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1st Editorial Decision 26th Aug 2020

Thank you again for submitting your work to Molecular Systems Biology. We have now heard back
from the three referees who agreed to evaluate your study. As you will see below, the reviewers
acknowledge that the presented findings seem timely and relevant for the field. However, they raise
a series of concerns, which we would ask you to address in a major revision.

I think that the recommendations of the reviewers are rather clear and there is therefore no need to
repeat the points listed below. One of the more substantial issues is raised by reviewer #2 and
refers to the need to provide some level of validation for the newly annotated ICEs. All other issues
raised by the referees would need to be satisfactorily addressed. Please let me know in case you
would like to discuss in further detail any of the issues raised.

On a more editorial level, we would ask you to address the following issues.

REFEREE REPORTS

Reviewer #1:

In this manuscript, the authors investigate classification of tyrosine recombinases in bacterial
genomes. They provide a thorough analysis which is important, timely and interesting even for
those not deeply involved in bacterial genomics. It's also written in a clear and accessible way,
suitable for a general audience who may not be familiar with all of the methodological issues. 1 do
have a few comments on the manuscript which I hope will improve it if attended to.

Major comments

The classification of the recombinases into subgroups, as illustrated in Figure 1A, looks very
robust at least at the level of the major groups. Nevertheless, It is a slight concern here that the
authors have picked one method and base all their conclusions on this. Alternatives should be
tried to validate the robustness of the classification. Specifically

1) Can the authors investigate using simple blast as an alternative to jackhammer?



2) The e-value cutoff is not explained. It seems to strike a balance between sensitivity and
specificity but Ithink it would be a sound plan if the authors were to show that their classification Is
robust and that their cutoff optimises sensitivity and specificity. it would thus be good if the authors
tried i) a more restrictive cutoff ii) a much more lenient cutoff (say, 1e-5)

3) Similarly, the hmmscan cutoff was 1e-20, which is not consistent with the 1e-30 cutoff used for
the jackhammer- no explanation was given. Some investigation of the robustness of the results to
this parameter would also be helpful.

The identification of conjugation machinery in the methods is described as being done by a "custom
perl script” which is available through GitHub. It's great that the script is available but it would be
important for the authors to also explain what the script is doing and how it is working in the
methods section- it was not obvious to me how these proteins are identified and whether this relies
on previous classification or not.

Minor comments
For future submissions, it might be worth including line numbers for ease of reference for reviewers.

Page 3
"Some MGEs hijack host-encoded Xer proteints[8,9] while others encode specific TRs to promote
their own integration..."

Which part of the sentence does the reference refer to? Please add references if required for the
second part of the sentence

“TRs contribute to the emergence of antibiotic resistance on several ways..."
Should read "in several ways"

P4

"Building on the largely expanded..."

Not very clear. Might as well just remove the first subclause and instead begin the sentence:
"Here we assembled an extended..."

“To comprehensively analyse"
Change to "To analyse" - can't be sure that you've covered everything using this method [Or "to
boldly analyse" if you really want a split infinitive here [ ]

“jackhammer search"

If you are to mention jackhammer in the main text Ithink you should give a brief explanation of what
this is, and also a reference to the hmmer version where jackhammer was first introduced, similarly
to the way you describe HMM on p5.

P5

“Two major phylogenetic groups..."

The figure looks very convincing but it would be worth explicitly stating the branch support values
for these two groups in the text. Similarly, what are the branch support values for the subgroups in
the following descriptions?

P12



"we divide all TR proteins into two groups.." should be "we divided."
"been experimentally shown" should be "been shown"

Reviewer #2:
Summary:

Smyshlyaev et al. begin their sequence analysis of Tyrosine Recombinases (TRs) by searching the
proteome database using the XerD protein from E. coli. Then they generate a phylogenetic tree
and utilize HMM to find all TR homologues present in UniProt proteomes collection. A preceding
maximum likelihood phylogenetic tree analysis for representative sequences from diverse tyrosine
recombinase families was carried out by Wang J. et al.in 2018 (published in NAR). However, a
further investigation of Xer recombinases was required, since it is clear that they have been
recruited from MGEs. Here in this manuscript, Smyshlyaev et al. pave the way to the understanding
of TRs with a more comprehensive analysis. The authors then extract the 50 most abundant TR
proteins and characterize them further. This analysis reveals that all TRs can be classified in two
major phylogenetic groups based on the presence or absence of the highly variable N-terminal Arm-
Binding (AB) domain. Following this, the authors provide a detailed depiction of several sub-groups
within these two major groups. These sections are descriptive sequence analysis of each subgroup
of TR homologues and as well include the speculations on their function. Nevertheless, the focus
on functional and conserved residues among the TRs within each subgroup leads to the novel
insights. For instance, the commonly used prototype; lambda phage integrase is apparently quite
different from other TRs. Another novel finding is the high correlation of the presence of AB domain
and the mobile character of the TR, as a part of Integrative and Conjugative Elements (ICEs) or as
phage integrases. This observation was followed up with the identification of new, putative ICEs by
the presence of AB-containing TR in the genomic vicinity of conjugative elements. The method was
bench-marked on ICEberg database and proved to predict all full-length ICEs found in the database
as well as 59 previously unannotated ICEs.

