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1st Editorial Decision 27th Sep 2021

Dear Prof. Jensen,

Thank you again for the submission of your manuscript entitled "Novel transient cytoplasmic rings stabilize assembling bacterial
flagellar motors" and for your patience during the review process. We have now received the reports from the referees, which |
copy below.

As you can see from their comments, all four referees are very positive towards your work and although they point out to some
concerns that will require your attention before your manuscript can be published, most of them are relatively minor.

Based on the overall interest expressed in the reports, | would like to invite you to address the comments of all referees in a
revised version of the manuscript for The EMBO Journal. | should add that it is our policy to allow only a single major round of
revision and that it is therefore important to resolve the main concerns at this stage. As already mentioned, | believe the
concerns of the referees are reasonable and addressable, but we are aware that many laboratories cannot function at full
efficiency during the current COVID-19/SARS-CoV-2 pandemic, so contact me if you have any questions, need further input on
the referee comments or if you anticipate any problems in addressing any of their points. Please, follow the instructions below
when preparing your manuscript for resubmission.

I would also like to point out that as a matter of policy, competing manuscripts published during this period will not be taken into
consideration in our assessment of the novelty presented by your study ("scooping" protection). We have extended this
'scooping protection policy' beyond the usual 3 month revision timeline to cover the period required for a full revision to address
the essential experimental issues. Please contact me if you see a paper with related content published elsewhere to discuss the
appropriate course of action.

When preparing your letter of response to the referees’' comments, please bear in mind that this will form part of the Review
Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process,
please visit our website: https://www.embopress.org/page/journal/14602075/authorguide#transparentprocess

Again, please contact me at any time during revision if you need any help or have further questions.

Thank you very much again for the opportunity to consider your work for publication. | look forward to your revision.

Best regards,

David

David del Alamo, PhD.
Editor
The EMBO Journal

When submitting your revised manuscript, please carefully review the instructions below and include the following items:

1) a .docx formatted version of the manuscript text (including legends for main figures, EV figures and tables). Please make sure
that the changes are highlighted to be clearly visible.

2) individual production quality figure files as .eps, .if, .jpg (one file per figure).

3) a .docx formatted letter INCLUDING the reviewers' reports and your detailed point-by-point response to their comments. As
part of the EMBO Press transparent editorial process, the point-by-point response is part of the Review Process File (RPF),
which will be published alongside your paper.

4) a complete author checklist, which you can download from our author guidelines (https://wol-prod-cdn.literatumonline.com/pb-
assets/embo-site/Author Checklist%20-%20EMBO%20J-1561436015657.xIsx). Please insert information in the checklist that is
also reflected in the manuscript. The completed author checklist will also be part of the RPF.

5) Please note that all corresponding authors are required to supply an ORCID ID for their name upon submission of a revised
manuscript.

6) We require a 'Data Availability' section after the Materials and Methods. Before submitting your revision, primary datasets
produced in this study need to be deposited in an appropriate public database, and the accession numbers and database listed
under 'Data Availability'. Please remember to provide a reviewer password if the datasets are not yet public (see



https://www.embopress.org/page/journal/14602075/authorguide#datadeposition). If no data deposition in external databases is
needed for this paper, please then state in this section: This study includes no data deposited in external repositories. Note that
the Data Availability Section is restricted to new primary data that are part of this study.

Note - All links should resolve to a page where the data can be accessed.

7) When assembling figures, please refer to our figure preparation guideline in order to ensure proper formatting and readability
in print as well as on screen:
http://bit.ly/EMBOPressFigurePreparationGuideline

Please remember: Digital image enhancement is acceptable practice, as long as it accurately represents the original data and
conforms to community standards. If a figure has been subjected to significant electronic manipulation, this must be noted in the
figure legend or in the 'Materials and Methods' section. The editors reserve the right to request original versions of figures and
the original images that were used to assemble the figure.

8) For data quantification: please specify the name of the statistical test used to generate error bars and P values, the number
(n) of independent experiments (specify technical or biological replicates) underlying each data point and the test used to
calculate p-values in each figure legend. The figure legends should contain a basic description of n, P and the test applied.
Graphs must include a description of the bars and the error bars (s.d., s.e.m.).

9) We would also encourage you to include the source data for figure panels that show essential data. Numerical data can be
provided as individual .xlIs or .csv files (including a tab describing the data). For 'blots’ or microscopy, uncropped images should
be submitted (using a zip archive or a single pdf per main figure if multiple images need to be supplied for one panel). Additional
information on source data and instruction on how to label the files are available at .

10) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable
online (see examples in https://www.embopress.org/doi/10.15252/embj.201695874). A maximum of 5 EV Figures can be
typeset. EV Figures should be cited as 'Figure EV1, Figure EV2" etc. in the text and their respective legends should be included
in the main text after the legends of regular figures.

- For the figures that you do NOT wish to display as Expanded View figures, they should be bundled together with their legends
in a single PDF file called *Appendix*, which should start with a short Table of Content. Appendix figures should be referred to in
the main text as: "Appendix Figure S1, Appendix Figure S2" etc. See detailed instructions regarding expanded view here: .

- Additional Tables/Datasets should be labelled and referred to as Table EV1, Dataset EV1, etc. Legends have to be provided in
a separate tab in case of .xls files. Alternatively, the legend can be supplied as a separate text file (README) and zipped
together with the Table/Dataset file.

