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16th Oct 20201st Editorial Decision

Thank you for submit t ing your manuscript  for considerat ion by The EMBO Journal. We have now 
received three referee reports on your manuscript , which are included below for your informat ion. 

As you will see from the comments, all reviewers appreciate the work and the quality of the data, 
while also indicat ing a number of issues that would have to be addressed and clarified in the revised 
manuscript . Based on these posit ive evaluat ions, I would like to invite you to submit a revised 
version of your manuscript in response to reviewers' comments. 

We have extended our 'scooping protect ion policy' beyond the usual 3 month revision t imeline to 
cover the period required for a full revision to address the essent ial experimental issues. This means 
that compet ing manuscript s published during revision period will not negat ively impact on our 
assessment of the conceptual advance presented by your study. Please contact me if you see a 
paper with related content published elsewhere to discuss the appropriate course of act ion. 

Please feel free to contact me if you have any further quest ions regarding the revision. Thank you 
for the opportunity to consider your work for publicat ion. I look forward to receiving the revised 
manuscript .

----------------------------------------------- 

Referee #1: 

The manuscript ent it led "A novel pilus superfamily from the endospores of pathogenic Bacilli" by 
Pradhan et al. reports the funct ional and structural characterisat ion of a new type of pilus found on 
Bacillus endospores. This is a very nice work overall, report ing a significant finding (it is not every 
day that a new pilus is ident ified), but the text /presentat ion could be improved, which should not be 
too difficult . 

Major comments 

1. The legends to the figures are way too short  and imprecise. This needs to be addressed
throughout the text .

2. Make it  clear throughout the text , including the abstract , that  only one ENA has been structurally
characterised in this paper.

3. The descript ion of the ident ificat ion of the subunit  is confusing. Only one candidate matches the
FCMCTIRY sequence, it  is KMP91698.1. The other two proteins, KMP91697.1 and KMP91699.1, are
ident ified because they show sequence homology to this protein. Making this clear would make
that port ion easier to follow.

4. Fig. S2 should absolutely be in the main text  since this is one of the most important points in the
paper. Also, the descript ion of the gel in panel C could be clearer, with the processed and
unprocessed bands indicated by arrows. Since there is no difference +/- β-mercaptoethanol, that
lane could be removed to facilitate understanding. Moreover, unlike what is stated, the 2 kDa could
not correspond to the 6xHis tag only, which has MW of 840 Da. Is this perhaps tag + TEV cutt ing



site? 

5. An important point  that  is not addressed in the paper is what is the structure of the ruffles? I
understand this is beyond the scope of this paper, but this should be explicit .

6. The only experiment that  is missing in the paper is an important control for Fig S3E. There is no
evidence that the ant ibodies are specific for the different subunits, which should be provided.
Otherwise the conclusions drawn from the immunogold data could be wrong. These experiments
could also test  ant ibody sensit ivity, which would help the authors figuring out whether the absence
of Ena1C is due to the low abundance of this protein, or simply due to a sub-par ant ibody. This
could and should be discussed in that part  of the text . Also, the immunogold data do not show, as
stated on lines 195-196, that  "nat ive S-type Enas show a mixed Ena1A and Ena1B composit ion".
They show that both 1A and 1B are subunits, but  they do not say that they are in the same pili. It  is
possible that two different homo-polymeric S-types exist , composed of exclusively of one subunit  or
the other.

7. Fig 5. The length results in panel B, for L- and S-type should be separated. Combining them
makes this figure confusing because of the vast ly different scales for the two types of filaments.

8. The sect ion describing the phylogenet ic analysis is unnecessarily long and should be shortened.
Also, it  could be simplified for the non-experts. For example, the rat ional link between paragraphs 1
and 2 is unclear at  best.

Other comments 

1. line 21: the first  t ime the Enas acronym is introduced underline the corresponding let ter in
"endospore appendages" to make it  obvious what the acronym means. Also, because there are at
least  two different Enas (S- and L-types) and this papers report  the ident ificat ion and structural
characterisat ion of only one of them, it  is necessary to slight ly modify the summary to make this
point  clear. Perhaps call the two Enas ENA-S and ENA-L, and ment ion that just  ENA-S has been
characterised in this paper?

2. line 25: β-augmentat ion is not a common concept. It  would be good to explain ina few words what
this actually means.

3. line 29: "different eco- and pathotypes" of what? This needs to be spelled out.

4. line 35: "bacteria belonging to the phylum Firmicutes" is too general. Not every Firmicutes
produces endospores, far from it  actually. Also, Firmicutes should not be in italics.

5. lines 50-51: "with mult iple micrometers long and a few nanometers wide filamentous
appendages" is confusing, as it  seems to suggest that  there are two types of filaments. Many µm-
long filaments, and less nm-wide ones, which is not what the authors intend. Dropping "few" from
the above sentence would avoid any confusion.

6. lines 71-72: The sentence "The genet ic ident ity of the S-type Enas was deduced from the
structural model" is difficult  to understand. Replace by "The ident ity of the subunit  of S-type Ena
was deduced from the structural model".

7. Fig. 1. The order of the panels in this Fig does not reflect  the order in which they are ment ioned in



the text . On line 92, there is ment ion of "scales point ing down". This is not obvious from this Fig.
Moreover, in Fig. 2 the scales seem to be point ing up. The terminal extensions or ruffles ins ENA-S
are difficult  to see in Fig. 1C. Could the contrast  be increased a bit  to help visualisat ion? It  should be
clearly spelled out in the legend what the distances in Fig. 1C and Fig. 1D insets are. Giving names
to the two ENA (see point  1) is part icularly important in this part  of the text  because the results are
mainly for ENA-S (e.g. Fig. S1), which is not clearly stated. Also, in the legend to Fig. 1E, its says
n=1,023, but there are far more individual data points for the length measurements than for the
number of filaments/endospore. Why? 

