at 
hand at all to simply acknowledge that the looping seen here is reminiscent of what's been shown with 
ParB. 

ParB/ParS can bridge DNA containing ParS, but this has only been shown in vitro using purified proteins 
1,2. In fact, several publications have shown that ParB can even bridge nonspecific DNA (lacking ParS 
motif) sequences in vitro which it does not associate with in vivo3,1,4. However, from chromosome 
capture data on B. subtilis5, C. crescentus6 and C. glutamicum7 it is now evident that ParB-ParS act as 
entry site for SMC and not anchor points for protein dependent chromosomal loop formation. 
Additionally, Hi-C in B. subtilis8 and C. glutamicum7 after deletion and relocation of the ParS sites have 
clearly shown that no specific interactions were found between ParS sites in these studies (See Fig. 5/6 
of Wang et. al., Genes and Development, 20158). This is strikingly different from Rok cluster which froms 
large well defined anchored chromosomal loops and have no role in recruiting the SMC complex. Hence, 
we disagree with the reviewer on this point of comparison. We will explain this changing view of ParB-
ParS now in the discussion, to make it clear that it cannot be compared to the Rok dependent loop 
formation. 

 

Reviewer #2 

(Remarks to the Author) 
Comments 
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Dugar et al. present a revised manuscript of their study of the role of the Rok protein in forming large 
interaction clusters in Bacillus Subtilis. The original submission was at Nature and it has now been 
transferred to Nature Genetics. I thought the original submission was quite interesting already but 
lacking in some key experiments. They authors have performed all the experiments and the paper (SMC 
mutant, moving Rock sites). It is now even more interesting, so I believe that it should be accepted. 
There are only a few minor comments I would have below that I think would make the paper better. 
 
First, they talk about Rok and the elements it is bound by as being insulator elements. The classical 
definition of such sites was that they could block the spread of heterochromatin or prevent enhancer-
promoter communication. Subsequent work has also shown that such insulators (particularly CTCF) are 
also associated with spatial insulation. My impression is that in this paper they haven’t really shown that 
these either a) prevent heterochromatin spread or b) prevent enhancer-promoter communication 
(though they do show that the rok mutants have affects on transcription, it isn’t totally clear why). In 
this sense, their results are most consistent with these elements being spatial insulators. I think that the 
paper may provide better context for why they are using the word insulator if they were to outline that 
this is really meant is a spatial capacity. I don’t think that this would require much changes, just maybe 
some text in either the introduction or discussion would be more than sufficient. 

In the last revision, we referred to Rok clusters as insulator-like protein as it shares some of its 
properties but not all, as the reviewer correctly pointed out. In light of this we agree that the reference 
as insulator-like protein might be confusing for some readers. Hence, we will refer to Rok as a 
chromosome looping factor which aids in CID formation in the revised version. 

Two very minor points just related to figure presentation. 
 
First, the imaging data in Supplementary Figure 9 is so much better than what is it Fig. 5d. Why don’t 
they have the data for Supp. Fig. 9 in the main figures? 
 
We will add more data from Supp. Fig. 9 in Fig. 5 as suggested by the reviewer. 

 

Second, Supplemental Figures 8c and 10b are both really amazing and interesting. Similar to what I 
wrote above, it seems almost a shame not to have these in the main figures. 

We will incorporate data from Supp. Fig 8c and 10c in the relevant main figures. 

 

Reviewer #3: 
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Remarks to the Author: 
- I understand the temptation of the authors to call Rok an insulator-like factor. There is a very well 
established literature on chromatin insulators dating back to the '80s and '90s well before super-
enhancers were described. Historically, insulators are characterized by either their role in blocking 
enhancer-promoter communication, or by stopping the spread of heterochromatin. Neither of these 
functions can be attributed to Rok from the results in this paper. Therefore, I do not see why one would 
call Rok an insulator-like protein. The observation of features in the Hi-C maps similar to those displayed 
by chromatin insulators is not enough, as this manuscript provides no evidence of functional analogy 
between Rok and eukaryotic insulator-like proteins. 

Indeed, as promoter-enhancer interactions are not known to exist in bacteria we scanned the literature 
to find proteins with chromosomal loop anchoring activity like Rok. We were unable to find similar 
proteins in bacteria (see next point) and were intrigued by some of the functional overlaps of Rok with 
insulator proteins (like formation of anchored loops and spatially insulating genomic regions by 
formation of topological domains). However, we agree that Rok does not display all the properties of an 
insulator protein (like blocking enhancer-promoter interaction), and we agree that that a reference as 
insulator-like protein may therefore be pushing it. In the revised version we will refer to Rok as a 
chromosomal looping factor (see also reply to a similar comment by referee 2). 

 

- The authors insist about the novelty of their observation of long-range DNA loops in bacteria. However, 
these have been well documented for other repressors (e.g. lac), for structural factors (e.g. MatP: 
Mercier et al Cell 2008; Dupaigne, Mol Cell 2012; gamma-delta resolvase: Li Science, 2005; ), long-range 
interactions between parS sites were reported by Hi-C (Marbouty, Mol Cell 2015), transposons and 
recombinases, etc. 

We believe that the reviewer is repeatedly interpreting in vitro DNA bridging activities, small sub-Kb 
DNA loop formation and FROS analyses as evidence for long-range chromosomal loop formation in 
bacteria. However, the development of chromosome capture techniques has not shown any indication 
that these proteins (MatP, ParB and LacI) actually form long-range chromosomal loops in vivo (see 
below for details). In fact, in the past 5-7 years new molecular data has emerged on how such 
nucleoprotein complexes come closer, i.e. via DNA compaction by SMC entry for ParS-ParB complexes5 
and MukBEF exclusion for MatP9, and thus not by chromosomal loop anchoring like Rok. A detailed 
response to the ParS-ParB complex comparison has been given in our response to comment 6 of 
Reviewer 1. 