11) Our journal encourages inclusion of *data citations in the reference list* to directly cite datasets that were re-used and
obtained from public databases. Data citations in the article text are distinct from normal bibliographical citations and should
directly link to the database records from which the data can be accessed. In the main text, data citations are formatted as
follows: "Data ref: Smith et al, 2001" or "Data ref: NCBI Sequence Read Archive PRINA342805, 2017". In the Reference list,
data citations must be labeled with "[DATASET]". A data reference must provide the database name, accession
number/identifiers and a resolvable link to the landing page from which the data can be accessed at the end of the reference.
Detailed instructions are available at .

Further information is available in our Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide

Revision to The EMBO Journal should be submitted online within 90 days, unless an extension has been requested and
approved by the editor; please click on the link below to submit the revision online before 26th Dec 2021:

Link Not Available

Referee #1:

In this study, Kaplan and colleagues analyze different assembly states of flagellar motors of diverse species. They show that
assembly intermediates of a subset of these motors contain additional cytoplasmic rings that are required for stator ring
assembly, and that FliO and FliQ are required for the assembly of the cytoplasmic rings.

Overall, this is an interesting and well worked out study, and the results will be of interest to microbiologists and molecular



biologists interested in flagellar biology and biomolecular machines.

My main remarks are the following:
There are no resolution assessments for the tomography and subtomogram averaging work, which makes it difficult to evaluate
the level of detail of the reconstructions.

A main drawback of the (inherent) lack of resolution is that the extra components cannot be identified. Did the authors try to
perform any bioinformatics searches for candidate genes encoding the proteins making up the extra rings?

Minor point:
L56 "inside-fashion": | guess this should be "inside-out fashion"?

Referee #2:

This study employs powerful tomographic methods together with a comparative (species-comparison) approach to very good
effect. The images demonstrate the occurrence of features that occur only in motors of species that encounter high loads, at
only certain stages of assembly. | believe the results convincingly establish the appearance then disappearance (or
movement/motional blurring) of novel ring features that contact the top of the C-ring. Appearance of the ring features correlate
with features in the periplasm that are believed to stabilize the stators (structures that are presumably necessitated by operation
at high torque). The presentation is very clear, especially considering the number of different complexes, proteins, and species
involved and the attendant possibilities for confusion. Together, the results provide significant advance in our understanding of
flagellar assembly, specifically establishing a role for transient feature in orchestrating certain events. The likely involvement of
FliO and FliQ (components of the centrally-located type-Ill secretion apparatus) in forming the new ring features is quite
unexpected and raises interesting questions for further study.

Minor questions/concerns:

1. line 56. Was inside-out intended?

2. If just the MS-ring protein FliF is overproduced (in Salmonella), lots of MS-rings are formed. How does this fit with the idea
that MS ring forms only once the T3SS apparatus is formed?

3. In the section comparing FliP* with FliP* FliQ, | wondered about delta-fliQ cells. Do the 67-nm ring, stators, and lower cage
reappear when FliQ is absent but FliP is still present?

4. Fig. 5F. Are there some angled densities near where the cytoplasmic ring previously was?

5. Investigators who have been doing subtomogram averaging for many years have presumably developed an instinct for which
features are real and which are not, but for the naive reader, there are some mysteries. | wondered what criteria, or cutoffs, are
used to determine which features are to be highlighted in the schematics. | see additional features in the STA in 2F, e.g., which
are lighter than the highlighted feature and at larger radius. Are features such as this considered to be down in the noise?
Other examples are in 4A (angled densities between FIhA density and the cytoplasmic ring) and 4C (densities at smaller radius
than the highlighted cytoplasmic ring). How do we know what to ignore? A related point is that in panels where an STA is not
shown, it is harder to evaluate how accurately the schematic reflects the features present in an STA. Can STAs be shown for
those cases, or is there a basis for saying they don't need to be shown?

6. line 330. does CheY lock these motors in the CCW state or CW state? (Or one way in some species and the other way in
other species?) I think it's actually CW in Vibrio; not sure about the others.

7. that FliO and FIliQ themselves form the rings is suggested to be doubtful on the grounds that they are membrane proteins. But
there is an association between the rings and the formation of periplasmic structures, as if a membrane protein or proteins might
be involved; if parts of the proteins are in extended conformation, density might appear some distance from the membrane.

8. I was left wanting some specific proposals for how the new features might benefit flagellar assembly. Is it too soon to
speculate a bit about what's going on in terms of some specific mechanism for coordinating events in the cytoplasm (presence of
the upper C-ring) with events in the periplasm (beginning to assemble the stator-stabilizing structures)?

Referee #3:

The authors studied in situ structures of the bacterial flagellar basal bodies of diverse Proteobacteria that produce high-torque
motors by electron cryo-tomography and discovered novel cytoplasmic rings that interact with torque generating ring formed by
FliG and are present only transiently during flagellar assembly. These cytoplasmic rings assemble in the very early stage and
disappear after the stator units are assembled with their stabilizing rings in the periplasm. They also imaged many mutants in
Helicobacter pylori and identified that two of the core complex proteins of the flagellar type Ill protein export apparatus, FliO and
FliQ, are required for the assembly of these novel cytoplasmic rings.

It is well known that transient structures are present and required for bacterial flagellar assembly, such as the FlgJ cap for rod



assembly and the FIgD cap for hook assembly. However, this is the first discovery of a transient structure in the cytoplasm, and
this ring structure plays an essential role in the completion of high-torque flagellar motor assembly to make the motors
functional. This discovery was also made possible only by careful and elaborate in situ structural studies by electron cryo-
tomography.