8. line 134: considering the resolut ion of the structure, the use of 5 decimals "3.22937 Å and
31.0338" is not necessary. One decimal seems more than enough. Same applies to numbers on line
172.

9. line 145: delete "locus" at  the end of this sentence.

10. Legend to Fig. 2 is mis-labelled: it  is panel E, not F.

11. line 259. "mutually" is not right  the word, replace by "all".

12. line 322: what is the evidence that it  has been "misclassified"?

13. lines 427-428: "electron transfer" should be deleted as it  is now known that type IV pili of
Geobacter are not involved (doi: 10.1016/j.cell.2019.03.029).

14. legend to Fig. 3: there are more than 19 helical turns in orange on that Fig. unlike what is stated
in the legend.

15. legend to Fig. 4: shouldn't  it  be "RT-PCR" instead of "PCR" on line 512? Line 517, the line is not
"dotted", unlike stated here. Line 518, these are not "whiskers" but simple error bars.

16. line 551: ment ion what "Nycodenz" is.

17. line 562: "kept" should be replaced by "incubated".

18. line 696: "formvr" is a typo.

19. Supplemental informat ion, line 49: correct  typo in "loose".

20. Supplemental informat ion, line 58: evidence should be provided that the staining is "specific".
See point  6 in Major comments.

Referee #2: 

This manuscript  reports the discovery and structural characterizat ion of a new family of pili that  are
found on endospores of a large number of Bacillus species and a few other species outside of the
Bacillus genus. Termed Enas, for endospore appendages, the authors ident ified two structurally
and composit ionally dist inct  pili, the "staggered-type" (S-type) and "Ladder-like" (L-type). They
focus mainly on the S-type pili, solving the structure by CryoEM at a resolut ion sufficient  to ident ify
a short  polypept ide that enabled ident ificat ion of the genet ic locus encoding S-type pili. Three



proteins, Ena1A, Ena1B, and Ena1C, are the building blocks of S-type pili, where Ena1A and Ena1B
appear to randomly assemble into the pilus; how Ena1C contributes to pilus assembly is not yet
defined. Both S-type and L-type pili are completely dist inct  from other pili known to be produced by
Gram-posit ive bacteria, which include sortase-dependent pili and type IV pili that  are produced by
vegetat ive cells. Notably, the pilin subunits are tethered together via disulfide crosslinks via a strand
donat ion mechanism reminiscent of that  described for Pap/Type I pili of Gram-negat ive bacteria
except that  the lat ter are not disulfide crosslinked. Strikingly purified Ena1A subunits naturally
assemble as pili whose structures are highly similar to the S-type pili found on endospores. Overall,
this work is well developed and describes structural, composit ional, and morphogenet ic details of a
novel family of pili associated with endospores of Gram-posit ive bacteria. In fact , these pili were
visualized previously but all efforts t ill now failed in detailed characterizat ion. Thus, the work
significant ly advances our knowledge of a group of phylogenet ically widely distributed pili that  likely
specifically associate with endospores. The manuscript  is very well writ ten and is readily accessible
to a broad readership. I have only a few minor comments for the authors to address: 

1. Pg. 2, L. 55. Spell out  TEM at first  use.

2. Fig. 4. It 's somewhat surprising that delet ions of dedA and 1232 were not analyzed given the
proximity of these genes to the ena genes and results of the qRT-PCR? It 's a simple extension of
the current studies to evaluate whether the encoded proteins also contribute to pilus assembly,
especially since the composit ion of t ip fibrils remains unknown.

3. Fig. 2 legend. Reorganize the (A,B) and then (A) and (B) port ions of the first  sentence. (F) should
be (E).

4. It  would be a nice complement to the PCR data to see levels of 1A, B, and C proteins at  the
different t ime points by western blot t ing. This would validate that t ranscript ion correlates with
protein synthesis, which is often not the case.

5. Pg. 9, L. 260 & Fig. 5. Why was the Deltaena1B mutant complemented with ena1A/1B expression,
this results in overproduct ion of both 1A and 1B. What is the phenotype of t ransexpressing just  1B?
Also, although likely, there is no evidence that t ransexpression yields overproduct ion of Ena1A and
Ena1B. This should be validated by westerns.

6. In my version of the manuscript , there is no Fig. S5 that corresponds to that referred to in the
text , pg. 9. Are Fig. 5 and S5 the same? If so, let tering of the images needs to be revised.

7. The quest ion of whether the impact on exosporium product ion and S-type Ena entrapment
accompanying Ena1A/1B expression relates to t iming or abundance of expression could easily be
answered by monitoring phenotypic consequences of gene induct ion at  different t imes in the
growth curve.

8. Supp. Pg. 1. L. 17. Change 'loose' to 'lose'.

9. Suppl. Fig. S2. It 's interest ing that TEV or b-ME treatment have the same effect  on Ena1B
migrat ion. Explanat ion?

10. Discussion, Pg. 13, L. 374. There are, however, Gram-posit ive pili in which the pilin subunits have
intramolecular disulfide bonds. This should be ment ioned/referenced.



