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1st Editorial Decision 27th Nov 2024

27th Nov 2024

Manuscript Number: MSB-2024-12666
Title: Spatial entropy drives the maintenance and dissemination of mobile genetic elements

Dear Prof Wang,

Thank you for the submission of your manuscript to Molecular Systems Biology. We have now received feedback from the three
reviewers who agreed to evaluate your manuscript. As you will see from the reports below, the referees acknowledge the
interest of the study and are overall supportive of your work; however they also comment on multiple aspects of the manuscript
that should be strengthened in a revision.

| think that the recommendations of the reviewers are rather clear and | therefore do not see the need to repeat the comments
listed below. Two of the more fundamental points raised refer to whether the well assay can indeed recapitulate community
interactions and that potential issues with the mathematical model assumptions need to be further examined.

All other issues raised 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, | would be happy to schedule a call.

When submitting your revised manuscript, please carefully review the instructions that follow below. We perform an initial quality
control of all revised manuscripts before re-review; failure to include requested items will delay the evaluation of your revision.

We require:

1) A .docx formatted version of the manuscript text (including legends for main figures, EV figures and tables). Please make sure
that the changes are highlighted to be clearly visible. Alternatively you may choose to submit your manuscript as a LaTeX file.

2) Individual production quality figure files as .eps, .tif, .jpg (one file per figure). For guidance, download the 'Figure Guide PDF’
(https://'www.embopress.org/page/journal/17574684/authorguide#figureformat).

3) At EMBO Press we ask authors to provide source data for the main figures. Our source data coordinator will contact you to
discuss which figure panels we would need source data for and will also provide you with helpful tips on how to upload and
organize the files.

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

5) A complete author checklist, which you can download from our author guidelines
(https://www.embopress.org/page/journal/17574684/authorguide#submissionofrevisions). Please insert information in the
checklist that is also reflected in the manuscript. The completed author checklist will also be part of the PRF.

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

7) It is mandatory to include a 'Data Availability’ section after the Materials and Methods. Before submitting your revision, primary
datasets produced in this study need to be deposited in an appropriate public database, and the accession numbers and
database listed under 'Data Availability'. Please remember to provide a reviewer password if the datasets are not yet public (see
https://www.embopress.org/page/journal/17574684/authorguide#dataavailability).

In case you have no data that requires deposition in a public database, please state so in this section. Note that the Data
Availability Section is restricted to new primary data that are part of this study.
This study includes no data deposited in external repositories.

8) All Materials and Methods need to be described in the main text using our 'Structured Methods' format, which is required for
all research articles. According to this format, the Methods section includes a Reagents and Tools Table (listing key reagents,
experimental models, software and relevant equipment and including their sources and relevant identifiers) followed by a
Methods and Protocols section describing the methods using a step-by-step protocol format. The aim is to facilitate adoption of
the methodologies across labs. Please upload the Reagents and Tools table as a separate document when submitting your
revised manuscript. More information on how to adhere to this format as well as a downloadable template (.docx) for the
Reagents and Tools Table can be found in our author guidelines:
https://www.embopress.org/page/journal/17444292/authorguide#structuredmethods



An example of a Method paper with Structured Methods can be found here:
https://www.embopress.org/doi/10.15252/msb.20178071.

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

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

11) We replaced Supplementary Information with Expanded View (EV) Figures and Tables that are collapsible/expandable
online. A maximum of 5 EV Figures can be typeset. EV Figures should be cited as 'Figure EV1, Figure EV2" etc... in the text and
their respective legends should be included in the main text after the legends of regular figures.

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

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

See detailed instructions here:

https://www.embopress.org/page/journal/17574684/authorguide#expandedview

12) For more information: There is space at the end of each article to list relevant web links for further consultation by our
readers. Could you identify some relevant ones and provide such information as well? Some examples are patient associations,
relevant databases, OMIM/proteins/genes links, author's websites, etc...

13) Author contributions: CRediT has replaced the traditional author contributions section because it offers a systematic
machine readable author contributions format that allows for more effective research assessment. Please remove the Authors
Contributions from the manuscript and use the free text boxes beneath each contributing author's name in our system to add
specific details on the author's contribution. More information is available in our guide to authors.