Although images of subtomogram averages showing structural details of intermediate structures are not available in all cases
unfortunately due to small numbers of tomograms, and this makes it rather difficult for readers to make confident judgements on
the reliability of structural interpretations given by the authors in such cases where subtomogram averages are not available, the
main conclusion is well supported by the data presented in the manuscript. Therefore, this study certainly advances our
understanding of the complex and dynamic features of the flagellar assembly process.

Minor points:

1. Line 56: The authors probably meant "inside-out fashion".

2. Line 276: Fig. S2D is probably Fig. S4D.

3. Line 325: "the stators and their scaffolds" are mainly in the membrane and periplasm and not in the cytoplasm "to assemble
around the torque ring" formed by FIiG.

Referee #4:

In this paper, the authors use cry-electron tomography to characterise assembly intermediates of the bacterial flagellum in-situ.
Specifically, they identify a previously-unknown ring structure on the cytosolic side, present early during the assembly process
but not at later stages. Importantly, this structure is observed in a range of bacteria across the kingdom, suggesting that it
represents a fundamental element in flagellum assembly. While the exact nature of this ring remains unclear, this is nevertheless
a significant contribution in our understanding of flagellum biogenesis.

The main limitation of this work, is that in multiple instances, the authors did not identify enough of the studied sub-complexes to
perform sub-tomogram averaging; in those instances, it is often difficult to be certain that the structures described by the authors
are really there. For this reason, the authors should be a bit more cautious in their interpretation of the data in those cases.

Some major comments:

- In each species/mutants, it would be really helpful to describe how many of each assembly intermediates were observed, in
proportion to fully assembled flagella. A table recapitulating this would be very helpful.

- The authors should also specify if the various bacteria are Monotrichous, ampbhitrichous or peritrichous.

- The attribution of density is done by comparison with Salmonella/e.coli, where mutants or high-resolution structures have been
reported. This is a reasonable assumption, but in the absence of mutants in the species described here, this remains
speculative. | do not suggest that the authors do all the mutants to validate the attribution of the corresponding denisties, but a
more cautious tone should be adopted throughout.

- For the fliP* H. Pylori strain, the authors report a smaller diameter for the complex. Based on the dimensions, and considering
the existing high-resolution structure of the basal body (MS ring in particular), could the authors speculate on what the
stoichiometry might be for FliF and Flig, for WT Vs flip*?

- | did not find any information about any of the sub-tomogram averaging being deposited in the EMDB. One could argue that
some of them only include few particles in the average, but at least the fliP* mutant, where Flip and FliC are docked, should be
deposited.

- Why does the MS complex looks different in the dFIhBc Vs dFIhAc C. Jejuni (figure 4)?

- As mentioned above, for the mutants where sub-tomogram averaging could not be obtained, densities are very difficult to see;
in particular for figures 3B, 5B and 5E, | cannot confidently see the C-ring, unless other evidence is provided | would argue that
these could also be the flIT3SScc sub-complex. For those cases, the confidence of the conclusions should be toned down.

Minor comments:

Line 56: | think the authors mean "inside-out fashion"?

Lines 112-113: For clarity, the authors should specify which bacterial species/phyla are used.
Line 276: Should be S4D, not S2D



1st Authors' Response to Reviewers 25th Dec 2021

Point-by-point response to the referees’ comments

Referee 1:

In this study, Kaplan and colleagues analyze different assembly states of flagellar motors of
diverse species. They show that assembly intermediates of a subset of these motors contain
additional cytoplasmic rings that are required for stator ring assembly, and that FliO and FliQ
are required for the assembly of the cytoplasmic rings.

Overall, this is an interesting and well worked out study, and the results will be of interest to
microbiologists and molecular biologists interested in flagellar biology and biomolecular
machines.

We thank the reviewer for her/his insightful and constructive comments that allowed us to
improve our manuscript.

My main remarks are the following:
There are no resolution assessments for the tomography and subtomogram averaging work,
which makes it difficult to evaluate the level of detail of the reconstructions.

We have added FSC curves for all subtomogram averages with more than 50 particles as new
Figures EV2, EV6, EV9 and EV10. Based on these curves, these averages have resolutions of ~6-7
nm.

A main drawback of the (inherent) lack of resolution is that the extra components cannot be
identified. Did the authors try to perform any bioinformatics searches for candidate genes
encoding the proteins making up the extra rings?

We indeed tried to use bioinformatics to identify candidates for the extra rings, but there are
challenges to this approach. First, flagellar genes are not always clustered and the organization
of clusters varies between species (Liu & Ochman, 2007). This makes it difficult to identify
potential candidates. For example, when we examined the gene context of fliM using S.
oneidensis as a reference, we found that it varied widely among species in which we identified
the rings (see figure below). Second, we lack a clear negative control (a species where the rings
are definitely not associated with motor assembly). For these reasons, we cannot speculate at
this stage what protein(s) form these extra rings, but we hope that this will be the subject of
future study.
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Figure: Gene context of fliM for S. oneidensis (A) and other organisms in this study (B). Genes
encoding known components of the flagellar motor are color coded.

Minor point:
L56 "inside-fashion": | guess this should be "inside-out fashion"?

Corrected.