11. Discussion, Pg. 14. L. 407. Can pilus product ion on vegetat ive cells be aberrant ly st imulated by
induct ion of ena1A/B genes from an inducible promoter? If so, this would allow for the possibility but
indicate that pilus product ion on endospores is controlled at  the t ranscript ional level presumably by
signals that remain to be ident ified.

12. The discussion is a bit  redundant with sect ions of the Results and could be shortened.

Referee #3: 

The manuscript  by Pradhan and colleagues describes the structural and molecular characterizat ion
of a novel fiber on the surface of spores generated by Gram-posit ive organisms. The work is
beaut ifully and carefully done. Some sect ions of the manuscript  are somewhat dense and a bit  too
descript ive, but apart  from that, it  was a pleasurable read. There are some glitches, including the
absence of what looks like an important figure, as well as the lack of comparisons with other well-
studied Gram-posit ive pili, but  in general this manuscript  presents data regarding a poorly described
bacterial surface appendage, and provides a clear addit ion to knowledge on such structures. Some
more specific comments/quest ions can be found below. 

Readers may not be familiar with the molecular organizat ion of endospores, and a schematic figure
that aids in the comprehension of lines 41-50 would also be helpful for the understanding of Fig. 1a. 

Are Enas-encoding genes const itut ively expressed, generat ing spores that are always covered in
fibers, or is there an expression act ivat ion mechanism? 

Lines 91-92: '... S-type Enas ... give a polar, staggered appearance ... with alternat ing scales point ing
down to the spore surface'. Could this be highlighted direct ly in the figure to facilitate
comprehension? 

Lines 102-103: in addit ion to characterizing fibers biochemically, It  could be of interest  for authors to
characterize the fibers by AFM in order to provide a numerical value regarding strength limitat ions. 

Lines 138-140: the experiments described in these lines are absolutely remarkable. Authors
deduced the sequence of a pept ide from a 3.2 Å EM map and bootstrapped their way to the
ident ificat ion of the building block of the fiber itself, and subsequent ly, characterizat ion of the fiber.
This incredible detail could be highlighted at  the end of the introduct ion or in the discussion. 

Lines 168-169: authors should clarify on the images what the mean by 'the distal ruffles seen in ex
vivo fibers' 

Lines 183-185: the only somewhat worrisome aspect of this experiment is that  there is no negat ive
control for labeling done with recEna1A or recEna1b sera. It  would be of interest  to show that their
samples are not simply 'st icky', light ing up other unrelated fibers. Is it  possible to do this control
experiment? 

Line 264: Where is figure S5D? 
Line 267: the link to this figure does not seem to be correct , and thus the phrases start ing from this
line and going on towards the end of the paragraph are very difficult  to understand. 



Lines 276-344: this sect ion could benefit  from shortening & rewrit ing. 

Lines 423-451: authors comment on the cont inuing lack of knowledge on the funct ion of the Ena
fibers. Since they have constructed individual Ena knockout strains, would it  be possible to do
experiments to verify surface adhesion/structure robustness/binding? 

The Ena fibers described in this work are very elegant ly described, and authors have gone to great
lengths to characterize these poorly known structures. However, there is an 'uncanny' lack of
ment ion of other pilus systems that have been characterized in detail in Gram-posit ive bacteria and
that show some similarit ies to the work described here. For example, despite the fact  that  sortase-
mediated pilus assembly was cited, pili from the Gram-posit ive pathogen Streptococcus
pneumoniae, that  also display covalent bond format ion within subunits, individual domains with
beta-sandwich folds, and head-to-tail arrangements with recognit ion of isolated pept ides from
adjacent domains, as also shown for the Ena fibers, were not ment ioned at  all and should be
discussed. Many interest ing papers describe details of these pili (Hilleringmann EMBO J 2009; Izore
Structure 2010; Shaik JBC 2015; Gent ile JBC 2011). In addit ion, some space in the discussion should
also be given to type IV pili, that  were only superficially ment ioned (Berry JBC 2019). This does not
diminish the novelty of the work presented in the manuscript , and at  the same t ime highlights
details of the plethora of interest ing fibers present on the surface of Gram-posit ive organisms. 

Minor remark: 

Fig. S2b: it  is not clear to this reviewer what the blue boxes are supposed to be highlight ing or
regrouping. Residues such as Leu and Asp are grouped together, as are Thr, Gly and Asn. Authors
should revise the input file of the program employed to generate the figure.



Point-by-point author response: 

Referee #1: 

The manuscript entitled "A novel pilus superfamily from the endospores of pathogenic 
Bacilli" by Pradhan et al. reports the functional and structural characterisation of a new type 
of pilus found on Bacillus endospores. This is a very nice work overall, reporting a significant 
finding (it is not every day that a new pilus is identified), but the text/presentation could be 
improved, which should not be too difficult. 

Major comments 

1. The legends to the figures are way too short and imprecise. This needs to be addressed
throughout the text.

Author response: 
We have expanded the figure legends throughout the manuscript to provide additional 
clarity.   

2. Make it clear throughout the text, including the abstract, that only one ENA has been
structurally characterised in this paper.

Author response: 
We have highlighted in the abstract and throughout the text that it is the S-type Ena that has 
been structurally characterized.  

3. The description of the identification of the subunit is confusing. Only one candidate
matches the FCMCTIRY sequence, it is KMP91698.1. The other two proteins, KMP91697.1
and KMP91699.1, are identified because they show sequence homology to this protein.
Making this clear would make that portion easier to follow.