General Remarks:

The paper certainly presents a significant body of work, the tools used are solid and generally used
properly. The conclusions drawn from the results sound convincing but leave some questions
unanswered or not addressed. Overall, this study provides a thorough cataloguing of TRs which is
potentially important for MGE identification and their impact on adaptation and will potentially serve
as a resource for other interested scientists in the future. The main novelty is linking the presence
of Arm Binding domain with the function in ICE or phage mobility and using it as a predictor for ICE
annotation. The work presents an interesting basis for further development of sequence-based
predictors of TR function.

There is a recent review by Koonin et al. (published in Nat. Rev. Genetics 21, pages119-131(2020))
on MGEs and to my surprise Smyshlyaev et al. did not cite this paper. If there was a detailed and
broader outlook in addition to the discussion of this study following the points which were raised in
Koonin's review, the significance of this study could be pronounced sufficiently.

Major points:

1. The most conspicuous point of this work lies in the phylogenetic analysis of TR dataset. The



presented phylogeny is based on the first TR dataset obtained by searching the UniProt database
with XerD as a query and not the dataset with all of the homologues, which following parts of the
paper refer to. This phylogeny is by definition XerD-biased and may lack a number of homologues.

2. The XerD-based phylogeny does not correspond to the results presented in the following
sections which leads to some confusion. Some clarification on the following point might be helpful.
The authors state that the presence of AB domain on the N-terminus of the TR is a good predictor
of the mobile character of the TR as a part of ICE or phage integrase. However, the phage
integrases were left out in ICE prediction. Could it be possible that the integrase is in 100kb from
conjugative elements?

3. This study identifies 59 previously unannotated ICEs, which is quite an interesting aspect.
Unfortunately, the authors did not include any experimental confirmation of the results nor any
computational validation of the newly annotated ICEs.

Minor points:

1. There could be some improvement in the text to help readers follow it easier. The results and
conclusions lack the straight, linear narrative and force the reader to jump between the sections of
the paper. The Methods section seems too broad and could be partially moved to the results
section to help the reader. For example, the result of the ICE prediction method bench-marking is
not stated in Results section but in Methods.

2. Results section lacks the information on which part of the alignment was used to generate the
phylogeny. This information should be mentioned before introducing the resulting tree. It is quite
interesting as it indicates the strong phylogenetic signal was present in the core domains and the
division is not simply due to presence or lack of the AB domain.

3. Figure 2 could be improved by drawing the phylogenetic relationships between the groups. The
rectangles and arrows are shifted a bit below of the line on the graph for "Lambda".

4. About the node supports in phylogenetic trees: The Supplementary Figure 8 tree uses a different
support value than the other trees. | understand that this may have been just an oversight, but for
the careful reader, it may seem like presenting the best looking support. Moreover, none of the
trees is presenting the traditional bootstrap support nor the nonparametric approximation. The fast
approximation methods used in this study are known to generate high false-positive rate under
severe model violations and should be generally supplemented with other methods (Anisimova M.
et al. Syst Biol. 2011).

5. Supplementary Figure 7 could be made bigger, as in Supplementary Figure 6, this way the text
can be more visible.

Reviewer #3:

This is a very interesting work, which might impact the Y recombinase field as much as the Nunes-
Duby analysis of 105 Y rec published in 1998, did. It is interesting for both evolutionary biologists
and people working on site specific recombination mechanisms. The phylogenic relationship with



Xer recombinases and the possible evolution history linking all the different Y recs which can be
drawn from their data, reaches a level never attained so far, and will considerably help the
classification, identification and proper annotation of YR and MGE in genomic data, as will be the
AB logos they identified. The use of these data to identify and classify ICEs is very interesting as
well, and their results (59 previously unannotated ICEs!) demonstrate how usefull it will be for
improving proper annotation and discovery of new MGEs.