14) Disclosure statement and competing interests: We updated our journal's competing interests policy in January 2022 and
request authors to consider both actual and perceived competing interests. Please review the policy
https://www.embopress.org/competing-interests and update your competing interests if necessary.

15) Every published paper now includes a 'Synopsis' to further enhance discoverability. Synopses are displayed on the journal
webpage and are freely accessible to all readers. They include a short stand first (maximum of 300 characters, including space)
as well as 2-5 one-sentences bullet points that summarizes the paper. Please write the bullet points to summarize the key NEW
findings. They should be designed to be complementary to the abstract - i.e. not repeat the same text. We encourage inclusion
of key acronyms and quantitative information (maximum of 30 words / bullet point). Please use the passive voice. Please attach
these in a separate file or send them by email, we will incorporate them accordingly.

Please also suggest a striking image or visual abstract to illustrate your article as a PNG file 550 px wide x 300-600 px high.
Share synopsis text and image, as well as eTOC:
Please note that these would be the final versions and changes during proofing are usually not allowed

16) As part of the EMBO Publications transparent editorial process initiative (see our policy here:
https://www.embopress.org/transparent-process#Review_Process), Molecular Systems Biology will publish online a Peer
Review File (PRF) to accompany accepted manuscripts.

In the event of acceptance, this file will be published in conjunction with your paper and will include the anonymous referee
reports, your point-by-point response and all pertinent correspondence relating to the manuscript. Let us know whether you
agree with the publication of the PRF and as here, if you want to remove or not any figures from it prior to publication.
Please note that the Authors checklist will be published at the end of the PRF.

Molecular Systems Biology has a "scooping protection" policy, whereby similar findings that are published by others during
review or revision are not a criterion for rejection. Should you decide to submit a revised version, | do ask that you get in touch
after three months if you have not completed it, to update us on the status.



I look forward to receiving your revised manuscript.
Yours sincerely,
Poonam Bheda, PhD

Scientific Editor
Molecular Systems Biology

Reviewer #1:

The manuscript "Spatial entropy drives the maintenance and dissemination of mobile genetic elements” attempts to addresses a
knowledge gap in the field concerning the influence of spatial landscape in maintenance and spread of mobile elements in
environmental microbial communities. This study is important, timely and of significance as most of our current knowledge about
MGE dynamics stems for studying bacteria and their MGEs in well-mixed populations, but these do not represent the spatial
landscape in complex environmental communities.

The authors use a sound theoretical framework to represent microbial metacommunities in the environment and simulate gene
flow dynamics. Based on the simulations where they keep cell densities constant while varying spatial entropy, the authors draw
their main conclusion that lowering of spatial entropy favors maintenance and spread of mobile elements (MGE). The simulation
methodology is rigorous and results based on them are convincing. The authors make a conceptual advance and also provide
necessary context to explain their observations. They attribute their main conclusion to - resulting high local cell densities in low
entropy environments, and establish relationship between spatial entropy and average rate of MGE transfer. They also attempt
to validate this relationship based in theory using (1) an experimental set-up that measures MGE spread in E. coli
metacommunities, and (2) through genome sequence analysis of bacteria from high and low spatial entropy environments.
However, the manuscript falls short in providing convincing validation through their experimental and quantitative genomic
analysis. Hence, the manuscript can be revised based on following suggestions.

Major points -

1. Based on the description of E.coli metacommunities experiment the wells in each row represent a single meta-community.
However, these wells are not connected i.e, a physical barrier separates members of the metacommunity. Given this, | would
argue that the experiment does not represent the spatial landscape from the simulations described in Lines 82-85 - where the
local patches are not separated by a barrier and allow for bacterial dispersal or immigration. Again, in the introduction Lines 51-
53 the authors state that "the global maintenance of MGEs also depends on its efficiency to disseminate across different areas”,
however the experimental set-up does not support this condition. Hence, in my opinion the current experimental set-up with
physical barriers is insufficient to validate the conditions used in the simulations.

2. In support of their theory, the authors test the expectation that bacteria in low-entropy environments like biofilms should carry
more MGEs compared to high entropy environments as low spatial entropy promotes MGE persistence and spread. To address
this, they perform genome sequence analysis and stratify bacteria living in low entropy and high entropy environments based on
presence or absence respectively of biofilm formation related genes (BFGs). The authors finds that bacteria with BFGs carry
more plasmids compared to bacteria without BFGs. However, genome size is positively correlated with the number of
MGEs(1,2). Hence, it is important to first determine that bacteria with BFGs do not have significantly larger genomes compared
to bacteria without BFGs. This analysis is important to convincingly refute that the higher fraction of MGEs in the genomes with
BFGs is not merely a consequence of their large genome sizes but is associated with low spatial entropy.