Author response: 
This has been changed as requested by the reviewer. 

4. Fig. S2 should absolutely be in the main text since this is one of the most important points
in the paper. Also, the description of the gel in panel C could be clearer, with the processed
and unprocessed bands indicated by arrows. Since there is no difference +/- β-
mercaptoethanol, that lane could be removed to facilitate understanding. Moreover, unlike
what is stated, the 2 kDa could not correspond to the 6xHis tag only, which has MW of 840
Da. Is this perhaps tag + TEV cutting site?

Author response: 
We thank the reviewer for the suggestion. We have moved the figure to the main text and 
have updated the figure panels on the recombinant expression of Ena1B 

5. An important point that is not addressed in the paper is what is the structure of the ruffles?
I understand this is beyond the scope of this paper, but this should be explicit.

Author response: 
We agree this is an important lack in our understanding of the Ena fibers. Thus far, our 
attempts to characterize the ruffles have failed. Our current attempts to identify the ruffles by 

16th Feb 20211st Authors' Response to Reviewers



tryptic digest and MS analysis have not provided candidate subunits. Also, ruffles are not 
present in recombinant Ena1B fibers, nor when Ena1A or Ena1C are added in, suggesting 
they do not comprise the Ena1A or Ena1C subunits, or that they do not self-assemble in 
vitro. 
We have expanded the mention of the ruffles in the discussion in response to the suggestion 
of the reviewer. 
 
 
6. The only experiment that is missing in the paper is an important control for Fig S3E. There 
is no evidence that the antibodies are specific for the different subunits, which should be 
provided. Otherwise the conclusions drawn from the immunogold data could be wrong. 
These experiments could also test antibody sensitivity, which would help the authors figuring 
out whether the absence of Ena1C is due to the low abundance of this protein, or simply due 
to a sub-par antibody. This could and should be discussed in that part of the text. Also, the 
immunogold data do not show, as stated on lines 195-196, that "native S-type Enas show a 
mixed Ena1A and Ena1B composition". They show that both 1A and 1B are subunits, but 
they do not say that they are in the same pili. It is possible that two different homo-polymeric 
S-types exist, composed of exclusively of one subunit or the other.  
 
Author response: 
We agree with the reviewer that antibody specificity was not explicitly shown and that based 
on the figures shown, the reader could not exclude a mixed population of Ena1A and Ena1B 
fibers versus a homogeneous population of mixed Ena1A/Ena1B fibers. Our staining with 
either antibody is homogeneous, labelling all ex vivo S-Ena rather than a sub-population. 
Also we like to emphasize that during the cryoEM analysis of ex vivo S-Ena the particle 
stacks do not split out into Ena1A and Ena1B classes, not at level of 2D nor 3D 
classification. Therefore, the hybrid Ena1A and Ena1B character of the electron potential 
maps (Figure S3D) stems from from a mixed composition of the ex vivo S-Ena fibers rather 
than a mix of homogeneous S-Ena1A and S-Ena1B fibers..  
As requested, we now present the evidence that under the experimental conditions used the 
polyclonal antibodies can discriminate the subunits, and include dot blot and ELISA data that 
allow the reader to judge the relative binding signal for the three sera (Figure S3). 
 
 
7. Fig 5. The length results in panel B, for L- and S-type should be separated. Combining 
them makes this figure confusing because of the vastly different scales for the two types of 
filaments.  
 
Author response: 
We have used a clear color code for the two parts of the figure to further highlight the 
different length scales for either Ena. 
 
 
8. The section describing the phylogenetic analysis is unnecessarily long and should be 
shortened. Also, it could be simplified for the non-experts. For example, the rational link 
between paragraphs 1 and 2 is unclear at best.  
 
Author response: 
We have rephrased and shortened the phylogenetic analysis section to be more accessible 
to a broad audience and better highlight the novel findings broad by the phylogenetics. 
 
 
Other comments  
 
1. line 21: the first time the Enas acronym is introduced underline the corresponding letter in 



"endospore appendages" to make it obvious what the acronym means. Also, because there 
are at least two different Enas (S- and L-types) and this papers report the identification and 
structural characterisation of only one of them, it is necessary to slightly modify the summary 
to make this point clear. Perhaps call the two Enas ENA-S and ENA-L, and mention that just 
ENA-S has been characterised in this paper?  
 
Author response: 
We have highlighted the point that only S-Ena is structurally characterized in this paper and 
reviewed the aspect of S- versus L-type Ena nomenclature throughout the manuscript. We 
settled for ‘S-Ena’ and ‘L-Ena’. 
 
 
2. line 25: β-augmentation is not a common concept. It would be good to explain in a few 
words what this actually means.  
 
Author response: 
In addition to the review paper that is cited, we now clarify the concept of this protein-protein 
interaction mode in the text: “In the helical turns, the side by side contact of Ena subunits 
occurs through β-sheet augmentation, a protein interaction mechanism where an open-
edged b-sheet is aligned and extended by a b-sheet or -strand of the interaction partner 
(Remaut and Waksman, 2006)." 
 
3. line 29: "different eco- and pathotypes" of what? This needs to be spelled out.  
Author response: 
This has been changed to “Phylogenomic analysis reveals a ubiquitous presence of the ena 
gene cluster in the B. cereus group which include species of clinical, environmental, and 
food importance.” 
 
 
4. line 35: "bacteria belonging to the phylum Firmicutes" is too general. Not every Firmicutes 
produces endospores, far from it actually. Also, Firmicutes should not be in italics.  
 