[ only have minor comments :

- Isuggest to use YR instead of TR, as TR was already given for terminal repeats in MGE, it will be
less confusing.

- in figure 4B could you give the proportions of the different architecture schemes within each ICE
type/ family,in a 4th column

in link with this, l am surprised that the author did not look for potential xis genes (directionality
factors) sitting next to the Yrec genes in these ICEs, but also more broadly near the new YR that
they identified and classified. They did not either discuss the existence of these directionality
factors even if they are commonly used by many of the AB domain containing YR?



1st Authors' Response to Reviewers 23rd Mar 2021

We sincerely thank the Reviewers for their constructive feedback. We are glad that they find our
study interesting; their comments and advice have been very helpful in allowing us to improve
the paper. We have now revised our manuscript according to the recommendations as specified
below. Along with the recommended changes, we have also updated the manuscript to address
all editorial queries and formatting issues.

Reviewer #1:

In this manuscript, the authors investigate classification of tyrosine recombinases in bacterial
genomes. They provide a thorough analysis which is important, timely and interesting even for
those not deeply involved in bacterial genomics. It's also written in a clear and accessible way,
suitable for a general audience who may not be familiar with all of the methodological issues. | do
have a few comments on the manuscript which | hope will improve it if attended to.

Major comments

The classification of the recombinases into subgroups, as illustrated in Figure 1A, looks very
robust at least at the level of the major groups. Nevertheless, It is a slight concern here that the
authors have picked one method and base all their conclusions on this. Alternatives should be
tried to validate the robustness of the classification. Specifically

1) Can the authors investigate using simple blast as an alternative to jackhammer?

We chose to use jackhmmer to aid the identification and inclusion of distantly related to XerD
homologues in our dataset. It was previously reported that for proteins with less than 30%
sequence identity, which is typical for our dataset, non-iterative pairwise BLAST finds fewer true
homologs. For example, only one-half of the relatives with 20-30% identity was detected in the
work of Brenner et al., PNAS, 1997. In contrast, methods that rely on information from multiple
sequences, such as iterative jackhmmer, do much better (see e.g. Park et al., IMB 1998). We
now explain the advantages of jackhmmer for the specific purpose of our study and refer to
previously conducted comparative study in the revised manuscript (Page 17 Lines 17-19).
Additionally, we included a description of the jackhmmer approach in the text for further
clarification, as suggested below.

2) The e-value cutoff is not explained. It seems to strike a balance between sensitivity and
specificity but | think it would be a sound plan if the authors were to show that their classification
Is robust and that their cutoff optimises sensitivity and specificity. It would thus be good if the
authors tried i) a more restrictive cutoff ii) a much more lenient cutoff (say, 1le-5)

We thank the reviewer for this comment. Indeed, the cut-off in the original manuscript was
selected to optimize sensitivity and specificity of our search. As a general criterion, we aimed to
include as many bacterial tyrosine recombinases (referred to as YR in the revised manuscript, in
line with the reviewers’ suggestions) as possible, while avoiding eukaryotic YRs. These proteins
are known to be rather distant from bacterial YR, and poorly conserved, thus contributing to
increased difficulties in reconstructing phylogeny.

In the current revision, we have systematically tested e-values from le-5 to 1e-40 and assessed
the performance of these thresholds in including various recombinases, such as ICE and phage
YRs, bacterial YRs, eukaryotic YRs. The results of this examination are presented now in the
Appendix Table S2. In brief, we found that the threshold of 1e-30 retains more than 80% of all
bacterial recombinases and discards 96% of eukaryotic YRs. Notably, all ICE integrases fall
within this threshold (Dataset EV3). A more stringent cutoff of 1e-35 reduces the dataset to 68%
of the bacterial YRs, while only slightly reducing the number of included eukaryotic YRs. A less
stringent cutoff of 1e-25 also performs very well (89% bacterial YRs retained, 92% of eukaryotic
YRs removed), while 1e-20 already includes significant number of eukaryotic YRs (only 82% of
eukaryotic recombinases are removed). Therefore, we conclude that values from 1e-25 to 1e-30
are good compromise for our study design. We now include this analysis in the revised
manuscript (Page 17 Lines 15-20 and Page 18 Lines 1-7).



3) Similarly, the hmmscan cutoff was 1e-20, which is not consistent with the 1e-30 cutoff used for
the jackhammer- no explanation was given. Some investigation of the robustness of the results
to this parameter would also be helpful.