MatP was indeed found to organise the terminus macrodomain in E. coli as observed by fluorescence 
microscopy (Mercier et. al., Cell 2008). The authors raised the possibility in their discussion that this 
could be due to loop formation between the 23 MatP bound sites in a 800 kb region surrounding the 
terminus. However, Hi-C data on E. coli did not reveal such an interaction during later research. In fact, 
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the latest work by the Sherratt lab has clearly shown that MatP excludes MukBEF (SMC-like complex) 
from the Ter region and restricts the interaction of the Ter domain with the rest of the chromosome9, as 
also observed in Hi-C data from E. coli10. 

Other studies mentioned by the reviewer (MatP: Dupaigne et. al., Mol Cell 201211; gamma-delta 
resolvase: Li et. al., Science 200512 and transposons) have been shown to form small sub-Kb loops in 
vitro for these proteins – 500 bp loop for MatP and ~1000 bp loop for gamma-delta resolvase. We have 
already mentioned such sub-Kb loops made by IHF and LacI in the current version of our paper (Line 
361-367), but we will also include these examples given by the reviewer.  

 
- The persistent comparison of CTCF and Rok in the discussion is surprising, given the answer provided 
by the authors in their revision ("we have changed our use of CTCF analogue in the manuscript and refer 
now to insulator-like protein"). In eukaryotes, CTCF loop formation is thought to require the loop 
extrusion activity of cohesin. Also CTCF loop formation displays orientational selectivity (Rok doesn't). 
Thus, I don't see the parallel between Rok and CTCF apart from the fact that they both form corner 
domain interactions. 

As stated in response to the first point, we agree with the reviewer’s point in reference to Rok as an 
insulator-like protein. However, we feel that a discussion on the similarities and differences between 
Rok and insulator proteins is valid and of interest to a general audience. 

 

- Despite the new data with Rok mutants, I don't think the authors provide enough evidence that the 
DNA binding activity and the multimerization domains of Rok are sufficient for the formation of loops. 
The action of another factor that would mediate these looping interactions cannot be ruled out from the 
results in this manuscript (this would require an in vitro dissection of the system). 

We cannot eliminate that other factors may aid in chromosomal loop formation via Rok. We have 
mentioned this (line 353-355) but this can be more clearly stated. Currently, the only evidence of 
another factor is the interaction between Rok and DnaA13 as pointed by the reviewer in one of the 
points below. Therefore, we plan to provide chromosome capture data on a DnaA mutant strain (as 
DnaA is essential for DNA replication in B. subtilis, we will use a strain that uses an alternative replication 
initiation factor RepN to drive replication14). 

 

- The discussion is very vague and it is not clear whether the authors think there is a role of Rok in the 
regulation of replication or not (see ln 326-332). I would recommend this lead to be followed or 
abandoned. 
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We also plan to provide new chromosome capture data on exponential phase cells after blocking 
replication to further shed light DNA replication and chromosomal loop formation via Rok. We will refine 
this part of the discussion based on the results from this experiment. 

 

- Transcription factories in eukaryotes are not necessarily 'based on attachment to the nuclear 
lamina/matrix' as the authors claim in their rebuttal letter. Also, there is evidence for clustering of RNAP 
in bacteria (e.g. see literature from the Kapanidis/Xiao labs) in contrast to the claim of the authors that 
'transcription factories have been defined in eukaryotes only'. 

The Kapanidis/Xiao labs have provided some interesting work on RNAP clustering in E. coli 15,16. They 
showed that RNAP clusters (at regions of high transcription – primarily multiple rRNA loci) are excluded 
from the nucleoid likely due to their large size compared to the nucleoid mesh. However, the nature of 
these clusters remain unclear – are these clusters established at individual rRNA loci? or are these 
individual RNAP clusters indeed transcribing several genes and hence act as transcription factories? The 
authors mention these limitations and as such the presence of transcription factories in bacteria remain 
hypothetical 17. Hence, we do not find it evident that our data supports transcription factories and 
adding it to the manuscript will likely confuse the readers.   

 

- There is no clear link between transcription and chromosome organization from the results in the 
paper. For instance, the interpretation of the cluster 8 shuffling experiments are that loops/borders can 
be introduced without transcription. Also it seems removal of Rok leads to minor changes in 
transcription despite the large changes in Rok-loops/borders. Despite this, the authors claim that "...the 
effect we observe is spread out over several hundred genes around the cluster 1 and 3, which links 
genome organization by Rok to transcriptional effects.". 

A similar point was also made by Reviewer 1. We agree with the Reviewers that the transcriptional 
changes are small but importantly they are spread across hundreds of genes. As such we will more 
clearly state that transcription regulation via loop formation is likely not the primary function of Rok, 
unlike the large changes we observed in chromosome organisation. 

 

- Ref 1 remarks that Rok loops are not visible in exponential phase and provides a rationale for why this 
may not happen. This involves the presence of additional factors. The authors do not provide any 
additional experimental evidence to answer this question, but instead suggest that fast cycles of 
replication may be the cause. This could be the case of the loops involving the origin region but not 
those in the terminus (as copy number in terminus remain constant despite changes in growth rates). 
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Also, if they want to put forward this hypothesis, I would have expected experimental support (e.g. by 
inhibiting replication using mutant strains). 

We can do this experiment. For the revision we plan to perform a chromosome capture experiment on 
exponential phase cells after blocking replication, to further shed light on DNA replication and 
chromosomal loop formation via Rok. 

 

- The same referee points out that Rok and DnaA (the replication initiation protein in Bacillus) have 
common binding sites. This is very relevant because previous Hi-C studies have shown that regions 
containing DnaA binding sites can form specific loops (Marbouty, 2015). Thus, determining the role of 
DnaA/ other replication proteins in the formation of the loops annotated here as 'Rok-loops' is key. This 
is not addressed by the revision. 

As mentioned in the reply to referee 1, we plan to provide chromosome capture data on a DnaA mutant 
strain. 

Concerning the Marbouty reference, we believe the reviewer is overinterpreting the results presented in 
that paper 18. In Fig. 2, the authors show one corner peak in the Hi-C map, which was linked to binding of 
multiple protein complexes according to ChIP-seq data (SMC, DnaA and ParS-ParB). No molecular 
analysis was performed to link this to any of these proteins. 