Referee 2:

This study employs powerful tomographic methods together with a comparative (species-
comparison) approach to very good effect. The images demonstrate the occurrence of
features that occur only in motors of species that encounter high loads, at only certain stages
of assembly. | believe the results convincingly establish the appearance then disappearance
(or movement/motional blurring) of novel ring features that contact the top of the C-ring.
Appearance of the ring features correlate with features in the periplasm that are believed to
stabilize the stators (structures that are presumably necessitated by operation at high
torque). The presentation is very clear, especially considering the number of different
complexes, proteins, and species involved and the attendant possibilities for confusion.
Together, the results provide significant advance in our understanding of flagellar assembly,
specifically establishing a role for transient feature in orchestrating certain events. The likely
involvement of FliO and FliQ (components of the centrally-located type-Iil secretion
apparatus) in forming the new ring features is quite unexpected and raises interesting
questions for further study.

We thank the reviewer for her/his insightful and constructive comments that allowed us to
improve our manuscript.

Minor questions/concerns:
1. line 56. Was inside-out intended?

Yes, we have corrected this typo.

2. If just the MS-ring protein FIiF is overproduced (in Salmonella), lots of MS-rings are formed.
How does this fit with the idea that MS ring forms only once the T3SS apparatus is formed?

In our cryo-ET data, we also see that the MS- and C-rings (along with some periplasmic
components) can still assemble in the absence of a fully-assembled T3SS apparatus. This is
evident in H. pylori and C. jejuni mutants that we imaged in this study (for example, see the MS-
complex of H. pylori fliP* in Fig. 3E). As we discuss in the manuscript, this might reflect different
evolutionary histories of these subcomplexes (see lines 408-412 in the manuscript). However, it
raises an intriguing question: if the MS-ring can assemble in the absence of a fully-assembled
T3SS apparatus (as in H. pylori fliP*), then how does it (the MS-ring) normally assemble around
the T3SS in wild-type cells? To highlight this question, we have added the following sentence to
the manuscript:

“This ability of the MS-ring to assemble independently of a fully-assembled fT3SScc in these
mutants raises the question of how FIiF finds and assembles around the fT3SScc in wild-type
cells.” (lines 395-396)



In addition, we investigated a new mutant, H. pylori AfliF fliP*, which lacks the MS-ring protein
FliF. We collected 455 new cryo-tomograms and failed to identify any flagellar-related
complexes in these cells. We added these new results to the revised manuscript.

3. In the section comparing FliP* with FliP* FliQ, | wondered about delta-fliQ cells. Do the 67-
nm ring, stators, and lower cage reappear when FliQ is absent but FliP is still present?

This is an excellent question. We do not have a AfliQ mutant in a wild-type FliP background (all
the mutants in this study were constructed in the fliP* background in order to capture early
flagellar intermediates), but in future work we hope to study the effect of AfliQ, and other
mutants, in cells with functional FliP.

4. Fig. 5F. Are there some angled densities near where the cytoplasmic ring previously was?

Yes, there are some rather washed-out densities there. One possible explanation is that some
of the particles have (parts of) the C-ring assembled, but we cannot be sure. We have now
added this point to the text:

“Nonetheless, some faint, angled densities were present in the MS-complex in this mutant, in the
location where the novel rings would otherwise appear (Fig. 5F, middle panel).” (lines 276-277).

5. Investigators who have been doing subtomogram averaging for many years have
presumably developed an instinct for which features are real and which are not, but for the
naive reader, there are some mysteries. | wondered what criteria, or cutoffs, are used to
determine which features are to be highlighted in the schematics. | see additional features in
the STA in 2F, e.g., which are lighter than the highlighted feature and at larger radius. Are
features such as this considered to be down in the noise?

Other examples are in 4A (angled densities between FIhA density and the cytoplasmic ring)
and 4C (densities at smaller radius than the highlighted cytoplasmic ring). How do we know
what to ignore? A related point is that in panels where an STA is not shown, it is harder to
evaluate how accurately the schematic reflects the features present in an STA. Can STAs be
shown for those cases, or is there a basis for saying they don't need to be shown?

We thank the reviewer for raising this important point. The three examples mentioned all
average a low number of particles. In such cases, we interpret only the parts of the average that
are unambiguously above the noise (for example the novel cytoplasmic ring in Fig. 2F, which is
also unambiguously present at other stages like Fig. 2D). For fainter densities, like the ones at a
larger radius in Fig 2F, we can’t exclude that they originate from noise due to the low number
of particles in this average (the same applies for the averages shown in 4A and 4C).
Unfortunately, this is a limitation of imaging transient intermediates in wild-type cells (the 7
particles in Fig. 2F came from 76 tomograms). In addition, some intermediates are less
abundant than others, which might be related to the dynamics of flagellar assembly (where
some stages are short-lived compared to others). When only one or a few examples are



available, we cannot calculate an STA. In schematics of these complexes, to the best of our
ability, we highlight only the unambiguous features that we can identify. In response to
reviewer feedback (see our response to Referee 4 below), we now explicitly point out that
conclusions based on individual examples are tentative.

We have also added this statement to the beginning of the Results section:
“Note that schematics and interpretation of complexes where not enough examples were found to
produce a subtomogram average are tentative.” (lines 131-133).

6. line 330. does CheY lock these motors in the CCW state or CW state? (Or one way in some
species and the other way in other species?) | think it's actually CW in Vibrio; not sure about
the others.

Thank you, it should be a clockwise state. We have corrected this sentence in the revised
manuscript.