Hmmscan was applied to map conjugation machinery proteins using profile HMMs developed in
Abby et al., 2013 and supplied as part of the CONJscan tool. Given the distinct characteristic of
these proteins and YRs, different E-value cut-offs are anticipated. In our original analysis we
used a rather stringent cut-off value of 1e-20, which was used for conservative identification of
some conjugation system members in the original CONJscan paper (Abby et al., 2013). In the
revised manuscript, we have rerun our analysis using a less strict cut-off (1e-3), which is
recommended as default in CONJscan for all conjugation HMM profiles (Abby et al., 2013). This
modified threshold did not lead to identification of additional ICEs compared to our original study.
We now clarify our e-value choice on Page 20 Lines 29-31 of the revised manuscript.

The identification of conjugation machinery in the methods is described as being done by a
"custom perl script" which is available through GitHub. It's great that the script is available but it
would be important for the authors to also explain what the script is doing and how it is working in
the methods section- it was not obvious to me how these proteins are identified and whether this
relies on previous classification or not.

In the revised manuscript, we have extended explanation of the method (Page 20 Lines 21-31
and Page 21 Lines 1-5). In brief, our pipeline retrieves the genomic position of the recombinase,
expands this position 100 kilobases upstream and downstream, and identifies conjugation
machinery proteins within this genomic region using profile HMMs from the CONJscan database.
We have also updated the script and improved our README on GitHub to improve clarity.

Minor comments

For future submissions, it might be worth including line numbers for ease of reference for
reviewers.

Line numbers are included in the revised version.
Page 3
"Some MGEs hijack host-encoded Xer proteints[8,9] while others encode specific TRs to

promote their own integration... "

Which part of the sentence does the reference refer to? Please add references if required for the
second part of the sentence

The missing references have been added.

"TRs contribute to the emergence of antibiotic resistance on several ways..."
Should read "in several ways"

Corrected.

P4

"Building on the largely expanded..."

Not very clear. Might as well just remove the first subclause and instead begin the sentence:
"Here we assembled an extended... "

Done.

"To comprehensively analyse”



Change to "To analyse" - can't be sure that you've covered everything using this method [Or "to
boldly analyse" if you really want a split infinitive here 9 ]

The sentence has been changed as suggested by the referee.

"jackhammer search"

If you are to mention jackhammer in the main text | think you should give a brief explanation of
what this is, and also a reference to the hmmer version where jackhammer was first introduced,
similarly to the way you describe HMM on p5.

We included a description of the method and the corresponding reference on Page 5 Lines 4-11.

P5

"Two major phylogenetic groups..."

The figure looks very convincing but it would be worth explicitly stating the branch support values
for these two groups in the text. Similarly, what are the branch support values for the subgroups
in the following descriptions?

We now state the thresholds for the observed branch support values in the Results section (Page
5 Lines 17-19). Furthermore, we added Appendix Table S1, where we list support values for all
relevant branches, and we supply the full tree, with an option for interactive inspection online
(http://itol.embl.de/shared/gera).

P12
"we divide all TR proteins into two groups..." should be "we divided.."

Corrected.
"been experimentally shown" should be "been shown"

Changed.

Reviewer #2:
Summary:

Smyshlyaev et al. begin their sequence analysis of Tyrosine Recombinases (TRs) by searching
the proteome database using the XerD protein from E. coli. Then they generate a phylogenetic
tree and utilize HMM to find all TR homologues present in UniProt proteomes collection. A
preceding maximum likelihood phylogenetic tree analysis for representative sequences from
diverse tyrosine recombinase families was carried out by Wang J. et al. in 2018 (published in
NAR). However, a further investigation of Xer recombinases was required, since it is clear that
they have been recruited from MGEs. Here in this manuscript, Smyshlyaev et al. pave the way to
the understanding of TRs with a more comprehensive analysis. The authors then extract the 50
most abundant TR proteins and characterize them further. This analysis reveals that all TRs can
be classified in two major phylogenetic groups based on the presence or absence of the highly
variable N-terminal Arm-Binding (AB) domain. Following this, the authors provide a detailed
depiction of several sub-groups within these two major groups. These sections are descriptive
sequence analysis of each subgroup of TR homologues and as well include the speculations on
their function. Nevertheless, the focus on functional and conserved residues among the TRs
within each subgroup leads to the novel insights. For instance, the commonly used prototype;
lambda phage integrase is apparently quite different from other TRs. Another novel finding is the
high correlation of the presence of AB domain and the mobile character of the TR, as a part of
Integrative and Conjugative Elements (ICEs) or as phage integrases. This observation was
followed up with the identification of new, putative ICEs by the presence of AB-containing TR in
the genomic vicinity of conjugative elements. The method was bench-marked on ICEberg



database and proved to predict all full-length ICEs found in the database as well as 59 previously
unannotated ICEs.