 

- If there are 250 binding sites for Rok, why are loops only observed between a very small set of binding 
sites? There must be other factors involved otherwise I do not understand the mechanism proposed by 
the authors 

We agree with the reviewer that there could be additional factors (line 353-355) and we will state this 
more clearly in our revised discussion. However, it is also possible that Rok acts as a solitary protein. As 
we pointed out in our manuscript Rok clusters have a much higher density of Rok binding motifs (Fig. 2) 
and hence may associate with other such high-density sites via its multimerization domain. One can 
expect such association between Rok clusters to be more stable due to stronger interaction leading to 
formation of chromosomal loops without the help of a co-factor. 

Additionally, as mentioned we will provide the chromosome capture data on the potential co-factor 
DnaA. 

 

- Role of SMC. The authors now provide a Hi-C experiment in absence of SMC. In this mutant, the 
interaction between replichore arms is known to vanish (Wang, 2015; Marbouty, 2015). But why do the 
interactions between Rok sites also completely disappear? If the simple model of Rok oligomers bridging 



 
 

 

14 
 

 

 

long-range contacts was true, then one would expect a decrease in loop strength, or the formation of 
alternative loops between Rok sites in the same arm. 

This is an interesting question, and we do not have a clear answer for this. Many biological interactions 
are cooperative resulting in sigmoidal response instead of a graded response. Maybe something 
comparable is happening here. Maybe the initiation of looping requires close proximity of Rok bindings 
sites for a certain period of time which is provided by the SMC complex. 
 

- In Fig. 6 it is apparent that Rok site 3 forms very strong interactions with a locus that is beyond Rok site 
2. These interactions also vanish in the Rok deletion mutant strain. This points to a role of other factors 
in the formation of loops, or in pleiotropic effects in the Rok deletion mutant. Ruling this out is critical to 
their interpretation that 'Rok mediates long-range chromosomal interactions by multimerization'. 

There is indeed an additional site between Rok cluster 2 and 3 which strongly interacts with both these 
Rok clusters. We have already provided a dedicated supplementary figure in the previous versions of our 
manuscript (Supp. Fig. 5B) concerning this additional site between the Rok clusters, which shows that 
this site is also bound by Rok itself (Line 176-180). We will mark this site between Rok cluster 2 and 3 
clearly in Fig. 6 and refer it to the Supp. Fig. 5B in the legend. Again, we do not rule out that other 
factors are important for DNA looping, but if we remove Rok all the large DNA loops disappear (Fig. 3). 

 

- For me the interpretation of Rok-GFP loci still remains elusive. How come there are 250 binding sites of 
Rok, 8 clusters, and still the authors observe only 2-3 clusters of Rok-GFP per cell? The new explanations 
provided by the authors do not shed light into this. 

In Fig. 2, we have shown that Rok clusters harbour much higher density of Rok binding sites (3x more 
compared to other non-cluster Rok binding sites). Higher density of binding sites leads to more 
accumulation of Rok-GFP at the cluster sites making them more visible with fluorescence microscopy. 
The multimerization domain of Rok may also recruit additional Rok-GFP protein to further boost the 
fluorescence signal. 

A similar case is seen for RNAP in bacteria. Microscopy reveals that RNA polymerase is only seen at few 
clusters that also overlap with rRNA loci19,20. This is not because RNA polymerase is only associated with 
rRNA loci but because it is preferentially more associated with rRNA loci which eclipses the other 
transcription units bound by RNAP. 

 

- The new data where RC8 was removed and shifted to a new location are very nice and convincingly 
show that insertion of an ectopic Rok cluster creates a loop with a neighboring cluster and at the same 
time creates a CID border. The authors indicate that they removed the promoter of the operon. 
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However, this does not rule out the possibility that the genes in the operon are transcriptionally inactive 
by another promoter. In that case, expression of the operon can lead to the formation of a CID as shown 
in other cases (e.g. Le et al.). This is such an important result in the manuscript that I would recommend 
qPCR to rule out that transcription is playing a role in looping or formation of a CID border. 

We agree with the reviewer on the importance of this result and we plan to provide RNA-seq data for 
wild type, RC8 deletion and the two relocated strains to fully substantiate our point. We prefer RNA-seq 
over qPCR as it fully confirms the presence or absence of internal transcriptional start site within the 
relocated Rok cluster 8 site. 

 

1. Graham, T. G. W. et al. ParB spreading requires DNA bridging. Genes Dev. 28, (2014). 

2. Leonard, T. A., Butler, P. J. G. & Löwe, J. Structural analysis of the chromosome segragation 
protein Spo0J from Thermus thermophilus. Mol. Microbiol. 53, (2004). 

3. Taylor, J. A. et al. Specific and non-specific interactions of ParB with DNA: Implications for 
chromosome segregation. Nucleic Acids Res. 43, (2015). 

4. Jalal, A. S. B. & Le, T. B. K. Bacterial chromosome segregation by the ParABS system. Open Biol. 
10, (2020). 

5. Wang, X., Brandão, H. B., Le, T. B. K., Laub, M. T. & Rudner, D. Z. Bacillus subtilis SMC complexes 
juxtapose chromosome arms as they travel from origin to terminus. Science (80-. ). (2017) 
doi:10.1126/science.aai8982. 

6. Le, T. B. K., Imakaev, M. V., Mirny, L. A. & Laub, M. T. High-resolution mapping of the spatial 
organization of a bacterial chromosome. Science (80-. ). (2013) doi:10.1126/science.1242059. 

7. Böhm, K. et al. Chromosome organization by a conserved condensin-ParB system in the 
actinobacterium Corynebacterium glutamicum. Nat. Commun. 11, (2020). 

8. Wang, X. et al. Condensin promotes the juxtaposition of dna flanking its loading site in Bacillus 
subtilis. Genes Dev. 29, (2015). 