Author response: 
This has been specified and the corrected. 
 
 
5. lines 50-51: "with multiple micrometers long and a few nanometers wide filamentous 
appendages" is confusing, as it seems to suggest that there are two types of filaments. 
Many µm-long filaments, and less nm-wide ones, which is not what the authors intend. 
Dropping "few" from the above sentence would avoid any confusion.  
 
Author response: 
To avoid any confusion we have rephrased to “The surface of Bacillus and Clostridium 
endospores can also be decorated with multiple micrometers long filamentous appendages, 
which show a great structural diversity between strains and species (Hachisuka and Kuno, 
1976; Rode et al., 1971; Walker et al., 2007).” 
 
6. lines 71-72: The sentence "The genetic identity of the S-type Enas was deduced from the 
structural model" is difficult to understand. Replace by "The identity of the subunit of S-type 
Ena was deduced from the structural model".  
 
Author response: 
We have modified to “The molecular identity of the S-Ena subunits was deduced from the 
cryoEM electron potential maps of fibers isolated directly form the endospores, and 
confirmed by analysis of mutants lacking genes encoding potential Ena protein subunits.”. 



 
 
7. Fig. 1. The order of the panels in this Fig does not reflect the order in which they are 
mentioned in the text. On line 92, there is mention of "scales pointing down". This is not 
obvious from this Fig. Moreover, in Fig. 2 the scales seem to be pointing up. The terminal 
extensions or ruffles ins ENA-S are difficult to see in Fig. 1C. Could the contrast be 
increased a bit to help visualisation? It should be clearly spelled out in the legend what the 
distances in Fig. 1C and Fig. 1D insets are. Giving names to the two ENA (see point 1) is 
particularly important in this part of the text because the results are mainly for ENA-S (e.g. 
Fig. S1), which is not clearly stated. Also, in the legend to Fig. 1E, its says n=1,023, but 
there are far more individual data points for the length measurements than for the number of 
filaments/endospore. Why?  
 
Author response: 
We have edited the figure legend to clarify the points made by the reviewer. Unfortunately, 
because of the high magnification and the low diameter of the ruffles, increasing contrast in 
the image does not give a better visualization of the ruffles over the background graininess.  
Regarding the difference in the number of data points in Fig. 1E, this reflects number of 
individual Enas (1,023) versus number of spores (150) for the length, and spore count plots, 
respectively. We have edited the legend to avoid any confusion. 
 
 
8. line 134: considering the resolution of the structure, the use of 5 decimals "3.22937 Å and 
31.0338" is not necessary. One decimal seems more than enough. Same applies to 
numbers on line 172.  
 
Author response: 
Indeed, we now round to two decimals. 
 
 
9. line 145: delete "locus" at the end of this sentence.  
 
Author response:  
Locus has been removed. 
 
10. Legend to Fig. 2 is mis-labelled: it is panel E, not F.  
 
Author response: 
This has been corrected. 
 
 
11. line 259. "mutually" is not right the word, replace by "all".  
 
Author response: 
This has been changed. 
 
12. line 322: what is the evidence that it has been "misclassified"?  
 
During search for homologues of the Ena proteins, hits in three specific Streptococcus 
pneumonia were found (GCA_001161325.1, GCA_001170885.1 and GCA_001338635). As 
many assemblies in public databases unfortunately suffer from wrongly annotated taxa, a 
common quality assurance step in genomic microbiology is confirmation of species. To do 
so, we clustered the three strains with selected Bacillus strains using Mashtree and found 
that they clustered within the diversity of Bacillus sensu latu. In addition, When applying 

Tseemans MLST schema on these genomes (https://github.com/tseemann/mlst), all three 

https://github.com/tseemann/mlst


were classified as B. cereus and got a B .cereus MLST profile. The strains had, furthermore, 
not passed the manual nor the automatic curation in Refseq and Genbank, respectively, due 

to contamination (https://www.ncbi.nlm.nih.gov/assembly/GCA_001161325.1), too 

large genome size or unconfirmed species 

(https://www.ncbi.nlm.nih.gov/assembly/GCA_001170885.1/ and 
https://www.ncbi.nlm.nih.gov/assembly/GCA_001338635.1).We therefore concluded 

that these strains had been misclassified.  

13. lines 427-428: "electron transfer" should be deleted as it is now known that type IV pili of
Geobacter are not involved (doi: 10.1016/j.cell.2019.03.029).

Author response: 
Whether the extracellular electron transport in Geobacter species is due to conductive type 
IV pili is indeed still debated. The recent structural studies of OmcS pili (the reference 
referred to by the reviewer) provides strong support to the existence of conductive pili. Our 
sentence is not restricted to type IV pili, but gives a generic reference to known functions of 
the various bacterial pili, which includes electron transfer.  

14. legend to Fig. 3: there are more than 19 helical turns in orange on that Fig. unlike what is
stated in the legend.

Author response: 
To make the 180° turn there are 19, which are numbered. To avoid any confusing we 
removed the others that were shown.  

15. legend to Fig. 4: shouldn't it be "RT-PCR" instead of "PCR" on line 512? Line 517, the
line is not "dotted", unlike stated here. Line 518, these are not "whiskers" but simple error
bars.

Author response: 
This has been changed. 

16. line 551: mention what "Nycodenz" is.

Author response: 

Nycodenz is an universal density gradient medium. This is explained in the revised methods 
section. 

17. line 562: "kept" should be replaced by "incubated".

Author response: 
This has been changed. 