General Remarks:

The paper certainly presents a significant body of work, the tools used are solid and generally
used properly. The conclusions drawn from the results sound convincing but leave some
guestions unanswered or not addressed. Overall, this study provides a thorough cataloguing of
TRs which is potentially important for MGE identification and their impact on adaptation and will
potentially serve as a resource for other interested scientists in the future. The main novelty is
linking the presence of Arm Binding domain with the function in ICE or phage mobility and using
it as a predictor for ICE annotation. The work presents an interesting basis for further
development of sequence-based predictors of TR function.

There is a recent review by Koonin et al. (published in Nat. Rev. Genetics 21, pages119-
131(2020)) on MGEs and to my surprise Smyshlyaev et al. did not cite this paper. If there was a
detailed and broader outlook in addition to the discussion of this study following the points which
were raised in Koonin's review, the significance of this study could be pronounced sufficiently.

We thank the reviewer very much for this comment. Indeed, we believe our study provides a new
exciting angle on the ‘domestication versus hijacking’ dilemma in MGE evolution, which we now
discuss on Page 15 Lines 1-4.

Major points:

1. The most conspicuous point of this work lies in the phylogenetic analysis of TR dataset. The
presented phylogeny is based on the first TR dataset obtained by searching the UniProt
database with XerD as a query and not the dataset with all of the homologues, which following
parts of the paper refer to. This phylogeny is by definition XerD-biased and may lack a number of
homologues.

To create a complete tyrosine recombinase sequence dataset for our phylogenetic
reconstruction, we performed an iterative jackhmmer search. This consisted of several cycles of
sequence searches, each querying with a new profile HMM created with the results of the
previous search cycle. All resulting sequences were then clustered, and representatives of all the
clusters were used for phylogeny reconstruction. Thus, the phylogenetic reconstruction covers
the same diversity of sequences as all other parts of the paper. While the initial step of the
search pipeline used XerD as a query, the final dataset also includes distant homologues and
does not appear to carry an XerD bias. The iterative jackhmmer search was reported to perform
well in identifying distantly related sequences and in the revised manuscript we find that our
analysis recovers more than 80% of all the bacterial tyrosine recombinases (YRs) annotated in
Pfam (Page 17 Lines 15-20 and Page 18 Lines 1-7). For more details regarding the specificity
and sensitivity of our jackhmmer search, please also refer to our response to Reviewer 1, major
point 2.

2. The XerD-based phylogeny does not correspond to the results presented in the following
sections which leads to some confusion. Some clarification on the following point might be
helpful. The authors state that the presence of AB domain on the N-terminus of the TR is a good
predictor of the mobile character of the TR as a part of ICE or phage integrase. However, the
phage integrases were left out in ICE prediction. Could it be possible that the integrase is in
100kb from conjugative elements?

Our analysis does not effectively discriminate between ICE and phage integrases. In fact, we find
that many MGE-related subgroups contain both phage and ICE integrases (see for example,
Intrne1e @and Intsxt subgroups in Appendix Figures S6 and S7). As we used the hmm profiles
corresponding to these mixed YR subgroups for ICE prediction, phage integrases were also
included in our analysis. We have carefully checked the manuscript to clarify this point and avoid



confusion. We hope that our revisions address the referee’s concern.

3. This study identifies 59 previously unannotated ICEs, which is quite an interesting aspect.
Unfortunately, the authors did not include any experimental confirmation of the results nor any
computational validation of the newly annotated ICEs.

We agree with the reviewer that additional evidence for the mobility of these elements will be
valuable. However, experimental verification requires specific native bacterial strains, which are
not easily accessible. Reconstitution of ICE mobility is also generally challenging, mostly due to
limitations in bacterial culturing conditions, specific host factor requirements, and the complex
regulatory landscape of these elements. Accordingly, only a few ICEs have been adequately
characterised to date and analysis of a substantial number of our predicted ICEs would be
beyond the scope of our current manuscript.

Thus, we have now extended our paper with three levels of computational verification.