9. Mäkelä, J. & Sherratt, D. J. Organization of the Escherichia coli Chromosome by a MukBEF Axial 
Core. Mol. Cell (2020) doi:10.1016/j.molcel.2020.02.003. 

10. Lioy, V. S. et al. Multiscale Structuring of the E. coli Chromosome by Nucleoid-Associated and 
Condensin Proteins. Cell (2018) doi:10.1016/j.cell.2017.12.027. 

11. P, D. et al. Molecular basis for a protein-mediated DNA-bridging mechanism that functions in 
condensation of the E. coli chromosome. Mol. Cell 48, 560–571 (2012). 

12. W, L. et al. Structure of a synaptic gammadelta resolvase tetramer covalently linked to two 
cleaved DNAs. Science 309, 1210–1215 (2005). 



 
 

 

16 
 

 

 

13. Seid, C. A., Smith, J. L. & Grossman, A. D. Genetic and biochemical interactions between the 
bacterial replication initiator DnaA and the nucleoid-associated protein Rok in Bacillus subtilis. 
Mol. Microbiol. (2017) doi:10.1111/mmi.13590. 

14. Murray, H. & Koh, A. Multiple Regulatory Systems Coordinate DNA Replication with Cell Growth 
in Bacillus subtilis. PLoS Genet. 10, (2014). 

15. Stracy, M. et al. Live-cell superresolution microscopy reveals the organization of RNA polymerase 
in the bacterial nucleoid. Proc. Natl. Acad. Sci. U. S. A. 112, (2015). 

16. Weng, X. et al. Spatial organization of RNA polymerase and its relationship with transcription in 
Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 116, (2019). 

17. Weng, X. & Xiao, J. Spatial organization of transcription in bacterial cells. Trends in Genetics vol. 
30 (2014). 

18. Marbouty, M. et al. Condensin- and Replication-Mediated Bacterial Chromosome Folding and 
Origin Condensation Revealed by Hi-C and Super-resolution Imaging. Mol. Cell (2015) 
doi:10.1016/j.molcel.2015.07.020. 

19. Davies, K. M. & Lewis, P. J. Localization of rRNA synthesis in Bacillus subtilis: Characterization of 
loci involved in transcription focus formation. J. Bacteriol. 185, (2003). 

20. Cabrera, J. E. & Jin, D. J. The distribution of RNA polymerase in Escherichia coli is dynamic and 
sensitive to environmental cues. Mol. Microbiol. 50, (2003). 

  

 
 

Decision Letter, appeal: 
 
 IMPORTANT: Please note the reference number: NG-A57019R-Z Dugar. This number must be quoted 
whenever you communicate with us regarding this paper. 
 
16th Jul 2021 
 
 
Dear Gaurav, 
 
Thank you for your message of 15th July 2021, asking us to reconsider our decision on your 
manuscript "Long-range interactions between insulator-like domains in bacteria". 
 
I have now discussed the points of your letter with my colleagues, and we think that the revision plan 
sounds encouraging. We therefore invite you to revise your manuscript along the lines that you 
propose. Please note that there is no strict deadline for resubmission. You mentioned ~6 weeks but 
you may take longer, if necessary. 
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I have a brief comment about CTCF's impact on transcription that might be worth considering in 
relation to Rok's potential role. It's worth noting that acute depletion of CTCF (doi: 
10.1016/j.cell.2017.05.004) does not seem to greatly impact transcription in a steady state, only in 
specific contexts (doi: 10.1038/s41594-020-00539-5). However, CTCF seems to be important for cells 
to respond to external stimuli (doi: 10.1038/s41588-020-0643-0). Thus, it may be that Rok indeed 
does have a role in transcriptional regulation but this will require further study. You might want to 
include this in the Discussion. 
It will also be important to clearly articulate in the Discussion how Rok is like an insulator protein and 
how it isn't, following the reviewers' feedback. 
 
Please be sure that your revised manuscript is accompanied by a separate letter detailing the changes 
you have made and your response to the points raised. At this stage we will need you to upload: 
1) a copy of the manuscript in MS Word .docx format. 
2) The Editorial Policy Checklist: https://www.nature.com/documents/nr-editorial-policy-checklist.pdf 
3) The Reporting Summary: https://www.nature.com/documents/nr-reporting-summary.pdf (Here 
you can read about the role of the Reporting Summary in reproducible science: 
https://www.nature.com/news/announcement-towards-greater-reproducibility-for-life-sciences-
research-in-nature-1.22062 ) 
 
Please use the link below to be taken directly to the site and view and revise your manuscript: 
 
[REDACTED] 
 
 
Good luck with the experiments! 
 
 
With kind wishes, 
 
Tiago 
 
 
Tiago Faial, PhD 
Senior Editor 
Nature Genetics 
https://orcid.org/0000-0003-0864-1200 
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Point to point reply 

For clarity, our response to the reviewer’s comments are marked in blue. New figures included in the 
revised manuscript to address the reviewer’s comments have been added at the end of this 
document. 

 

Reviewer #1: 

This paper has improved significantly relative to the first iteration. The authors have done a nice job 
responding to many of the concerns raised and the net result is a much stronger paper. I am, 
however, still puzzled about a few things and think the paper would benefit from more explicit 
acknowledgement of what's not demonstrated or fully clear yet. From the tone of their responses to 
the initial queries, I get the sense that the authors view such acknowledgements as some sign of 
weakness, but I think it's always best to explicitly note what's still unclear. 

We thank the reviewer for the thorough review of our manuscript. In the new iteration of the 
manuscript, we have added some new experiments and have tried to clearly acknowledge what is 
still not fully clear yet. 
 
1) The current paper still does not adequately convey that Rok is binding but not looping in 
exponential phase. The authors argue that it's because replication 'clears out' the Rok-driven 
clustering, but by that logic, then one also wouldn't see the SMC-driven juxtaposition of 
chromosome arms (on a side note: the addition of the intriguing SMC data strengthens this paper a 
lot). I don't think it's necessary to sort out why the pattern is different in exponential v. stationary 
phase, but I think it's critical to acknowledge this and discuss the primary models that could explain 
it. This includes the replication idea, though as noted I think it's highly unlikely (and easily tested by 
blocking replication immediately after a round of replication), and a model in which there is a 
stationary phase dependent Rok modification or Rok co-factor that gets produced. 