Minor points -

1. Throughout the manuscript both in the simulations and experiments - the authors refer to the umbrella term of mobile
elements or MGEs but the assumptions, environmental conditions and even the mechanisms specifically refer to MGEs that
transfer via cell-to-cell contact, a particular MGE type i.e, plasmids. Hence, it might benefit to avoid generalisations and refer to
mobile elements as plasmids throughout the manuscript.

2. In Figure 2a the scale requires a legend.

3. Description of Figure 2a needs text describing within patch dynamics and description for the terms S0, S1, 0, 1

4. For Figure 4d and 5b, to improve readability the respective ends of x - axis could be marked high and low alongside their
marked spatial entropy values. In addition, Line 450 from methods section could be added to the description text of Figure 4d for



ease of understanding.

References:

1. I. L. G. Newton, S. R. Bordenstein, Correlations Between Bacterial Ecology and Mobile DNA. Curr. Microbiol. 62, 198-208
(2011).

2. S. Khedkar, G. Smyshlyaev, |. Letunic, O. M. Maistrenko, L. P. Coelho, A. Orakov, S. K. Forslund, F. Hildebrand, M. Luetge,
T. S. B. Schmidt, O. Barabas, P. Bork, Landscape of mobile genetic elements and their antibiotic resistance cargo in prokaryotic
genomes. Nucleic Acids Res. 50, 3155-3168 (2022).

Reviewer #2:

This manuscript "Spatial entropy drives the maintenance and dissemination of mobile genetic elements" addresses fundamental
questions regarding how spatial heterogeneity influences the maintenance and spread of mobile genetic elements (MGEs) in
microbial communities. The authors present a novel theoretical framework that links spatial entropy to MGE persistence,
supported by experimental validation and large-scale genomic analysis. This manuscript makes a significant contribution to
understanding MGE maintenance and spread in spatially structured environments. , and is particularly relevant given the
growing concerns about antibiotic resistance and its spread through MGEs.

The study effectively bridges theoretical predictions with experimental validation and genomic evidence, and the introduction of
spatial entropy as a unified measure for analyzing MGE persistence is innovative, providing implications for understanding and
potentially controlling antibiotic resistance spread

However, there are some issues to be addressed, first is about the mathematical model assumptions. | think the relationship
between density and transfer efficiency requires more thorough examination. The assumption that "gain of transfer efficiency by
density increase exceeds the loss from local density reduction” may impose specific requirements on the "density-transfer
efficiency” relationship. For example, the near-exponential increase in density-bacterial contact frequency (Figure 4c) is crucial
for the results. What happens if the relationship saturates? Could density increases in certain regions fail to compensate for
decreased transfer rates elsewhere? While the general conclusion that "spatial heterogeneity promotes coexistence" aligns with
previous ecological theories, testing different functional forms would strengthen the mathematical foundation

Also, about the spatial heterogeneity implementation, the use of Perlin noise is appropriate but could be complemented by
simpler configurations (e.g., two or four patches of different density), in that these simplified settings might permit analytical
solutions.

Another point is about the experimental design vs. model assumptions, that there are several discrepancies between the model
and experimental setup warrant discussion: 1. Model assumes heterogeneity in carrying capacity, while experiments directly set
different cell densities; 2. Experimental wells lack direct contact, with manual mixing occurring hourly. How would model
predictions change if simulated under exact experimental conditions?

Regarding the boinformatics analysis, the genomic analysis is supportive but requires more careful interpretation, as there can
be alternative explanations for observed correlations should be discussed For example, biofiim-forming microbes might have
higher fitness, enabling them to maintain more MGEs, or MGEs themselves might carry genes promoting microbial clustering.
These alternative mechanisms could be distinguished through additional analysis, and the relationship between spatial structure
and MGE abundance might be bidirectional.

A minor comment is that the discussion section is overly lengthy and could be more focused.