First, we predicted the borders of identified ICEs. Typically, ICE ends are marked with terminal
repeats, which are recognised by the integrase enzyme to execute ICE excision and integration.
The integrase gene is usually located adjacent to one of these terminal repeats. Thus, the
identification of terminal repeats and mapping of their location relative to the integrase gene will
support the identity of our newly annotated ICEs. With this analysis, we have successfully
predicted terminal repeats for 50 out of 59 ICEs, as reported in Dataset EV4.

Second, we tested if a complete conjugation system is encoded within the predicted borders of
the candidate ICEs and shows sequence conservation in closely related elements. Active ICEs
generally include conjugation machinery genes, which are required for their intercellular transfer.
The essentiality of these modules implies a high level of conservation within ICE families. We
successfully detected conjugation systems in all predicted ICEs and found that closely related
ICEs bear conjugation systems of the same type (see Figure 5 and Appendix Figure S8).

Third, we attempted to identify naive (ICE-free) genomic sites for confirmed ICEs in closely
related genomes. Given the mobile nature of ICEs, functional elements can move to new
genomic sites and may thus appear in different locations across different bacterial strains or
species. Thus, successful identification of naive sites would provide direct confirmation for ICE
identity and movement. Our analysis identified naive insertion sites for 18 of the 50 confirmed
ICEs (Dataset EV4), providing strong evidence of recent mobilisation of these ICEs. One
illustrative example with ICE-containing and naive genomes is highlighted in Appendix Figure S9.
For the remaining elements we did not find a closely related ICE-free genome in the available
genome sequence database. This is not unexpected, since most of the new ICEs are detected in
previously unannotated genomes from underrepresented taxa.

These additional analyses provide strong support for the identity of the detected ICEs and hence
verify the utility of our pipeline for MGE annotation. The corresponding analyses and results are
now outlined in the Results section of the manuscript (Page 12 Lines 23-31 and Page 13 Lines 1-
6) and in Methods (Page 21 Lines 6-24). We thank the referee for their comment; we believe that
the additional analyses have largely enriched our manuscript.

Minor points:

1. There could be some improvement in the text to help readers follow it easier. The results and
conclusions lack the straight, linear narrative and force the reader to jump between the sections
of the paper. The Methods section seems too broad and could be partially moved to the results
section to help the reader. For example, the result of the ICE prediction method bench-marking is
not stated in Results section but in Methods.

We have thoroughly revised our manuscript to improve clarity. We have added narrative at the
beginning of each section to clarify the flow. Additionally, we extended the Results section with
general descriptions of the methodological concepts of our study, as suggested by the reviewers.



2. Results section lacks the information on which part of the alignment was used to generate the
phylogeny. This information should be mentioned before introducing the resulting tree. It is quite
interesting as it indicates the strong phylogenetic signal was present in the core domains and the
division is not simply due to presence or lack of the AB domain.

That is indeed an important point and we are thankful to the referee for this comment. We have
used only CB and CAT domain sequences for the alignment; thus, the final phylogenetic
reconstruction is independent of the presence of the AB domain. We have added this information
in the Results section (Page 5 Lines 13-14).

3. Figure 2 could be improved by drawing the phylogenetic relationships between the groups.
The rectangles and arrows are shifted a bit below of the line on the graph for "Lambda".

We have updated the figure as suggested.

4. About the node supports in phylogenetic trees: The Supplementary Figure 8 tree uses a
different support value than the other trees. | understand that this may have been just an
oversight, but for the careful reader, it may seem like presenting the best looking support.

The tree shown in Appendix Figure S8 (previously Supplementary Figure 8) was reconstructed
independently from the main tree, using only the sequences of ICE integrases. We now clarify
this in the Results (Page 13 Lines 8-11) and Methods (Page 19 Lines 5-12) sections, as well as
in the Figure legend.

Moreover, none of the trees is presenting the traditional bootstrap support nor the nonparametric
approximation. The fast approximation methods used in this study are known to generate high
false-positive rate under severe model violations and should be generally supplemented with
other methods (Anisimova M. et al. Syst Biol. 2011).

To address this comment, we now support our phylogenetic reconstruction with non-parametric
SH-aLRT, as recommended in Anisimova M. et al. (Syst Biol. 2011). The resulting support values
are shown in Appendix Table S1. Notably, our phylogenetic reconstruction is further
substantiated by the observed conservation of functionally relevant sequence features (such as
host taxonomy and presence of specific DNA-binding domains) within the individual subgroups.