We have followed the suggestion of the Reviewer and provided new chromosome capture data on 
exponential phase cells after blocking replication with the DNA replication inhibitor HydroxyUrea 
(HU, acts by depleting dNTP pool) which is known to arrest the replisome in B. subtilis1. Indeed, Rok 
dependent chromosomal loops were observed after treatment of exponentially growing cells with 
HU. This new data provides support to our initial suggestion that DNA replication may interfere with 
Rok clustering and loop formation. This data has now been included as new Supplementary Fig. 5 
(see also end of this document) and in lines 151-156. 

2) I'm a little unclear whether the loop formation and increased intra-CID interactions driven by Rok 
are separable activities or whether the latter is effectively a direct consequence of the former. 

It is indeed the same activity which enables Rok dependent loops to interact more frequently within 
the loop and thereby leading to formation of new CIDs (boundaries) or increase in intra-CID 
interactions within existing CIDs. We have discussed this more clearly in the revised manuscript (Line 
277-283). 

 

3) I still think the paper doesn't decisively show how a rok deletion impacts transcription. I think it's 
now more clear that deleting rok impacts transcription of the genes near the Rok clusters (Fig. 7c). 
But it also appears that transcription of all genes is up in the rok mutant, i.e. the baseline of the data 
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points in stationary phase is > 0 whereas it hovers around 0 in exponential phase. It's not clear if this 
is a stationary phase effect, an effect of deleting rok, or both. 
4) Following on the point above: if one takes into account the baseline shift, I think it's quite clear 
from Fig. 7c that the gene expression changes near the Rok cluster in the rok mutant are, as I first 
noted, at most 2-fold. The authors tried to argue in their responses that this could be significant and 
it certainly could be. But it's also true that such small effects might not matter much. I think the 
authors should be more open-minded about the possibility that Rok isn't really about transcription 
control and that it plays some other important role in chromosome organization during stationary 
phase that happens to have some minor effect on transcription. There is simply no data to rule out 
such a model. Again, as noted above, I think it's not a sign of weakness to acknowledge that things 
aren't completely "solved". It will, in the end, draw more attention to the paper and drive the field 
further forward. On a related note: I still think the authors are trying too hard to pigeon hole Rok 
into being a CTCF analog. It just may not be, which is fine. In fact, it clearly is different as Rok doesn't 
impede SMC translocation the way CTCF does. It doesn't undermine the paper to indicate that it 
might have some similarities, but be different too! 

We agree with the reviewer‘s points 3 and 4 that transcriptional regulation might not be the prime 
function of loop formation by Rok clusters, but we can also not rule this out. In our manuscript we 
wanted to point out that there is a modest upregulation (< 2-fold) in a large region of genes (~200 
genes) surrounding Rok clusters 1 and 3. But indeed, as the reviewer also  pointed out, the exact 
function for this regulation remains unclear. We have mentioned this now in the revised manuscript 
(Line 309-315 and 367-369). 

On the reviewers remark on Rok being a CTCF analog, we have now removed the direct CTCF 
analogy, and instead, provide a separate paragraph in the discussion clearly outlining the similarities 
and differences between Rok and insulator protein (like CTCF) (Line 344-357).  

 

5) The authors appear to have dropped a reference to Le and Laub EMBO 2017, which seems 
relevant to the discussions of CID formation and the role of transcription. 

We did remove this reference as we had already referred to their earlier study (Science 2013)2 which 
revealed that strong transcription leads to CID boundary formation in bacteria. However, as 
suggested, in the new version we have again included their subsequent study (EMBO 2017)3 which 
showed that transcription length is important too (Line 360). 

 

6) The authors argue that the long-range looping presented hasn't been seen before in bacteria. But 
that's not accurate. I think it's become clear from work from several labs that ParB binds to multiple 
parS sites that are also quite distant from each other. Again, I don't think it undermines the work at 
hand at all to simply acknowledge that the looping seen here is reminiscent of what's been shown 
with ParB. 

ParB can bridge DNA containing parS, but this has only been shown in vitro using purified proteins 
4,5. In fact, several publications have shown that ParB can even bridge nonspecific DNA (lacking parS 
motif) sequences in vitro to which it does not associate with in vivo6,4,7. From chromosome capture 
data on B. subtilis8, C. crescentus2 and C. glutamicum9 it is now evident that ParB-parS nucleoprotein 
act as entry site for SMC and not anchor points for protein dependent chromosomal loop formation. 
Importantly, Hi-C in B. subtilis10 and C. glutamicum9 has shown that no specific interactions were 
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found between ParS sites in these studies after deletion and relocation of the ParS sites to multiple 
sites along the chromosome (See Fig. 5/6 of Wang et. al., Genes and Development, 201510). This is 
strikingly different from Rok clusters which form large and well defined anchored chromosomal 
loops and have no role in recruiting the SMC complex. Hence, we must disagree with the reviewer 
on this point. However, we have explained it in the discussion that it remains unclear whether ParB 
makes loops by anchoring ParS sites (Line 380-383).  
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Reviewer #2 

 
Dugar et al. present a revised manuscript of their study of the role of the Rok protein in forming 
large interaction clusters in Bacillus Subtilis. The original submission was at Nature and it has now 
been transferred to Nature Genetics. I thought the original submission was quite interesting already 
but lacking in some key experiments. They authors have performed all the experiments and the 
paper (SMC mutant, moving Rock sites). It is now even more interesting, so I believe that it should 
be accepted. There are only a few minor comments I would have below that I think would make the 
paper better. 

We thank the reviewer for the thorough review of our manuscript. 
 
