Dear Editor,

Please see our response to the reviewers' comments and suggestions in red color. The correspoinding
changes are also colored red in the revised manuscript.

Comments and Suqggestions for Authors from Reviewer 1

This is a really nice review of the status of studies into ssSRNA phages. It's timely and well written and |
found it very informative. | found it hard to find very much to complain about. I'll just note a few places
where it took me some extra time to figure out what was being said. | don't feel very strongly about any of
these minor criticisms.

We appreciate the reviewer’'s comments and suggestions.

You have interchangeably used the jargon "Mats" to mean Mat proteins. That sent me back through the
paper looking for whether | had missed something called Mats.

To clarify, we have changed the plural form, Mats, to “Mat proteins”. The singular form of maturation
protein, will stay as “Mat”, which was defined early in the text.

Line 136 is awkwardly phrased, although it does become clear as you expound further.

We have revised this sentence to “the proportions of mature virions containing Mat proteins and gRNA in
the purified particles vary significantly between MS2 and Q”.

Line 148: "..resolved the longstanding debate on whether the genomic RNA (gRNA) is ejected upon
binding [35, 36]." You could be a little more clear about what the debate was about and which
development you consider to have resolved it. Are references 35 and 36 supposed to represent the
outdated view? Is interaction with TraD supposed to be the resolution?

The debate was about whether the pilus binding is sufficient to trigger the gRNA release. We have
revised the text to explain what the debate was up in the front. The exact role of TraD in sSRNA phage
infection is unclear, but we have elaborated a bit more in the text as it is also questioned by Reviewer 3.

Line 176 could use a clarification of what "pilus detachment” means. As | understand it, it means broken
fragments of pili appearing in the culture medium, not the virus detaching from the pilus.

We have revised the text as the reviewer suggested by adding “as fragments of pili appeared in the
media (line 179)” to clarify the pilus detachment.

Fig 5A. I'm having a hard time finding a tree figure that looks like that in the cited paper. If it's some .tre
file that they had as a supplement, please name it.

Reference 3 defined the two replicase groups, while the phylogenetic tree is generated based on the
supplementary data in reference [4]. We have revised the figure caption accordingly.



Fig. 6. In the addition to the color coding in the color key, there is some other color (or is it black) at the
ends of the genome and in a hairpin before the rep gene. Is that untranslated sequence? Is the black?
hairpin before rep the "operator" you talk about? Are all the "operators" you mention in untranslated
regions?

In this figure, the black/grey color marks the untranslated regions. We have marked the actual
translational operator with asterisks for both MS2 and Q3. The operator folds into the RNA stem
containing 3’ end of the preceding untranslated region and 5’ end of the rep gene. We have revised the
figure and legend accordingly.

Comments and Suggestions for Authors from Reviewer 2

In this review the authors thoroughly outline the structural components of sSSRNA bacteriophages. ssRNA
phages have held an important place in molecular biology due to important structural and genomic
studies, yet very few have been characterized until recent metagenomic data has increased the number
of these phages exponentially. The authors do an excellent job of using the framework of the lifecycle of
ssRNA bacteriophages to illustrate how structural insights have illuminated various steps of this lifecycle.
The information provided is thorough but not overly detailed. Furthermore, the figures presented in the
review do a very good job of summarizing and presenting the structural information that has been
gathered about ssRNA bacteriophages. The writing is clear and little to no editing is required. Overall the
review is excellent and is suitable for publication.

We appreciate the reviewer's comments and suggestions.
Minor Consideration:

Since much of the difficulty identifying new ssRNA phages has been due to low sequence homology, it
would strengthen the manuscript to comment on and/or demonstrate the potential of protein prediction
software and the large structural databases that have been generated from metagenomic to identify new
ssRNA phages (alphafold2 and esmfold). It seems that this could be a logical step to expanding the
known collection of ssSRNA phages even further.

We thank the reviewer for this advice. We expanded our discussion to refer to the potential usage of the
Al-based structural modeling tools in future studies of sSRNA phages.

Comments and Suggestions for Authors from Reviewer 3

This is a good new review of sSRNA phages that were found nearly half century ago. The review provides
a comprehensive summary of studies performed during the last decade demonstrating significant
progress in understanding structure-function links in this type of pages.

We appreciate the reviewer's comments and suggestions.
Some questions to the authors of this review:

The authors write that “ssRNA phages are lytic phages”, therefore their genome is normally not
incorporated into genome of a host bacteria. So, it is not quite clear (and the authors did not explain the
principles of the search) how thousands (65,814) of new ssSRNA genomes were identified. Which data
bases were used utilising metagenomic and transcriptomic approaches? How some genome sequences
where assigned to the ssRNA phages and their corresponding proteins, while the structural information



was known for only ~30 phages (MS2, QB, PP7, LeviOr01, ¢Cb5, AP205, PRR1, fr, GA plus capsids ~20
of virus like particles of nonculturable phages). Which criterions were used to identify phage proteins?