Reviewer #3:

The manuscript MSB-2024-12666, entitled "Spatial entropy drives the maintenance and dissemination of mobile genetic
elements" presented an interesting and important theoretical framework for studying the impact of spatial heterogeneity on the
spread of mobile genetic elements (MGEs). By combining mathematical modeling, experimental validation, and analysis of gene
flow in natural environments, the paper revealed how reducing spatial entropy can promote the persistence and dissemination of
MGEs.

This research has significant theoretical implications and practical applications, particularly in managing the spread of antibiotic
resistance genes (ARGSs).



Major comments:

The paper directly refers to "patch" in both the Methods (line 386) and the first part of the Results section (line 78). For
interdisciplinary researchers who may not be familiar with ecological modeling terminology, it is recommended to provide a brief
explanation of what a "patch" represents in this context. This will help ensure the paper is accessible to a broader audience.
Additionally, other potentially confusing terms should be explained in a concise manner.

Although the authors described how spatial heterogeneity affects gene dissemination through variations in maximum carrying
capacity, it is suggested to further elaborate on the biological background of across different patches. Specifically, why was a
particular distribution chosen to represent? Is there empirical data supporting this specific heterogeneity setup?

The term "MGE-free bacteria" is used throughout the paper, but it would be helpful to clarify whether these bacteria are
completely devoid of all types of mobile genetic elements, such as plasmids, transposons, or phages.

The manuscript would benefit from a clearer explanation regarding the purpose of calculating the maximum carrying capacity
(N_m)for each patch and setting the average value to a constant (z). We understand that the likely intention behind keeping
constant is to control for its influence and thus better isolate the effects of spatial entropy in the experiments. However, it would
be helpful for the authors to explicitly state this purpose and discuss the rationale more clearly. Furthermore, the choice of
specific parameters for determining N_m and z, as well as whether there is any empirical basis or objective reasoning behind
this particular setting, is not sufficiently addressed.

The criteria used to define the boundaries or thresholds for low entropy and medium entropy conditions are not explicitly stated.
It is crucial to clarify the specific values or ranges used to define these entropy categories, as this would help in understanding
how these classifications were derived and ensure reproducibility of the study.

The manuscript proposed an insightful hypothesis that biofilm formation-related genes (BFGs) can serve as indicators of low
entropy environments. | recommend that the authors provide the references or empirical data to strengthen this claim.

The definition of BFGs in the manuscript is based on matching the keyword "biofilm" in names. | recommend that the authors
provide a comprehensive list of the BFGs used in their analysis. Additionally, it would be helpful to clarify if there are any genes
known to participate in biofilm formation that might be overlooked by this keyword-based approach. Furthermore, please discuss
if similar methodologies have been applied in previous studies on biofilm-related research and whether this approach is
generally accepted in the field.



1st Authors' Response to Reviewers 10th Feb 2025

Point-by-point responses (in black) to reviewers’ comments (in blue).
Reviewer #1:

The manuscript "Spatial entropy drives the maintenance and dissemination of mobile
genetic elements" attempts to addresses a knowledge gap in the field concerning the
influence of spatial landscape in maintenance and spread of mobile elements in
environmental microbial communities. This study is important, timely and of significance
as most of our current knowledge about MGE dynamics stems for studying bacteria and
their MGEs in well-mixed populations, but these do not represent the spatial landscape

in complex environmental communities.

The authors use a sound theoretical framework to represent microbial metacommunities
in the environment and simulate gene flow dynamics. Based on the simulations where
they keep cell densities constant while varying spatial entropy, the authors draw their
main conclusion that lowering of spatial entropy favors maintenance and spread of
mobile elements (MGE). The simulation methodology is rigorous and results based on
them are convincing, The authors make a conceptual advance and also provide necessary
context to explain their observations. They attribute their main conclusion to - resulting
high local cell densities in low entropy environments, and establish relationship between
spatial entropy and average rate of MGE transfer. They also attempt to validate this
relationship based in theory using (1) an experimental set-up that measures MGE spread
in E. coli metacommunities, and (2) through genome sequence analysis of bacteria from
high and low spatial entropy environments. However, the manuscript falls short in
providing convincing validation through their experimental and quantitative genomic
analysis. Hence, the manuscript can be revised based on following suggestions.