First, they talk about Rok and the elements it is bound by as being insulator elements. The classical 
definition of such sites was that they could block the spread of heterochromatin or prevent 
enhancer-promoter communication. Subsequent work has also shown that such insulators 
(particularly CTCF) are also associated with spatial insulation. My impression is that in this paper 
they haven’t really shown that these either a) prevent heterochromatin spread or b) prevent 
enhancer-promoter communication (though they do show that the rok mutants have affects on 
transcription, it isn’t totally clear why). In this sense, their results are most consistent with these 
elements being spatial insulators. I think that the paper may provide better context for why they are 
using the word insulator if they were to outline that this is really meant is a spatial capacity. I don’t 
think that this would require much changes, just maybe some text in either the introduction or 
discussion would be more than sufficient. 

We referred to Rok clusters as insulator-like protein as it shares some of its properties but not all, as 
the reviewer correctly pointed out. In light of this we agree that the reference as insulator-like 
protein might be confusing for some readers. To prevent this, we will refer to Rok as a chromosomal 
loop anchor which aids in CID formation in the revised version. 

Two very minor points just related to figure presentation. 
 
First, the imaging data in Supplementary Figure 9 is so much better than what is it Fig. 5d. Why don’t 
they have the data for Supp. Fig. 9 in the main figures? 
 
In the supplementary Fig. 9, we tagged Rok using mCherry to show it localizes with RC2 and RC3, and 
in Fig. 5d we used the untagged strain (wild type Rok) for statistical analysis. Instead of adding data 
from the Supplementary Fig. 9, we have now provided better images in Fig. 5d and have also kept 
the Supplementary figure as such. 

Second, Supplemental Figures 8c and 10b are both really amazing and interesting. Similar to what I 
wrote above, it seems almost a shame not to have these in the main figures. 

We have now incorporated important data from the previous Supplementary Fig. 8c and 10c in the 
relevant main figures. 
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Reviewer #3: 

We thank the reviewer for the constructive remarks and thorough review of our manuscript.  

 
- I understand the temptation of the authors to call Rok an insulator-like factor. There is a very well 
established literature on chromatin insulators dating back to the '80s and '90s well before super-
enhancers were described. Historically, insulators are characterized by either their role in blocking 
enhancer-promoter communication, or by stopping the spread of heterochromatin. Neither of these 
functions can be attributed to Rok from the results in this paper. Therefore, I do not see why one 
would call Rok an insulator-like protein. The observation of features in the Hi-C maps similar to those 
displayed by chromatin insulators is not enough, as this manuscript provides no evidence of 
functional analogy between Rok and eukaryotic insulator-like proteins. 

As promoter-enhancer interactions are not known to exist in bacteria, we scanned the literature to 
find proteins with chromosomal loop anchoring activity like Rok. We were unable to find similar 
proteins in bacteria (see next point) and were intrigued by some of the functional overlaps of Rok 
with insulator proteins (like formation of anchored loops and spatially insulating genomic regions by 
formation of topological domains). However, we agree that Rok does not display all the properties of 
a typical insulator protein like blocking enhancer-promoter interaction and heterochromatin spread, 
as the reviewer correctly pointed out. In the revised version we have therefore removed the 
“insulator-like” qualifier and referred to Rok as a chromosomal looping factor (see also reply to a 
similar comment by Reviewer 2). We have also added a new paragraph in the Discussion, where we 
clearly state the similarities and differences between Rok and insulator proteins like CTCF (Line 339-
358).  

 

- The authors insist about the novelty of their observation of long-range DNA loops in bacteria. 
However, these have been well documented for other repressors (e.g. lac), for structural factors (e.g. 
MatP: Mercier et al Cell 2008; Dupaigne, Mol Cell 2012; gamma-delta resolvase: Li Science, 2005; ), 
long-range interactions between parS sites were reported by Hi-C (Marbouty, Mol Cell 2015), 
transposons and recombinases, etc. 

The reviewer refers to in vitro DNA bridging studies, small sub-Kb DNA loop formation and FROS 
analyses as evidence for the existence of long-range chromosomal loop formation in bacteria. 
However, the development of chromosome capture and super-resolution microscopy techniques 
have not shown any indication that these proteins (MatP, ParB and LacI) actually form long-range 
chromosomal loops in vivo (see below for details). In fact, in the past 6-7 years new molecular data 
has emerged on how such nucleoprotein complexes come closer, i.e. via DNA compaction by SMC 
entry for ParS-ParB complexes8, and MukBEF exclusion for MatP11, and in fact not by chromosomal 
loop anchoring as we demonstrate for Rok.  

A detailed response to the ParS-ParB complex comparison has been given in our response to 
comment 6 of Reviewer 1. Concerning MatP, the following: MatP was found to organise the 
terminus macrodomain in E. coli as observed by fluorescence microscopy (Mercier et. al., Cell 
2008)12. The authors raised the possibility in their discussion that this could be due to loop formation 
between the 23 MatP bound sites in a 800 kb region surrounding the terminus. However, Hi-C data 
on E. coli did not reveal such an interaction during later research13. In fact, the latest work by the 
Sherratt lab has clearly shown that MatP excludes MukBEF (SMC-like complex) from the Ter region 
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and restricts the interaction of the Ter domain with the rest of the chromosome11, as also previously 
observed in Hi-C data from E. coli13. 

Other studies mentioned by the reviewer (MatP: Dupaigne et. al., Mol Cell 201214; gamma-delta 
resolvase: Li et. al., Science 200515 and transposons) have shown formation of small kb-range loops 
in vitro for these proteins – 500 bp loop for MatP and ~1000 bp loop for gamma-delta resolvase. In 
fact, we have already mentioned such sub-Kb loops made by IHF and LacI in the discussion to 
provide readers with some perspective on what is known about DNA loop-formation in bacteria, and 
how it differs from the loops formed by Rok (Line 375-386). 

 
- The persistent comparison of CTCF and Rok in the discussion is surprising, given the answer 
provided by the authors in their revision ("we have changed our use of CTCF analogue in the 
manuscript and refer now to insulator-like protein"). In eukaryotes, CTCF loop formation is thought 
to require the loop extrusion activity of cohesin. Also CTCF loop formation displays orientational 
selectivity (Rok doesn't). Thus, I don't see the parallel between Rok and CTCF apart from the fact 
that they both form corner domain interactions. 