The authors have written that these 65 thousand genomes allowed for the taxonomic “reclassification of
ssRNA phages, resulting in the creation of two new orders, six families, 428 genera, and 882 species”.
However, it was not explained which criteria were used in this differentiation and what were the main
characteristics of orders and families. The information on that would make this review more valuable.

We have revised the text as follows: “The identification of these phage genomes from metagenomic data
of environmental samples is based on the detection of the rep gene sequence, which is highly conserved
among ssRNA phages. This breakthrough prompted the taxonomic reclassification of sSRNA phages,
resulting in the creation of two new orders (based on the Rep) and six families (based on the CP), into a
total of 428 genera (50% Rep pairwise amino acid sequence identity) and 882 species (80% Rep pairwise
amino acid sequence identity).”

The authors will improve the citation index of their review if they well explain to a reader what they mean
as HMM profile (Hidden Markov Models) and what its role in sequence analysis. The authors should not
go into the mathematical explanation of such analysis but should explain why the assessment of HMM
sequence profiles will provide an important information (on what?). Moreover, possibly methods of the
deep learning like AlphaFold 2, Rossetta, I-Tasser, ESMFold provide significantly more complete
information nowadays and results of this kind of analysis have to be cited.

The Hidden Markov Model (HMM) is a statistical model to analyze protein sequence identity and to
identify protein families. We have revised the text as follows: “Using the data in the 2020 literature [3], we
employed the Hidden Markov Model (HMM), which is a statistical model to analyze protein sequence
similarity and identify protein domains, to reveal 12,288 genomes that possess the three core genes: mat,
cp, and rep.”

We have also expanded our discussion to refer to the potential usage of the Al-based structural modeling
tools as follows: “With enough structural information, motif searches into metagenomic data could allow
us to identify new receptors or new hosts for new ssRNA phages, particularly facilitated by the recent
breakthrough in protein structure prediction tools such as AlphaFold2, RoseTTAFold, I-TASSER, and
ESMFold.”

It would be good if the authors will provide more information on the Maturation protein. They have
demonstrated the maturation protein structures of only two phages: MS2 and Q3. While these maturation
proteins have similar folds of two domains that compose them, these domains have different orientations
between each other in these two phages. Was it important or not? Does the maturation proteins act as a
switch for the release of ssSRNA into pilis? It was interesting to see that 5° RHA end is attached to the
maturation protein and, apparently, it was the last end of the genome packed into the capsid and will be
the first one released into the host cell. Do the maturation proteins form a channel for the entrance and
release of the phage gRNA? Was the predicted by AlphaFold structure of 6NM5 with the atomic model of
the B-sheet region confirmed by structural analysis?

Currently, the structures of the maturation proteins are only determined for MS2 and Q. The reviewer
raised a very interesting question about the potential function of the maturation protein in coordinating
gRNA delivery into the cell. These are still under investigation. We have expanded our discussion to
suggest a direction forward to further explore the function of the Mat in RNA delivery. We have revised
the text as follows: “It is worth noting that the entry process of these ssRNA phages remains unknown,
particularly, the involvement of the Mat in coordinating the gRNA delivery into the cell.”

In Figure 2, the tip of the B-sheet, colored blue and cyan, only has a backbone model in PDB 6NM5.
Therefore, we used AlphaFold to predict the secondary structures and sidechains in this region. This



prediction has not been verified due to the low resolution in the density map. We have clarified this in the
figure legend.

A theory that the fibres to which the virus became adsorbed should be detached from the bacterium
sounds a bit confusing: how then the virus will infect the bacterium since it should go away together with
the fibre to which the viral particle is attached? Something has been missed in this part of the text.

The exact mechanism for ssSRNA phages to detach pili is not known. However, it is possible that the first
ssRNA phage enters the cell causing the pilus to detach, leaving the other pilus-bound phages unable to
further infect. We have revised the text as follows, “It is not clear what the exact mechanism is for the
ssRNA phage induced pilus detachment. It may be that once the first sSRNA phage enters the cell, this
causes the pilus to detach, leaving the other pilus-adsorbed phages unable to infect the cell. This process
resembles the superinfection exclusion in other phages.”

“These studies provided valuable insight into the binding of MS2 to F-pili and resolved the longstanding
debate on whether the genomic RNA (gRNA) is ejected upon binding “ (lines 147-148). The results of the
study mentioned here have to be explained and the evidence should be given here as well. The
statement that a “valuable insight” was provided is not very informative. The ssRNA should be injected
into the host cell, otherwise new phages will not emerge out of the bacteria.

The gRNA is released upon pilus retraction, not pilus binding. We have revised the text as follows: “The
structure of the MS2/F-pilus complex shows a complete MS2 virion with intact gRNA inside, indicating the
gRNA has not yet been released upon pilus binding.”