We appreciate the reviewer’s recognition of the importance, rigor and conceptual
advance of this work. We are also grateful for the constructive comments and
suggestions regarding further validations in experimental and genomic analyses. All the
points raised have been fully addressed in the revised manuscript and are detailed below.

Major points -

1. Based on the description of E. coli metacommunities experiment the wells in each row
represent a single meta-community. However, these wells are not connected i.e, a physical
barrier separates members of the metacommunity. Given this, I would argue that the
experiment does not represent the spatial landscape from the simulations described in
Lines 82-85 - where the local patches are not separated by a barrier and allow for
bacterial dispersal or immigration. Again, in the introduction Lines 51-53 the authors
state that "the global maintenance of MGEs also depends on its efficiency to disseminate
across different areas", however the experimental set-up does not support this condition.
Hence, in my opinion the current experimental set-up with physical barriers is
insufficient to validate the conditions used in the simulations.

We thank the reviewer for the insightful comments. To further validate the conditions
used in the simulations, we conducted additional experiments in the updated manuscript.

In these experiments, we connected adjacent wells in each row through periodic manual



pipetting. Every 15 minutes, 10 uL of bacterial culture was transferred from each well to
its neighboring wells and mixed thoroughly. This periodic mixing facilitated microbial
dispersal across the patches. After one hour of incubation, the total number of
transconjugants in each row was quantified using selective plating.

Our results indicated that microbial dispersal created by manual pipetting did not
fundamentally alter our conclusion: reducing spatial entropy still promoted the effective
plasmid transfer rate in the metacommunities.

The results of these additional experiments are discussed in lines 222-229 and presented
in Appendix Fig. S9.

2. In support of their theory, the authors test the expectation that bacteria in low-entropy
environments like biofilms should carry more MGEs compared to high entropy
environments as low spatial entropy promotes MGE persistence and spread. To address
this, they perform genome sequence analysis and stratify bacteria living in low entropy
and high entropy environments based on presence or absence respectively of biofilm
formation related genes (BFGs). The authors finds that bacteria with BFGs carry more
plasmids compared to bacteria without BFGs. However, genome size is positively
correlated with the number of MGEs(1,2). Hence, it is important to first determine that
bacteria with BFGs do not have significantly larger genomes compared to bacteria
without BFGs. This analysis is important to convincingly refute that the higher fraction
of MGE:s in the genomes with BFGs is not merely a consequence of their large genome

sizes but is associated with low spatial entropy.

We are extremely grateful for the insightful suggestion. Distinguishing the role of
entropy from the influence of genome size is crucial for justifying our conclusions. In
response to the reviewer’s comments, we first compared the genome sizes of bacteria
with and without BFGs. We found that the genomes or chromosomes of bacteria with
BFGs were significantly larger than those without BEGs (Appendix Fig. S12A and B).

To control for the effects of genome size, we divided our collection of prokaryotic
genomes into multiple bins based on genome size. Within each bin, the size difference
between the largest and smallest genomes was less than 2.4%, effectively minimizing the
influence of genome size on plasmid carriage within each bin. We then analyzed whether
the presence of BFGs led to a higher fraction of plasmid-carrying genomes in each bin.
We found that in nearly all bins (13 out of 16), the fraction of plasmid-carrying genomes
was higher among those with BFGs compared to those without BFGs (Appendix Fig;
S12C-E).

These results suggest that the higher abundance of plasmids in genomes with BFGs is
not merely a consequence of larger genome size but is associated with lower spatial
entropy. More importantly, we found that the association between genome size and
plasmid abundance exists only in genomes carrying BFGs. For genomes without BFGs,
increasing genome size did not lead to a significant increase in plasmid number
(Appendix Fig. S12C and D). This indicates that the relationship between genome size
and plasmid number may be mediated by the capability of biofilm formation.



The results of this analysis are presented in Appendix Fig. S12 and discussed in line
258-275 in the updated manuscript.

Minor points -

1. Throughout the manuscript both in the simulations and experiments - the authors
refer to the umbrella term of mobile elements or MGEs but the assumptions,
environmental conditions and even the mechanisms specifically refer to MGEs that
transfer via cell-to-cell contact, a particular MGE type i.e, plasmids. Hence, it might
benefit to avoid generalisations and refer to mobile elements as plasmids throughout the

manuscript.