As mentioned in response to the first point, we understand the reviewer’s issue with the reference 
to Rok as an insulator-like protein, and such references have now been removed. However, we and 
other reviewers feel that a discussion on the similarities and differences between Rok and insulator 
proteins is valid and of interest to a general audience. 

 

- Despite the new data with Rok mutants, I don't think the authors provide enough evidence that the 
DNA binding activity and the multimerization domains of Rok are sufficient for the formation of 
loops. The action of another factor that would mediate these looping interactions cannot be ruled 
out from the results in this manuscript (this would require an in vitro dissection of the system). 

We cannot eliminate that other factors may aid in chromosomal loop formation via Rok and have 
clearly mentioned this in the manuscript before (Line 351--352). Below the reviewer points out that 
DnaA might also be a factor contributing to the activity of Rok since ChIP-seq data have shown that 
DnaA is associated with Rok binding sites, but DnaA does not require its DNA binding domain for this 
activity, which led to the suggestion that Rok and DnaA may interact in-vivo16.  To test whether DnaA 
is required for chromosomal loop formation by Rok, we have performed a chromosome capture 
experiment with a DnaA mutant. This experiment shows that DnaA is not essential for the loop 
formation activity of Rok (Supplementary Fig. 13). See also our detailed reply to the specific points 
on DnaA raised below. 

 

- The discussion is very vague and it is not clear whether the authors think there is a role of Rok in 
the regulation of replication or not (see ln 326-332). I would recommend this lead to be followed or 
abandoned. 

We have provided new chromosome capture data of exponentially growing cells after blocking 
replication to further shed light on the effect of DNA replication and chromosomal loop formation 
via Rok. These new results have been added as Supplementary Fig. 5 (also see our reply to point 1 of 
reviewer 1).  
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- Transcription factories in eukaryotes are not necessarily 'based on attachment to the nuclear 
lamina/matrix' as the authors claim in their rebuttal letter. Also, there is evidence for clustering of 
RNAP in bacteria (e.g. see literature from the Kapanidis/Xiao labs) in contrast to the claim of the 
authors that 'transcription factories have been defined in eukaryotes only'. 

Firstly, we would like to state that we have not mentioned transcription factories in our manuscript, 
but only in the rebuttal letter, and we think that a discussion on potential transcription factories is 
not helpful in interpreting our data. 

The results from the Kapanidis/Xiao labs are interesting but the idea of transcription factories in 
bacteria still remain a conjecture17, and we do not find it evident that our data supports transcription 
factories. Adding this aspect to the manuscript will likely confuse the readers. 

 

- There is no clear link between transcription and chromosome organization from the results in the 
paper. For instance, the interpretation of the cluster 8 shuffling experiments are that loops/borders 
can be introduced without transcription. Also it seems removal of Rok leads to minor changes in 
transcription despite the large changes in Rok-loops/borders. Despite this, the authors claim that 
"...the effect we observe is spread out over several hundred genes around the cluster 1 and 3, which 
links genome organization by Rok to transcriptional effects.". 

A similar point was also made by Reviewer 1. We agree with the Reviewers that the transcriptional 
changes are small, but importantly, they are spread across hundreds of genes. Whether the effect on 
transcription has a clear biological role remains to be established and may not be the primary 
function of Rok. We have formulated this more carefully in the revised manuscript (Line 309-315 and 
367-369) 

 

- Ref 1 remarks that Rok loops are not visible in exponential phase and provides a rationale for why 
this may not happen. This involves the presence of additional factors. The authors do not provide 
any additional experimental evidence to answer this question, but instead suggest that fast cycles of 
replication may be the cause. This could be the case of the loops involving the origin region but not 
those in the terminus (as copy number in terminus remain constant despite changes in growth 
rates). Also, if they want to put forward this hypothesis, I would have expected experimental 
support (e.g. by inhibiting replication using mutant strains). 

We agree and we have now performed this experiment by arresting replication by use of an 
antibiotic (hydroxyurea) that arrests replisome by depleting the dNTP pool. These new results 
support Rok mediated chromosomal loop formation upon replication inhibition at exponential phase 
(see also reply to remark 1 of reviewer 1). 

 

- The same referee points out that Rok and DnaA (the replication initiation protein in Bacillus) have 
common binding sites. This is very relevant because previous Hi-C studies have shown that regions 
containing DnaA binding sites can form specific loops (Marbouty, 2015). Thus, determining the role 
of DnaA/ other replication proteins in the formation of the loops annotated here as 'Rok-loops' is 
key. This is not addressed by the revision. 

The potential Rok and DnaA interaction has been analysed in detail by Seid et. al, 201716. DnaA only 
binds to 6 well defined sites on the B. subtilis chromosome using its DNA binding domain and these 
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sites have no overlap with the 250 Rok bound sites (Fig. 4 from Seid et. al., 2017). Furthermore, Rok 
ChIP assay upon DnaA deletion or overexpression had no effect on Rok binding to the chromosome 
(Fig. S5 from Seid et. al., 2017). Finally, they showed that DnaA does not bind DNA at Rok bound 
sites since the DNA binding motif of DnaA is dispensable for the observed enrichment of Rok sites in 
DnaA ChIP data. 

Nevertheless, we have now performed chromosome capture on a DnaA mutant at both exponential 
and stationary phase. Since DnaA is essential for DNA replication in B. subtilis, we have used a strain 
that uses a plasmid replication initiation factor RepN to drive replication18. With this strain we still 
observed chromosomal loop formation between Rok clusters in this strain in stationary phase. This 
shows that DnaA is not essential for Rok mediated chromosomal loop formation (Supplementary Fig. 
13). 