5. Supplementary Figure 7 could be made bigger, as in Supplementary Figure 6, this way the
text can be more visible.

Done.

Reviewer #3:

This is a very interesting work, which might impact the Y recombinase field as much as the
Nunes-Duby analysis of 105 Y rec published in 1998, did. It is interesting for both evolutionary
biologists and people working on site specific recombination mechanisms. The phylogenic
relationship with Xer recombinases and the possible evolution history linking all the different Y
recs which can be drawn from their data, reaches a level never attained so far, and will
considerably help the classification, identification and proper annotation of YR and MGE in
genomic data, as will be the AB logos they identified. The use of these data to identify and
classify ICEs is very interesting as well, and their results (59 previously unannotated ICEs!)
demonstrate how usefull it will be for improving proper annotation and discovery of new MGEs.
| only have minor comments :

- | suggest to use YR instead of TR, as TR was already given for terminal repeats in MGE, it will
be less confusing.



We agree with the reviewer and updated the nomenclature in the revised manuscript.

- in figure 4B could you give the proportions of the different architecture schemes within each ICE
type/ family, in a 4th column

We thank the reviewer for this suggestion. We have updated the figure accordingly.

in link with this, | am surprised that the author did not look for potential xis genes (directionality
factors) sitting next to the Yrec genes in these ICEs, but also more broadly near the new YR that
they identified and classified. They did not either discuss the existence of these directionality
factors even if they are commonly used by many of the AB domain containing YR?

We agree with the reviewer regarding the relevance of xis genes for YR function, which we now
discuss in our revised manuscript. Annotation of xis genes near YRs could also help to support
ICE identification and characterisation. However, Xis proteins are very short and poorly
conserved, which hampers their sequence-based identification. Nevertheless, in this revision we
created a collection of Pfam profile HMMs that correspond to known Xis proteins and searched
for the Xis proteins in 1kb proximity from the integrases in the studied ICEs. We observe that
only ICEs with AB-containing integrases (but not simple YRs from Intxx subclade) encode
putative Xis. This analysis is described in Methods (Page 20 Line 31 and Page 21 Lines 1-2),
presented and discussed in the Results (Page 13 Lines 20-28), and depicted in Figure 4 and
Appendix Figure S8.



1st Revision - Editorial Decision 8th Apr 2021

Thank you again for sending us your revised manuscript. We have now heard back from reviewers
#1 and #2 who were asked to evaluate your study. As you will see below, both reviewers are
satisfied with the performed revisions and they are supportive of publication. Reviewer #2 only
lists a remaining concern regarding the quality of Appendix Figure S8, which we would ask you to
address in a minor revision.

Moreover, we would ask you to address some remaining editorial issues listed below.

REFEREE REPORTS

Reviewer #1:

Ithank the authors for their careful and considerate response to my queries in the first round of
review. I'm satisfied with their answers. It also appears that they have addressed the concerns of
the remaining reviewers in a thoughtful manner and | would therefore support publication of the
revised version.

Reviewer #2:

In the revised manuscript, Smyshlyaev et al. addressed and clarified the raised major points. More
specifically:

The addition of jackhammer bench-marking convincingly shows that the data set used in the
study



captures distant XerD homologues. Iwould like to thank the authors for clarifying my comment
regarding the distinction between phage and ICE integrases.

One of the main ambiguities that was highlighted in my review was the lack of additional validation
of the character of newly predicted elements. Smyshlyaev et al. now in the revised manuscript
included a large body of computational analysis providing 3 independent points of evidence strongly
suggesting that the predicted ICEs are indeed functional mobile elements. It is especially convincing
in the case of 18 out of 59 putative ICEs for which the evidence of recent mobility was provided.

As for the minor points: The revised manuscript is written in a clear manner with a straightforward
narrative. Most of the figures are legible with the exception of the appendix figure S8, of which the
resolution is too low to read the labels and should be improved.

All'the other minor points were addressed.

I would recommend this manuscript to be published in MSB after improving the image quality for the
above mentioned figure.



2nd Authors' Response to Reviewers 18th Apr 2021

Response to the Reviewers

Reviewer comments:

Reviewer #1:

| thank the authors for their careful and considerate response to my queries in the
first round of review. I'm satisfied with their answers. It also appears that they have
addressed the concerns of the remaining reviewers in a thoughtful manner and |
would therefore support publication of the revised version.