18. line 696: "formvr" is a typo.

Author response: 
This has been changed. 

https://www.ncbi.nlm.nih.gov/assembly/GCA_001161325.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001170885.1/%20and%20https:/www.ncbi.nlm.nih.gov/assembly/GCA_001338635.1)
https://www.ncbi.nlm.nih.gov/assembly/GCA_001170885.1/%20and%20https:/www.ncbi.nlm.nih.gov/assembly/GCA_001338635.1)


 
19. Supplemental information, line 49: correct typo in "loose".  
 
Author response: 
This has been changed. 
 
 
20. Supplemental information, line 58: evidence should be provided that the staining is 
"specific". See point 6 in Major comments.  
 
Author response: 
See our response to point 6. 
 
 
 
Referee #2:  
 
This manuscript reports the discovery and structural characterization of a new family of pili 
that are found on endospores of a large number of Bacillus species and a few other species 
outside of the Bacillus genus. Termed Enas, for endospore appendages, the authors 
identified two structurally and compositionally distinct pili, the "staggered-type" (S-type) and 
"Ladder-like" (L-type). They focus mainly on the S-type pili, solving the structure by CryoEM 
at a resolution sufficient to identify a short polypeptide that enabled identification of the 
genetic locus encoding S-type pili. Three proteins, Ena1A, Ena1B, and Ena1C, are the 
building blocks of S-type pili, where Ena1A and Ena1B appear to randomly assemble into 
the pilus; how Ena1C contributes to pilus assembly is not yet defined. Both S-type and L-
type pili are completely distinct from other pili known to be produced by Gram-positive 
bacteria, which include sortase-dependent pili and type IV pili that are produced by 
vegetative cells. Notably, the pilin subunits are tethered together via disulfide crosslinks via a 
strand donation mechanism reminiscent of that described for Pap/Type I pili of Gram-
negative bacteria except that the latter are not disulfide crosslinked. Strikingly purified 
Ena1A subunits naturally assemble as pili whose structures are highly similar to the S-type 
pili found on endospores. Overall, this work is well developed and describes structural, 
compositional, and morphogenetic details of a novel family of pili associated with 
endospores of Gram-positive bacteria. In fact, these pili were visualized previously but all 
efforts till now failed in detailed characterization. Thus, the work significantly advances our 
knowledge of a group of phylogenetically widely distributed pili that likely specifically 
associate with endospores. The manuscript is very well written and is readily accessible to a 
broad readership. I have only a few minor comments for the authors to address:  
 
1. Pg. 2, L. 55. Spell out TEM at first use.  
 
Author response: 
This has been changed. 
 
 
2. Fig. 4. It's somewhat surprising that deletions of dedA and 1232 were not analyzed given 
the proximity of these genes to the ena genes and results of the qRT-PCR? It's a simple 
extension of the current studies to evaluate whether the encoded proteins also contribute to 
pilus assembly, especially since the composition of tip fibrils remains unknown.  
 
Author response: 
We share the reviewers interest in the possible role of dedA and DUF1293 in Ena assembly. 
However, we like to point out that these genes are also found in strains lacking the ena 
genes. Because genetics knockouts in B. cereus are not trivial, we here focused our 



attention on the three ena genes. We do have dedA and DUF1293 on the to do list, but are 
of the opinion that this falls outside the scope of current manuscript.  
 
 
3. Fig. 2 legend. Reorganize the (A,B) and then (A) and (B) portions of the first sentence. (F) 
should be (E).  
 
Author response: 
We have edited and expanded all figure legends in the manuscript, also in response to the 
suggestion made by reviewer 1. 
 
 
4. It would be a nice complement to the PCR data to see levels of 1A, B, and C proteins at 
the different time points by western blotting. This would validate that transcription correlates 
with protein synthesis, which is often not the case.  
 
Author response: 
This is an excellent suggestion, although complicated by the fact that we have not found 
conditions to track monomeric Ena1A-C subunits by SDS PAGE & western analysis (we 
failed to resolved pre-assembled in vitro or ex vivo fibers in SDS-PAGE). We now show a 
whole cell ELISA tracking Ena subunits in whole cell lysates of B. cereus cultures.  
 
5. Pg. 9, L. 260 & Fig. 5. Why was the Delta ena1B mutant complemented with ena1A/1B 
expression, this results in overproduction of both 1A and 1B. What is the phenotype of 
transexpressing just 1B? Also, although likely, there is no evidence that transexpression 
yields overproduction of Ena1A and Ena1B. This should be validated  
by westerns.  
 
Author response: 
We now added additional experiments showing the individual complementations of the 
ena1A and ena1C knockouts. We have repeatedly tried to compliment the ena1B knockout 
with a plasmid carrying ena1B as a single gene. Although the plasmid and construct are the 
equivalent of the single gene constructs for ena1A and ena1C, we have continuously failed 
to transform this plasmid to B. cereus. The reason for this is unclear. We add a note to this 
point in the revised manuscript. Western validation is made difficult because of the lack of 
disassembly of existing Ena fibers. The complementation experiments unequivocally confirm 
the plasmid-based expression of the complementing subunits, however.  
 
6. In my version of the manuscript, there is no Fig. S5 that corresponds to that referred to in 
the text, pg. 9. Are Fig. 5 and S5 the same? If so, lettering of the images needs to be 
revised.  
 
Author response: 
This has been corrected. 
 