Concerning the Marbouty reference, we are of the opinion that the reviewer is overinterpreting the 
data presented in that paper19. In Fig. 2 of that paper, the authors show one corner peak in the Hi-C 
map (100 kb apart), which was linked to binding of at least 3 proteins according to their ChIP-seq 
data: SMC, DnaA and ParB. No corner peaks were observed between the other sites bound by DnaA 
(both in Marbouty 2015 or our study) and no further analysis was performed to link this observation 
to any of these three proteins.  

 

- If there are 250 binding sites for Rok, why are loops only observed between a very small set of 
binding sites? There must be other factors involved otherwise I do not understand the mechanism 
proposed by the authors 

As we have pointed out in our manuscript (Fig. 2), Rok clusters are formed at loci with a much higher 
density (3x) of Rok binding motifs. This is not unexpected since Rok has the capacity to form 
multimers which greatly stimulate cooperativity in DNA binding. Indeed, all Rok clusters show much 
higher coverage of the bound DNA (Rok ChIP seq), when compared to non-cluster Rok bound sites 
(Fig. 2a and Supplementary Fig. 1b). Therefore more isolated and weaker Rok binding sites will not 
participate in the interaction of these clusters when they interact, resulting in the large DNA loops 
that we describe. Concerning the remark that there must be other factors involved; this is indeed 
the case as we have already shown that SMC modulates Rok mediated chromosomal loop formation. 
Whether there are other factors involved, we can of course not exclude, as is mentioned in the 
revised discussion (line 350-358). 

 

- Role of SMC. The authors now provide a Hi-C experiment in absence of SMC. In this mutant, the 
interaction between replichore arms is known to vanish (Wang, 2015; Marbouty, 2015). But why do 
the interactions between Rok sites also completely disappear? If the simple model of Rok oligomers 
bridging long-range contacts was true, then one would expect a decrease in loop strength, or the 
formation of alternative loops between Rok sites in the same arm. 

This is an interesting question, and we do not have a clear answer for this yet. Many biological 
interactions are cooperative resulting in sigmoidal response instead of a graded response. Maybe 
something comparable is happening here. Maybe the initiation of looping requires close proximity of 
Rok cluster sites for a certain period of time which is provided by the SMC complex. This is clearly 
food for future studies. 
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- In Fig. 6 it is apparent that Rok site 3 forms very strong interactions with a locus that is beyond Rok 
site 2. These interactions also vanish in the Rok deletion mutant strain. This points to a role of other 
factors in the formation of loops, or in pleiotropic effects in the Rok deletion mutant. Ruling this out 
is critical to their interpretation that 'Rok mediates long-range chromosomal interactions by 
multimerization'. 

The additional Rok-bound site between cluster 2 and 3 has already been addressed/shown in Fig. 4 
and  Supplementary Fig. 7 (both prior to Fig. 6) and mentioned it in the manuscript (Line 178-181).  
To be more clear, we have now marked this site between Rok cluster 2 and 3 clearly in Fig. 4 and 
referred it to Supplementary Fig. 7 in the legend. Again, we do not rule out that other factors are 
important for DNA looping, but if we remove Rok all the Rok clusters and long range chromosomal 
loops completely disappear. 

 

- For me the interpretation of Rok-GFP loci still remains elusive. How come there are 250 binding 
sites of Rok, 8 clusters, and still the authors observe only 2-3 clusters of Rok-GFP per cell? The new 
explanations provided by the authors do not shed light into this. 

In Fig. 2, we have shown that Rok clusters harbour much higher density of high affinity Rok binding 
sites (3x more compared to other non-cluster Rok binding sites). Higher density of binding sites leads 
to more accumulation of Rok-GFP at the cluster sites, which will be enhanced by the oligomerisation 
capacity of Rok, making these sites most visible with fluorescence microscopy. In fact, a similar case 
is seen for RNAP in bacteria. Fluorescence microscopy observation of RNA polymerase shows only a 
few clusters that overlap with rRNA loci20,21. This is not because RNA polymerase is only associated 
with rRNA loci but because rRNA gene are the most strongly transcribed genes under active growth 
and eclipses other transcription units bound by RNAP. 

 

- The new data where RC8 was removed and shifted to a new location are very nice and convincingly 
show that insertion of an ectopic Rok cluster creates a loop with a neighboring cluster and at the 
same time creates a CID border. The authors indicate that they removed the promoter of the 
operon. However, this does not rule out the possibility that the genes in the operon are 
transcriptionally inactive by another promoter. In that case, expression of the operon can lead to the 
formation of a CID as shown in other cases (e.g. Le et al.). This is such an important result in the 
manuscript that I would recommend qPCR to rule out that transcription is playing a role in looping or 
formation of a CID border. 

We agree with the reviewer on the importance of this result and have provided additional RNA-seq 
data for wild type, the RC8 deletion and the two relocated strains to substantiate our point. We 
prefer RNA-seq over qPCR as it fully confirms the presence or absence of internal transcriptional 
start site and also provides data for relative strength of transcription. 

Previous RNA-seq data have shown that primarily the first gene (yybN) of this operon is transcribed 
as the operon harbours a terminator at the end of yybN gene22. No other promoter is present that 
can drive the expression of rest of the genes in the operon (www.subtiwiki.uni-
goettingen.de/v4/gene?id=5A68286ADFB1B334DC626612C74D03AE4DBAF0A7). Our RNA seq data 
confirms this observation in wild type cells and shows a loss of transcription in the rest of the 3 
strains (RC8 deletion and the relocated strains). This data has now been included as Supplementary 
Fig. 10c in the revised manuscript. 
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Supplementary Figure 5. 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 (1 mg/ml). The interaction between Rok clusters 1 and 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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Supplementary Figure 13. Role of DnaA in Rok mediated chromosomal loop formation 

A) Normalized Hi-C contact maps of wild type and dnaA deletion strains at exponential phase. 

B) Normalized Hi-C contact maps of wild type, dnaA deletion and rok deletion strains at 

stationary phase. The interaction between Rok clusters 1 and 7/8 is shown in the inset. 
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Supplementary Figure 10C 

C) 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 SubtiWiki2 is marked in the 

annotation below. 
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