7. that FliO and FliQ themselves form the rings is suggested to be doubtful on the grounds
that they are membrane proteins. But there is an association between the rings and the
formation of periplasmic structures, as if a membrane protein or proteins might be involved;
if parts of the proteins are in extended conformation, density might appear some distance
from the membrane.

Previous biochemical studies suggest that FliQ is present in a monomeric form in the fT3SScc
and FliO is required for fT3SScc assembly but disassociates as soon as it is formed (see (Fabiani
et al, 2017; Fukumura et al, 2017)). Together with previous studies indicating a regulatory role
for FliO in the expression of other flagellar genes in H. pylori (see (Tsang & Hoover, 2014)) this
leads us to hypothesize that these proteins do not form the rings themselves. However, as the
reviewer points out, we cannot exclude the alternative possibility, so we have added the
following to the manuscript:

“As both FliO and FliQ are transmembrane proteins, we postulate that these fT3SScc proteins are
involved in regulating other proteins that form (or are required to form) the rings, rather than
forming the rings directly. Previous biochemical studies have indicated a regulatory role for FIliO
in H. pylori, where it is required for the optimal expression of other flagellar genes (Tsang &
Hoover, 2014). However, direct physical involvement of these proteins in the formation of the
novel cytoplasmic rings cannot be totally excluded.” (lines 337-343).

8. 1 was left wanting some specific proposals for how the new features might benefit flagellar
assembly. Is it too soon to speculate a bit about what's going on in terms of some specific
mechanism for coordinating events in the cytoplasm (presence of the upper C-ring) with
events in the periplasm (beginning to assemble the stator-stabilizing structures)?



Our current hypothesis is that these rings might be required in high-torque motors to induce a
conformational change in FliG that facilitates its interaction with the stators (MotA), stabilizing
them until their periplasmic scaffolds assemble. It is interesting that these rings have not been
observed in E. coli and Salmonella (which have variable number of stators depending on the
viscosity of the external environment, see (Lele et al, 2013)). This might be because: 1) the rings
are only present in motors with a stable stator ring, or 2) the rings are also present in E. coli and
Salmonella but were lost during purification of assembly intermediates in previous studies
(Kubori et al, 1992). Future studies, including in situ cryo-ET imaging of E. coli and Salmonella,
should shed light on the rings” mechanism. We have added the following discussion to the
revised manuscript:

“It is possible that these rings lock FliG in a certain conformation that stabilizes the stators before
other periplasmic scaffolds are built in high-torque motors. Previous studies on the motor of S.
enterica, which does not have a fixed stator ring but rather a variable number of stators depending
on the external environment, did not report these rings (Kubori et al, 1992). This could be either
because the novel rings are found only in high-torque motors with a stable stator ring and absent
in E. coli and S. enterica, or because they were lost in purification of assembly intermediates in S.
enterica. ” lines (358-364).



Referee 3:

The authors studied in situ structures of the bacterial flagellar basal bodies of diverse
Proteobacteria that produce high-torque motors by electron cryo-tomography and discovered
novel cytoplasmic rings that interact with torque generating ring formed by FliG and are
present only transiently during flagellar assembly. These cytoplasmic rings assemble in the
very early stage and disappear after the stator units are assembled with their stabilizing rings
in the periplasm. They also imaged many mutants in Helicobacter pylori and identified that
two of the core complex proteins of the flagellar type lll protein export apparatus, FliO and
FliQ, are required for the assembly of these novel cytoplasmic rings.

It is well known that transient structures are present and required for bacterial flagellar
assembly, such as the FlgJ cap for rod assembly and the FigD cap for hook assembly. However,
this is the first discovery of a transient structure in the cytoplasm, and this ring structure plays
an essential role in the completion of high-torque flagellar motor assembly to make the
motors functional. This discovery was also made possible only by careful and elaborate in situ
structural studies by electron cryo-tomography.

Although images of subtomogram averages showing structural details of intermediate
structures are not available in all cases unfortunately due to small numbers of tomograms,
and this makes it rather difficult for readers to make confident judgements on the reliability
of structural interpretations given by the authors in such cases where subtomogram averages
are not available, the main conclusion is well supported by the data presented in the
manuscript. Therefore, this study certainly advances our understanding of the complex and
dynamic features of the flagellar assembly process.

We thank the reviewer for her/his insightful and constructive positive comments that helped us
to improve our manuscript. Regarding the interpretation of intermediates with too few

examples to average, please see our response to Referee 2 above.

Minor points:
1. Line 56: The authors probably meant "inside-out fashion".

Corrected.
2. Line 276: Fig. S2D is probably Fig. S4D.
Corrected.

3. Line 325: "the stators and their scaffolds" are mainly in the membrane and periplasm and
not in the cytoplasm "to assemble around the torque ring" formed by FliG.

Thank you, this sentence was inaccurate. We have corrected this section to read:



“It is possible that these rings lock FliG in a certain conformation that stabilizes the stators before
other periplasmic scaffolds are built in high-torque motors. Previous studies on the motor of S.
enterica, which does not have a fixed stator ring but rather a variable number of stators depending
on the external environment, did not report these rings (Kubori et al, 1992). This could be either
because the novel rings are found only in high-torque motors with a stable stator ring and absent
in E. coli and S. enterica, or because they were lost in purification of assembly intermediates in S.
enterica. ” lines (358-364).