“These results revealed the gRNA packing preference in mature virions (Lines 296-298)". A common and
accepted idea is, that virions became mature only after packaging of the genome into the capsid. The
process of packaging is often named as a maturation process. Typically, a point of entrance to the capsid
became the point of exit for the genome. However, it is not clear so far how the virus maturation takes
place in ssRNA viruses: is it a genome that collapsed into a tight knot around which the capsid will be
assembled, or the genome will be pumped inside of the preassembled capsid. The authors write that no
such elements present in the ssRNA genome which could work as energisers that will work as pumping
motor. Could the authors make this paragraph (lines 144-149) a bit clearer?

We have revised the text in the first paragraph of section 5 as follows: “The ssRNA phages do not have a
highly pressurized capsid. Instead, the gRNA of ssRNA phages is known to form a high level of
secondary structures comprised of many RNA stem-loops, upon which the Mat and CPs will assemble to
form a mature virion.”

“While TraD is required for translocation of MS2 gRNA across the cell envelope into the host cytoplasm, it
is not essential for pilus detachment” (Lines 184-186). It was confusing: does the TraD protein is a
bacterial protein or it is produced by the phage? If it is related to the bacterium then it works as a trigger
for the activating the maturation protein that induces the phage gRNA release, but the pili should be
attached to the bacterium working as a channel for the gRNA deliver into the cell.

The TraD protein is a bacterial protein. We have clarified this in the text as follows: “Even in the absence
of the Type IV coupling protein, TraD (a protein which is part of the bacterial Type IV secretion system
and required for conjugation), the mutant T4SS F-pilus was still able to be detached by MS2.”

Minor comments:



Lines 170-175. Do the panels C,D,E in figure 3 show the orientation not from the top as in B but rotated
on 90 degrees with the respect long axis of F-pilus? These panels are very confusing.

The reviewer is correct. We have clarified this in the figure legend.

Line 194. “This viral subunit utilises...” It seems that the authors want to say:“this viral particle...” Usage
the term “subunit” in not quite correct, “particle” would be better.

We have revised the text as follows: “The replicase holoenzyme consists of the virally encoded B-subunit
as well as three essential host translation proteins. They are the elongation factor thermal stable (EF-Ts),
the elongation factor thermal unstable (EF-Tu), and the S1 protein of the ribosome.”

Line 203. The panel A (Figure 4) should be replaced by a panel from Figure 5 B, the left one, since “EF-
Tu (light green)“ is not seen at all.

We have modified Figure 4 and its legend accordingly to show a better view of EF-Tu.

Lines 228-231. “The HMM search on ssRNA sequences revealed ssRNA phage Rep proteins are
relatively conserved and can be classified into two clusters (Figure 5A)”. Both figure 5 and its legend are
confusing: it is unclear why the authors made two clusters but not 3 or 5. Which criteria were used? What
was used in the original paper? How these clusters can be distinguished?

The differences in interactions impossible to see, where the atomic models just rotated in 90

degrees? Areas of interactions are hidden.

The two Rep clusters were identified in the original (Callanan et al., 2020) paper by multiple sequence
alignment and marked as nonredundant at 70% amino acid identity. We have added this to the main text
for clarification (new line 242). We have also revised the figure to show a clearer view of how Rep
interacts with the host factors.

Lines 304-330. Figure 7 legend. Panels D and I: they are not “unwrapped capsid maps ” but planar
representations of icosahedral surfaces of capsids where the points of interactions of CP with the
genome are indicated. It would be good if the major content of the figure legend will be moved to the
main text with explanations of the red and black numbers in Figure 7, E and J. How this numbering has
been chosen and what do they correspond to.

We have revised the figure legend by moving some of them into the paragraph (line 306-332). We have
also revised the figure legend to make it more concise.

The red numbers indicate the operator-like RNA stem-loops, while black numbers indicate those that are
non-operator like. These stem loops are characterized based on their distance to the capsid (within a
distance less than 5A). The descriptions for these have been added to paragraph (line 306-332) and also
in the figure legend.

Line 357. “RNA stem-loops which act as a packaging signal “please explain more clearly, what the
authors mean: how a stem-loop can act as a signal? Do the authors mean that some interaction (between
which structural elements or components?) induce some conformational changes that will induce that
signal?

Yes, “Upon binding to these packaging signals the CP dimers change their conformation from C/C to A/B,
which promotes pentamer formation.” We have revised the text accordingly.

Line 390, “an arbitrary TTA (which codes for leucine) “. It seems that ATT is not arbitrary but well defined.
The lines 367-393 is not easy to follow.



We are referring to 5'-TTA -3', which is arbitrary for a start codon. We have revised the text to give
directionality to make it clearer.

Lines 415-416. Here is the same question related to the very first question on the first page: how the
phage genomes could be identified within bacterial genomes. That was not explained.

The new ssRNA phage genomes are found in environmental samples not in bacterial genomes as
prophages. We have clarified this in the beginning of the manuscript (new line 44-46).

Line 429. “With an increase in ssRNA phage sequences “. Please rephrase: the authors were thinking of
the increasing in the numbers of known sequences, but not of their length.

We have revised the text as follows: “With an increase in the number of sSRNA phage sequences”.