We appreciate the reviewer’s suggestion. Indeed, our work primarily focused on the
>

process of plasmid transfer. We have replaced the general term ‘mobile genetic elements
with the more specific term ‘plasmids’ throughout the updated manuscript.

2. In Figure 2a the scale requires a legend.
Thanks for pointing it out. We have added the legend of the scale in Fig. 2A.

3. Description of Figure 2a needs text describing within patch dynamics and description
for the terms S0, S1,u0, ul

We are grateful for the suggestion. In the updated legend of Fig. 2A, we have provided a
more detailed description of the within-patch dynamics and have clarified the definitions
of the four parameters (So, Sy, Ug and Uq).

4. For Figure 4d and 5b, to improve readability the respective ends of x - axis could be
marked high and low alongside their marked spatial entropy values. In addition, Line 450
from methods section could be added to the description text of Figure 4d for ease of

understanding.

We appreciate the suggestions. In Fig. 4D and 5B, we have added a triangle bar along the
x-axis to indicate high and low entropies. Additionally, we have incorporated the relevant
text from line 450 of the Methods section into the description of Fig. 4D.

References:

1. I. L. G. Newton, S. R. Bordenstein, Correlations Between Bacterial Ecology and
Mobile DNA. Curt. Microbiol. 62, 198-208 (2011).

2. S. Khedkar, G. Smyshlyaeyv, I. Letunic, O. M. Maistrenko, L. P. Coelho, A. Orakoyv, S. K.
Forslund, F. Hildebrand, M. Luetge, T. S. B. Schmidt, O. Barabas, P. Bork, Landscape of
mobile genetic elements and their antibiotic resistance cargo in prokaryotic genomes.

Nucleic Acids Res. 50, 3155-3168 (2022).

We appreciate the reviewer for bringing two relevant papers to our attention. We have
cited these works in the updated manuscript.



Reviewer #2:

This manuscript "Spatial entropy drives the maintenance and dissemination of mobile
genetic elements" addresses fundamental questions regarding how spatial heterogeneity
influences the maintenance and spread of mobile genetic elements (MGESs) in microbial
communities. The authors present a novel theoretical framework that links spatial
entropy to MGE persistence, supported by experimental validation and large-scale
genomic analysis. This manuscript makes a significant contribution to understanding
MGE maintenance and spread in spatially structured environments, and is particularly
relevant given the growing concerns about antibiotic resistance and its spread through
MGE:s.

The study effectively bridges theoretical predictions with experimental validation and
genomic evidence, and the introduction of spatial entropy as a unified measure for
analyzing MGE persistence is innovative, providing implications for understanding and
potentially controlling antibiotic resistance spread.

We are grateful for the reviewer’s positive comments on the novelty, significance, and
relevance of this work. We also appreciate the reviewer’s suggestions regarding model
assumptions, experimental design, and bioinformatic analysis, which have been
instrumental in enhancing the rigor of our study. All the issues raised have been fully
addressed in the updated manuscript and are detailed below.

However, there are some issues to be addressed, first is about the mathematical model
assumptions. I think the relationship between density and transfer efficiency requires
more thorough examination. The assumption that "gain of transfer efficiency by density
increase exceeds the loss from local density reduction” may impose specific requirements
on the "density-transfer efficiency" relationship. For example, the near-exponential
increase in density-bacterial contact frequency (Figure 4c) is crucial for the results. What
happens if the relationship saturates? Could density increases in certain regions fail to
compensate for decreased transfer rates elsewhere? While the general conclusion that
"spatial heterogeneity promotes coexistence" aligns with previous ecological theories,
testing different functional forms would strengthen the mathematical foundation.

We are extremely grateful for the insightful comments. Indeed, the assumption that "gain
of transfer efficiency by density increase exceeds the loss from local density reduction”
stems from the guadratic relationship between effective transfer efficiency and local
density. This relationship can be derived from the basic kinetics of plasmid transfer.

Let D, R and T represent the densities of plasmid donors, recipients and transconjugants,
respectively. The reaction order (denoted as o) of plasmid transfer describes the
relationship between the rate of transconjugant production and the concentrations of
donors and recipients:

d[T]

—= =P[R’

Let C be the overall cell density in the local population, and ¥ be the ratio between [D)]



and [R]. The rate of plasmid transfer can then be expressed as:

d[T] 9 1

— o
rraiallCurr i Carer

)J[C]ZJ_

Therefore, the relationship between transfer efficiency and cell density is determined by
the value of o

d[T]

——  [C]?°.