Reviewer #2:

In the revised manuscript, Smyshlyaev et al. addressed and clarified the raised
major points. More specifically:

The addition of jackhammer bench-marking convincingly shows that the data set
used in the study captures distant XerD homologues. | would like to thank the
authors for clarifying my comment regarding the distinction between phage and ICE
integrases.

One of the main ambiguities that was highlighted in my review was the lack of
additional validation of the character of newly predicted elements. Smyshlyaev et al.
now in the revised manuscript included a large body of computational analysis
providing 3 independent points of evidence strongly suggesting that the predicted
ICEs are indeed functional mobile elements. It is especially convincing in the case of
18 out of 59 putative ICEs for which the evidence of recent mobility was provided.

As for the minor points: The revised manuscript is written in a clear manner with a
straightforward narrative. Most of the figures are legible with the exception of the
appendix figure S8, of which the resolution is too low to read the labels and should
be improved.

All the other minor points were addressed.

| would recommend this manuscript to be published in MSB after improving the
image quality for the above mentioned figure.

Response:

We thank both reviewers for their work on our manuscript and for their feedback. We
are glad to hear that they find that our revised manuscript appropriately addressed
their comments and support the publication of the work in Molecular Systems
Biology.

We apologise for the poor quality of the Appendix Figure S8. We have replaced this
figure with an improved quality version in the current submission.



Accepted 20th Apr 2021

Thank you again for sending us your revised manuscript. We are now satisfied with the
modifications made and | am pleased to inform you that your paper has been accepted for
publication.
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Corresponding Author Name: Georgy Smyshlyaev
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Manuscript Number: MSB-20-9880R

Reporting Checklist For Life Sciences Articles (Rev. June 2017)

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.

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.

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.

USEFUL LINKS FOR COMPLETING THIS FORM

http://www.antibodypedia.com
http://1degreebio.org

http://www.equator-network.org/reporting: improving-bioscience-research-repor

http://grants.nih.gov/grants/olaw/olaw.htm
http://www.mrc.ac.uk/Ourresearch/Ethicsresearchguidance/Useofanimals/index.htm
http://ClinicalTrials.gov

http:
http:,

‘'www.consort-statement.or.

‘'www.consort-statement.org/checklists/view/32-consort/66-title

http://www.equator-network.org/reporting: reporting-recommendations-for-tum¢

http://datadryad.org
http://figshare.com

http://www.ncbi.nlm.nih.gov/ga

http://www.ebi.ac.uk/ega

http://biomodels.net/

http://biomodels.net/miriam/

http://jjj.biochem.sun.ac.za
http://oba.od.nih.gov/biosecurity/biosecurity_documents.html
http://www.selectagents.gov,

B- Statistics and general methods Please fill these boxes W (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? NA
1.b. For animal studies, include a statement about sample size estimate even if no statistical methods were used. NA
2. Describe inclusion/exclusion criteria if samples or animals were excluded from the analysis. Were the criteria pre- NA
established?
3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. NA
randomization procedure)? If yes, please describe.
For animal studies, include a statement about randomization even if no randomization was used. NA
4.a. Were any steps taken to minimize the effects of subjective bias during group allocation or/and when assessing results [NA
(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 NA
5. For every figure, are statistical tests justified as appropriate? Yes
Do the data meet the assumptions of the tests (e.g., normal distribution)? Describe any methods used to assess it. For the phylogeny reconstruction we assess the assumed model for protein evolution using
ProtTest.
Is there an estimate of variation within each group of data? NA




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

C- Reagents

6. To show that antibodies were profiled for use in the system under study (assay and species), provide a citation, catalog |NA
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).

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

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

D- Animal Models

8. Report species, strain, gender, age of animals and genetic modification status where applicable. Please detail housing |NA
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 |NA
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 [NA
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.

E- Human Subjects

11. Identify the committee(s) approving the study protocol. NA

12. Include a statement confirming that informed consent was obtained from all subjects and that the experiments NA
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. NA
14. Report any restrictions on the availability (and/or on the use) of human data or samples. NA
15. Report the clinical trial registration number (at ClinicalTrials.gov or equivalent), where applicable. NA

16. For phase Il and Ill randomized controlled trials, please refer to the CONSORT flow diagram (see link list at top right) [NA
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 [NA
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 Data Availability section is provided at the end of the Materials and Methods
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

19. Deposition is strongly recommended for any datasets that are central and integral to the study; please consider the We have provided our dataset as a Supplementary Document
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|NA
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).

21. Computational models that are central and integral to a study should be shared without restrictions and provided ina |NA
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 NA
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.
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