Referee 4:

In this paper, the authors use cry-electron tomography to characterise assembly
intermediates of the bacterial flagellum in-situ. Specifically, they identify a previously-
unknown ring structure on the cytosolic side, present early during the assembly process but
not at later stages. Importantly, this structure is observed in a range of bacteria across the
kingdom, suggesting that it represents a fundamental element in flagellum assembly. While
the exact nature of this ring remains unclear, this is nevertheless a significant contribution in
our understanding of flagellum biogenesis.

The main limitation of this work, is that in multiple instances, the authors did not identify
enough of the studied sub-complexes to perform sub-tomogram averaging; in those
instances, it is often difficult to be certain that the structures described by the authors are
really there. For this reason, the authors should be a bit more cautious in their interpretation
of the data in those cases.

We thank the reviewer for insightful comments that helped us to improve our manuscript. As
discussed in response to Referee 2 above, we have now modified the manuscript to use more
tentative language in the cases where no sub-tomogram averages are available.

Some major comments:

- In each species/mutants, it would be really helpful to describe how many of each assembly
intermediates were observed, in proportion to fully assembled flagella. A table recapitulating
this would be very helpful.

Done. We added Table 1 to the revised manuscript, detailing how many tomograms were
collected and how many examples of each assembly stage were identified in each species.

- The authors should also specify if the various bacteria are Monotrichous, amphitrichous or
peritrichous.

Done. This information now appears in Expanded View Table 1 in the revised manuscript.

- The attribution of density is done by comparison with Salmonella/e.coli, where mutants or
high-resolution structures have been reported. This is a reasonable assumption, but in the
absence of mutants in the species described here, this remains speculative. | do not suggest
that the authors do all the mutants to validate the attribution of the corresponding denisties,
but a more cautious tone should be adopted throughout.

Agreed. We have modified our comparison of our MS-complex subtomogram average to the
high-resolution structure of the Salmonella MS-ring to read:



“The improved quality of the subtomogram average of the MS-complex in the fliP* strain allowed
us to tentatively assign densities to FliF and FliG (Fig. EV7), and compare our structure to
available high-resolution structures of the purified MS-ring (Johnson et al, 2020; Kawamoto et al,
2021). Manually fitting the high-resolution structure of the purified MS-ring from S. enterica (PDB
6SCN) (Johnson et al, 2020) into the average allowed us to provisionally assign densities to
different periplasmic domains including the drive-shaft-housing ring (the Beta collar), the C-ring
template (the ring building motif 3 (RBM3) ring) and the RBM2+RBM| rings. Additionally, fitting
the crystal structure of FliG (which is known to interact with FIiF) from Aquifex aeolicus (PDB
3HJL) (Lee et al, 2010) suggested that the dense ring directly surrounding the (here absent) FlhAc
densities probably contains the C-terminus of FIliF (FliFc) and the N- and middle domains of FliG
(FliGuy), while the peripheral ring contains the C-terminus of FliG (FliGc) (Fig. EV7).” (Lines
196-206).

- For the fliP* H. Pylori strain, the authors report a smaller diameter for the complex. Based
on the dimensions, and considering the existing high-resolution structure of the basal body
(MS ring in particular), could the authors speculate on what the stoichiometry might be for
FliF and Flig, for WT Vs flip*?

Recent high-resolution work has shown that FliF is capable of building rings with different
stoichiometries with only very minor structural changes required to build the various
symmetries (Johnson et al, 2020). For example, there is an increase of only 2.3 A in the
diameter of the B-collar of the MS-ring between the 34- and the 33-fold symmetries. Given that
the resolution of our average of the fliP* MS-ring (which is better than the corresponding WT
MS-ring) is ~6 nm (following the suggestion of Referee 1 above, Figures EV2, EV6, EV9 and EV10
now show the resolutions of our sub-tomogram averages), unfortunately we cannot speculate
on what symmetries these rings have.

- 1 did not find any information about any of the sub-tomogram averaging being deposited in
the EMDB. One could argue that some of them only include few particles in the average, but
at least the fliP* mutant, where Flip and FliC are docked, should be deposited.

We deposited all structures containing more than fifty particles to the EMDB and they will be
released upon publication of this work:

the MS-complex of H. pylori fliP*(EMD-25704), MS-complex of H. pylori AfliQ fliP*(EMD-25705),
MS-complex of H. pylori AfliM fliP* (EMD-25703), and fully assembled motor of H. gracilis
(EMD-25702). The reviewers can access this data by logging in to EMDB deposit system using
the following deposition ID’s:

D_1000261739 (EMD-25705)

D_1000261738 (EMD-25704)

D_1000261737 (EMD-25703)

D_1000261736 (EMD-25702)



The password is: rnapolymerase.
- Why does the MS complex looks different in the dFIhBc Vs dFIhAc C. Jejuni (figure 4)?

This is a good point and we do not know why. It could be because different components of the
fT3SScc are being assembled inside the MS-ring in these different mutants.

- As mentioned above, for the mutants where sub-tomogram averaging could not be
obtained, densities are very difficult to see; in particular for figures 3B, 5B and 5E, | cannot
confidently see the C-ring, unless other evidence is provided | would argue that these could
also be the fIT3SScc sub-complex. For those cases, the confidence of the conclusions should be
toned down.

We agree and now use tentative language when discussing these stages in the revised
manuscript. In addition, we added movies EV1-EV5, which scroll through the 3-D volumes of the
stages shown in Figures 2B, 2D, 3B, 5B and 5E, to help the reader see these complexes better
than in single 2-D projection figures.