 
7. The question of whether the impact on exosporium production and S-type Ena 
entrapment accompanying Ena1A/1B expression relates to timing or abundance of 
expression could easily be answered by monitoring phenotypic consequences of gene 
induction at different times in the growth curve.  
 
Author response: 
 
We agree that how the synthesis and assembly of appendages is coordinated with the 
assembly of the exosporium layer is an important line for further studies using techniques 



such as fluorescence time-lapse microscopy which can illustrate dynamic expression profiles 
and link them to events in the sporulation process. We have acknowledged this and 
suggested it as a topic for further research in the discussion part of the revised manuscript.  
We now do add whole cell ELISA to document the expression of the different Ena subunits 
in addition to the transcription experiments. 

8. Supp. Pg. 1. L. 17. Change 'loose' to 'lose'.

Author response: 
This has been corrected. 

9. Suppl. Fig. S2. It's interesting that TEV or b-ME treatment have the same effect on Ena1B
migration. Explanation?

Author response: 
Figure S2 is now upgraded to a main text Figure upon suggestion of Reviewer 1. We have 
clarified the SDS-PAGE by adding labels of the different species seen, and additional 
description in the legend.  

10. Discussion, Pg. 13, L. 374. There are, however, Gram-positive pili in which the pilin
subunits have intramolecular disulfide bonds. This should be mentioned/referenced.

Author response: 
Correct, intramolecular disulfides are a quite common stabilization mechanism in different 
pili. We have adjusted the discussion to make this clear: 
"Intramolecular disulfides are important for the structural integrity and assembly of most 
chaperone/usher, Type IV and several sortase-mediated pili (Bergeron and Sgourakis, 2015; 
Crespo et al., 2012; Reardon-Robinson et al., 2015). Intermolecular disulfides, however, 
have not previously been observed. Covalent cross-linking of pilus subunits does form the 
assembly mechanism underlying sortase-mediated pili in Gram-positives, where the 
subunits’ C-terminal LPXTG motif enables isopeptide bond formation with a conserved 
lysine in the succeeding subunit (Ton-That and Schneewind, 2004)." 

11. Discussion, Pg. 14. L. 407. Can pilus production on vegetative cells be aberrantly
stimulated by induction of ena1A/B genes from an inducible promoter? If so, this would allow
for the possibility but indicate that pilus production on endospores is controlled at the
transcriptional level presumably by signals that remain to be identified.

Author response: 
This is an interesting suggestion and a point that we will take up in the study of the assembly 
pathway and mechanism. In this manuscript, the main focus falls on the molecular 
identification of Ena as a novel superfamily of pili and on the structural characterization of S-
Ena. Although we show that Ena1B will readily self-assemble in vitro, the in vivo assembly 
pathway is still rather enigmatic. A first question is the location of Ena production, i.e. 
endospore or mother cell, and how Ena subunits (which lack signal peptides) reach the site 
of assembly. A second question is whether in vivo, there is a templating structure that 
localizes and anchors Ena fibers on the endospore. Additionally, the microscopic analysis of 
L- and S-Enas presented in this study shows that their localization is very different.
Taken together, we are of the opinion that such questions are better answered in a study
that systematically addresses in vivo Ena assembly.

12. The discussion is a bit redundant with sections of the Results and could be shortened.



Author response: 
We have edited parts of the discussion to include the additional aspects requested by the 
reviewers. In places the discussion does repeat the main findings presented in the results. 
We feel this is warranted since it this is contextualized in comparison with other pilus 
systems.  

Referee #3: 

The manuscript by Pradhan and colleagues describes the structural and molecular 
characterization of a novel fiber on the surface of spores generated by Gram-positive 
organisms. The work is beautifully and carefully done. Some sections of the manuscript are 
somewhat dense and a bit too descriptive, but apart from that, it was a pleasurable read. 
There are some glitches, including the absence of what looks like an important figure, as 
well as the lack of comparisons with other well-studied Gram-positive pili, but in general this 
manuscript presents data regarding a poorly described bacterial surface appendage, and 
provides a clear addition to knowledge on such structures. Some more specific 
comments/questions can be found below. 

Readers may not be familiar with the molecular organization of endospores, and a 
schematic figure that aids in the comprehension of lines 41-50 would also be helpful for the 
understanding of Fig. 1a. 

Author response: 
We thank the reviewer for this suggestion and have included such schematic figure as part 
of Fig. 1. 

Are Enas-encoding genes constitutively expressed, generating spores that are always 
covered in fibers, or is there an expression activation mechanism? 

Author response: 
We have not studied the regulation of the ena gene cluster other than the RT-PCR 
transcription analysis that is shown in Figure 5C. We now also add an ELISA-based 
quantification of Ena1A, Ena1B and Ena1C occurrence in whole cell lysates (Figure 5D).  
We agree that actual regulatory mechanism is an interesting and important point, but are of 
the opinion that this better addressed in a dedicated study of the in vivo Ena assembly 
pathway. See also our response to point 11 of reviewer 2. 

Lines 91-92: '... S-type Enas ... give a polar, staggered appearance ... with alternating scales 
pointing down to the spore surface'. Could this be highlighted directly in the figure to facilitate 
comprehension? 

Author response: 
We have clarified Ena orientation relative to the endospore body in Figure 1 and 2. 

Lines 102-103: in addition to characterizing fibers biochemically, It could be of interest for 
authors to characterize the fibers by AFM in order to provide a numerical value regarding 
strength limitations. 