The relevant sections of the revised manuscript now read:
“Note that schematics and interpretation of complexes where not enough examples were found to
produce a subtomogram average are tentative.” (lines 131-133).

“They were also not readily apparent in cryotomograms of the C-complex, although we did not
find enough examples of the complex for subtomogram averaging to definitively confirm this. In
fully-assembled H. pylori flagella, a periplasmic structure called the cage surrounds the rod and
the MS-ring and stabilizes the stator ring (Qin et al., 2017). In individual particles, we observed
density that may correspond to the lower part of this cage in the C-complex, suggesting that it is
assembled before the rest of the basal body (Fig. 3B and Movie EV3).” (lines 172-178).

“However, we saw no difference in the MS-complexes present in the AflgS fliP* strain compared
to fliP* (Fig. 5 A), nor in two individual examples of the C-complex (Fig. 5B and Movie EV4).”
(lines 250-252).

“Putative C- complexes in AfliQ fliP* cells additionally lacked the lower part of the cage and the

stators normally present at this stage (Fig. 5 E and Movie EV5), although not enough examples
were identified to produce a subtomogram average (see Table 1).” (lines 269-272)

Minor comments:
Line 56: I think the authors mean "inside-out fashion"?
Yes, corrected.

Lines 112-113: For clarity, the authors should specify which bacterial species/phyla are used.



Done (lines 122-124 of the revised manuscript).
Line 276: Should be $4D, not S2D

Corrected, thank you.
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1st Revision - Editorial Decision 24th Jan 2022

Dear Prof. Jensen,

Thank you for the submission of your revised manuscript to The EMBO Journal. The paper has been seen by two of the original
referees who now consider that you have properly dealt with all of their major concerns. However, before we can proceed with
the acceptance of your study, there are a couple of editorial issues that need your attention:

- Two of the datasets you provide (i.e., EMD-25702 and EMD-25705) do not seem to be accessible. Please check.

Please provide the paper's synopsis, composed of:

- a short 'blurb’ text summarizing in two sentences the study (max. 250 characters) and three to four 'bullet points' highlighting
the main findings. Bullet points and standfirst text should be submitted as a separate manuscript file in LaTeX, RTF or MS Word
format. This text has not been provided.

- A "synopsis image", which can be used as a "visual title" for the synopsis section of your paper. While you provide this image, it
needs to be resized. This figure must be in PNG or JPG format with pixel dimensions of 550 x 300-600 (width x height).

Please let me know if you have any further questions. Thank you again for giving us the chance to consider your manuscript for
The EMBO Journal and congratulations!

I look forward to receiving the final version of your manuscript with these minor changes included.
Yours sincerely,
David del Alamo

Editor
The EMBO Journal

Further information is available in our Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide
Please click on the link below to submit the revision online:

Link Not Available




2nd Authors' Response to Reviewers 31st Jan 2022

The authors performed the requested editorial changes.



2nd Revision - Editorial Decision 16th Feb 2022

Dear Prof. Jensen,
| am pleased to inform you that your manuscript has been accepted for publication in the EMBO Journal.

Unfortunately, the datasets EMD-25702 and EMD-25705 still seem to be inaccessible. Can you please check them and provide
a valid link?

Please note that it is EMBO Journal policy for the transcript of the editorial process (containing referee reports and your
response letter) to be published as an online supplement to each paper. If you do NOT want this, you will need to inform the
Editorial Office via email immediately. More information is available here:
https://www.embopress.org/page/journal/14602075/authorguide#transparentprocess

Your manuscript will be processed for publication in the journal by EMBO Press. Manuscripts in the PDF and electronic editions
of The EMBO Journal will be copy edited, and you will be provided with page proofs prior to publication. Please note that
supplementary information is not included in the proofs.

Please note that you will be contacted by Wiley Author Services to complete licensing and payment information. The required
'Page Charges Authorization Form' is available here: https://www.embopress.org/pb-assets/embo-site/tej_apc.pdf

Should you be planning a Press Release on your article, please get in contact with embojournal@wiley.com as early as
possible, in order to coordinate publication and release dates.

If you have any questions, please do not hesitate to call or email the Editorial Office. Thank you for your contribution to The
EMBO Journal.

Yours sincerely,
David del Alamo

Editor
The EMBO Journal
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This checklist is used to ensure good reporting standards and to improve the reproducibility of published results. These guidelines are
consistent with the Principles and Guidelines for Reporting Preclinical Research issued by the NIH in 2014. Please follow the journal’s
authorship guidelines in preparing your manuscript.

A- Figures
1. Data
The data shown in figures should satisfy the following conditions:

> the data were obtained and processed according to the field’s best practice and are presented to reflect the results of the
experiments in an accurate and unbiased manner.
figure panels include only data points, measurements or observations that can be compared to each other in a scientifically
meaningful wav.
graphs include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should
not be shown for technical replicates.
if n< 5, the individual data points from each experiment should be plotted and any statistical test employed should be
justified
Source Data should be included to report the data underlying graphs. Please follow the guidelines set out in the author ship
guidelines on Data Presentation.
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2. Captions
Each figure caption should contain the following information, for each panel where they are relevant:

a specification of the experimental system investigated (eg cell line, species name).

the assay(s) and method(s) used to carry out the reported observations and measurements

an explicit mention of the biological and chemical entity(ies) that are being measured.

an explicit mention of the biological and chemical entity(ies) that are altered/varied/perturbed in a controlled manner.