Author response: 
We share the reviewers curiosity and interest in performing more detailed analysis of the 
mechanical properties of the Ena, both in vivo on the spores, as well as the material property 



in case of the in vitro fibers. We have initiated such experiments, but are of the opinion that 
this exceeds the scope of current manuscript.  
 
 
Lines 138-140: the experiments described in these lines are absolutely remarkable. Authors 
deduced the sequence of a peptide from a 3.2 Å EM map and bootstrapped their way to the 
identification of the building block of the fiber itself, and subsequently, characterization of the 
fiber. This incredible detail could be highlighted at the end of the introduction or in the 
discussion.  
 
Author response: 
We thank the reviewer for his/her enthusiasm on this structure-based molecular identification 
of the Ena pathway. A point also shared by reviewer 1. In response, we have moved Fig. S2 
to the main figures (now Figure 3) and have highlighted this aspect in abstract and main text. 
 
 
Lines 168-169: authors should clarify on the images what the mean by 'the distal ruffles seen 
in ex vivo fibers'  
 
Author response: 
This has been clarified, both in the figure and figure legend. 
 
Lines 183-185: the only somewhat worrisome aspect of this experiment is that there is no 
negative control for labeling done with recEna1A or recEna1b sera. It would be of interest to 
show that their samples are not simply 'sticky', lighting up other unrelated fibers. Is it 
possible to do this control experiment?  
 
Author response: 
The experiments describing the immunolabeling of the ex vivo Ena fibers has been 
expanded and now includes these controls as part of Figure S2. See also our response to 
point 6 of reviewer 1. 
 
 
Line 264: Where is figure S5D?  
 
Author response: 
This was mislabeled and has been corrected. 
 
 
Line 267: the link to this figure does not seem to be correct, and thus the phrases starting 
from this line and going on towards the end of the paragraph are very difficult to understand.  
 
Author response: 
This has been corrected. 
 
 
Lines 276-344: this section could benefit from shortening & rewriting.  
 
Author response: 
This has been rephrased and shortened, also in response to suggestions made by reviewer 
1 (point 8).  
 
 
Lines 423-451: authors comment on the continuing lack of knowledge on the function of the 



Ena fibers. Since they have constructed individual Ena knockout strains, would it be possible 
to do experiments to verify surface adhesion/structure robustness/binding? 

Author response: 
We agree with the reviewer that following their molecular description, functional studies of 
the Ena fibers are of top priority. These studies are ongoing and performed in a systematic 
way, including both S- and type L-Enas. The current results are fragmented and too 
premature to include in present manuscript. We are of the opinion that such functional 
studies would be better bundled into a dedicated comprehensive study of Ena function, 
combining biochemical and biological validation of Ena function.  

The Ena fibers described in this work are very elegantly described, and authors have gone 
to great lengths to characterize these poorly known structures. However, there is an 
'uncanny' lack of mention of other pilus systems that have been characterized in detail in 
Gram-positive bacteria and that show some similarities to the work described here. For 
example, despite the fact that sortase-mediated pilus assembly was cited, pili from the 
Gram-positive pathogen Streptococcus pneumoniae, that also display covalent bond 
formation within subunits, individual domains with beta-sandwich folds, and head-to-tail 
arrangements with recognition of isolated peptides from adjacent domains, as also shown 
for the Ena fibers, were not mentioned at all and should be discussed. Many interesting 
papers describe details of these pili (Hilleringmann EMBO J 2009; Izore Structure 2010; 
Shaik JBC 2015; Gentile JBC 2011). In addition, some space in the discussion should also 
be given to type IV pili, that were only superficially mentioned (Berry JBC 2019). This does 
not diminish the novelty of the work presented in the manuscript, and at the same time 
highlights details of the plethora of interesting fibers present on the surface of Gram-positive 
organisms. 

Author response: 
We have expanded the discussion to make more reference and comparison with other 
known pilus systems. 

Minor remark: 

Fig. S2b: it is not clear to this reviewer what the blue boxes are supposed to be highlighting 
or regrouping. Residues such as Leu and Asp are grouped together, as are Thr, Gly and 
Asn. Authors should revise the input file of the program employed to generate the figure. 

Author response: 
We have edited the figure legend to clarify the message brought by the highlighted regions. 
These contiguous areas of >50% similarity. 



11th Mar 20211st Revision - Editorial Decision

Thank you for submit t ing a revised version of your manuscript . Your revised study has now been 
seen by all of the original referees, who now broadly support publicat ion of the revised manuscript . 
Therefore, I would like to invite you to address the remaining editorial issues before I can extend 
the official acceptance of the manuscript .

Thank you again for giving us the chance to consider your manuscript for The EMBO Journal. I 
look forward to receiving the final version! 

------------------------------------------------ 

Referee #1: 

The revised manuscript by Pradhan et al. has addressed most of my comments on the original 
version. Although I understand the authors arguments and I tend to think they are right , I am st ill 
not convinced that we have a clear demonst rat ion in this paper that the filaments are 
heteropolymers of Ena1A and Ena1B. I would just suggest to slight ly tone down the corresponding 
statements. 

Referee #2: 

This revised manuscript has sat isfactorily addressed all of my previous concerns, which were 
relat ively minor. The reviewer responses also suggest the same for the other reviewers, but they 
can comment on this point . I do not have further comments or concerns about this nice piece of 
work. 

Referee #3: 

The authors have adequately addressed all of my points. 



30th Mar 20212nd Authors' Response to Reviewers

The authors performed the requested editorial changes.



16th Apr 20212nd Revision - Editorial Decision

Editor accepted the manuscript. 
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