the exact sample size (n) for each experimental group/condition, given as a number, not a range;

a description of the sample collection allowing the reader to understand whether the samples represent technical or
biological replicates (including how many animals, litters, cultures, etc.).

a statement of how many times the experiment shown was independently replicated in the laboratory.

definitions of statistical methods and measures:

* common tests, such as t-test (please specify whether paired vs. unpaired), simple x2 tests, Wilcoxon and Mann-Whitney
tests, can be unambiguously identified by name only, but more complex techniques should be described in the methods
section;

are tests one-sided or two-sided?

are there adjustments for multiple comparisons?

exact statistical test results, e.g., P values = x but not P values < x;

definition of ‘center values’ as median or average;

definition of error bars as s.d. or s.e.m.
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Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

In the pink boxes below, please ensure that the answers to the following questions are reported in the manuscript itself.
Every question should be answered. If the question is not relevant to your research, please write NA (non applicable).

We encourage you to include a specific subsection in the methods section for statistics, reagents, animal models and human
subjects.

B- Statistics and general methods
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these boxes

(Do not worry if you cannot see all your text once you press retur!

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size? The number of cryo-tomograms collected for each species and mutant investigated in this study is
detailed in Table 1 in the manuscript

1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. N.A.

2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre- N.A.

established?

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. N.A.

randomization procedure)? If yes, please describe.

For animal studies, include a statement about randomization even if no randomization was used. N.A.

4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results |N.A.

(e.g. blinding of the investigator)? If yes please describe.

4.b. For animal studies, include a statement about blinding even if no blinding was done N.A.

5. For every figure, are statistical tests justified as appropriate? N.A.

Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it. N.A.

Is there an estimate of variation within each group of data? N.A.




Is the variance similar between the groups that are being statistically compared?

N.A.

C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog
number and/or clone number, supplementary information or reference to an antibody validation profile. e.g.,
Antibodypedia (see link list at top right), 1DegreeBio (see link list at top right).

N.A.

7. Identify the source of cell lines and report if they were recently authenticated (e.g., by STR profiling) and tested for
mycoplasma contamination.

Al the cell lines are detailed in the Materials and Methods section.

* for all hyperlinks, please see the table at the top right of the document

D- Animal Models

E- Human Subjects

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |N.A.
and husbandry conditions and the source of animals.

9. For experiments involving live vertebrates, include a statement of compliance with ethical regulations and identify the |N.A.
committee(s) approving the experiments.

10. We recommend consulting the ARRIVE guidelines (see link list at top right) (PLoS Biol. 8(6), €1000412, 2010) to ensure [N.A.
that other relevant aspects of animal studies are adequately reported. See author guidelines, under ‘Reporting

Guidelines’. See also: NIH (see link list at top right) and MRC (see link list at top right) recommendations. Please confirm
compliance.

11. Identify the committee(s) approving the study protocol. N.A.
12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments N.A.
conformed to the principles set out in the WMA Declaration of Helsinki and the Department of Health and Human

Services Belmont Report.

13. For publication of patient photos, include a statement confirming that consent to publish was obtained. N.A.
14. Report any restrictions on the availability (and/or on the use) of human data or samples. N.A.
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. N.A.
16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) [N.A.
and submit the CONSORT checklist (see link list at top right) with your submission. See author guidelines, under ‘Reporting
Guidelines’. Please confirm you have submitted this list.

17. For tumor marker prognostic studies, we recommend that you follow the REMARK reporting guidelines (see link list at [N.A.

top right). See author guidelines, under ‘Reporting Guidelines’. Please confirm you have followed these guidelines.

F- Data Accessibility

18: Provide a “Data Availability” section at the end of the Materials & Methods, listing the accession codes for data
generated in this study and deposited in a public database (e.g. RNA-Seq data: Gene Expression Omnibus GSE39462,
Proteomics data: PRIDE PXD000208 etc.) Please refer to our author guidelines for ‘Data Deposition’.

Data deposition in a public repository is mandatory for:
a. Protein, DNA and RNA sequences

b. Macromolecular structures

c. Crystallographic data for small molecules

d. Functional genomics data

e. Proteomics and molecular interactions

We deposited the following structures to the EMDB: 1) The MS-complex of H. pylori fliP* (EMD-
25704), 2) MS-complex of H. pylori AfliQ fliP*(EMD-25705), MS-complex of H. pylori AfliM fliP*
(EMD-25703), and fully assembled motor of H. gracilis (EMD-25702). These structures will be
released upon publication of this paper.

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

20. Access to human clinical and genomic datasets should be provided with as few restrictions as possible while respecting
ethical obligations to the patients and relevant medical and legal issues. If practically possible and compatible with the
individual consent agreement used in the study, such data should be deposited in one of the major public access-
controlled repositories such as dbGAP (see link list at top right) or EGA (see link list at top right).

N.A.

21. Computational models that are central and integral to a study should be shared without restrictions and provided in a
machine-readable form. The relevant accession numbers or links should be provided. When possible, standardized format
(SBML, CellML) should be used instead of scripts (e.g. MATLAB). Authors are strongly encouraged to follow the MIRIAM
guidelines (see link list at top right) and deposit their model in a public database such as Biomodels (see link list at top
right) or JWS Online (see link list at top right). If computer source code is provided with the paper, it should be deposited
in a public repository or included in supplementary information.

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top
right) and list of select agents and toxins (APHIS/CDC) (see link list at top right). According to our biosecurity guidelines,
provide a statement only if it could.

N.A.
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