7~ [C]

The value of o dictates whether the gain of transfer efficiency from increased density
outweighs the loss from local density reduction. Specifically, when o > 0.5, density
increases in certain regions can compensate for decreased transfer rates elsewhere. When
o = 0, corresponding to zero-order kinetics, the relationship between transfer efficiency
and cell density saturates.

Classic plasmid ecological theories commonly employ a mass-action model, where single
cells randomly collide and exchange plasmids upon collision, leading to first-order
kinetics of plasmid transfer (0 = 1). In our simulations, we also assumed o = 1,
consistent with previous studies. Therefore, the plasmid transfer efficiency becomes

quadratically related to cell density:

In this case, the gain in transfer efficiency from increased density exceeds the loss from

local density reduction.

In light of the reviewer’s comments, we have conducted additional simulations to
evaluate how our general conclusions are influenced by varying the relationship between
transfer efficiency and cell density. Specifically, we repeated the patch dynamics

simulations under three conditions for o:

(1) When o < 0.5: The gain in contact frequency from increased density does not
compensate for the loss from local density reduction. In this case, reducing spatial
entropy slows down the accumulation rate of a transferable plasmid (Appendix Fig

S8A).

(2) When o = 0.5: The gain in contact frequency from increased density equals the
loss from local density reduction. In this case, reducing spatial entropy does not
influence the accumulation rate of a transferable plasmid (Appendix Fig. S8B).

(3) When o > 0.5: The gain in contact frequency from increased density exceeds the
loss from local density reduction. In this case, reducing spatial entropy promotes the
accumulation rate of a transferable plasmid (Appendix Fig. S8C and D).

We also considered a scenario where cell contact frequency is a Hill function of bacterial
density (Appendix Fig. S8E). In this case, the reaction order o of plasmid transfer
transitions from 1 to O as density increases. Our simulation results suggested that



reducing spatial entropy slows down the accumulation rate of a transferable plasmid in
this scenario.

These results align with the reviewer’s comments and highlight that the functional form
of the density-bacterial contact frequency relationship indeed affects the interplay
between spatial entropy and plasmid maintenance. While various mathematical forms can
be explored, the general conclusion that ‘spatial heterogeneity promotes plasmid
maintenance’, validated by experiments and bioinformatic analysis, suggested that
0 > 0.5 is more realistic. This assumption is also consistent with classic plasmid
ecological theories which commonly use 0 = 1 for plasmid transfer kinetics.

The results of the above analysis were presented in Appendix Fig. S8 and discussed in
Appendix Text S3.

Also, about the spatial heterogeneity implementation, the use of Perlin noise is
appropriate but could be complemented by simpler configurations (e.g, two or four
patches of different density), in that these simplified settings might permit analytical

solutions.

We appreciate the suggestion. In the updated manuscript, we have conducted additional
simulations focusing on a simplified system of two patches. By varying the cell density
ratio between these two patches, we were able to control the spatial entropy of the
system. Our simulations consistently showed that reducing spatial entropy enhances the
overall abundance of the plasmid, regardless of the plasmid transfer rate or the mean cell
density. These results are presented in Appendix Fig. S5 and discussed in lines 161-163
of the updated manuscript.

Even in this simplified system with only two patches, the mathematical model involves
four ordinary differential equations (ODEs), making an analytical solution impractical.
To address this, we adopted the concept of plasmid persistence potential and its
quantitative relationship with plasmid abundance. This approach allowed us to derive the
analytical solution for plasmid abundances within the two patches by solving a complex
cubic equation. The detailed analytical derivation is provided in Appendix Text S1.

Although we were able to formulate the analytical solution, its complexity limits its ability
to provide clear and intuitive insights. In such cases, mathematical simulations are more
effective in revealing the interplay between spatial entropy and plasmid abundance.

Another point is about the experimental design vs. model assumptions, that there are
several discrepancies between the model and experimental setup warrant discussion: 1.
Model assumes heterogeneity in carrying capacity, while experiments directly set different
cell densities; 2. Experimental wells lack direct contact, with manual mixing occurring
hourly. How would model predictions change if simulated under exact experimental

conditions?

We thank the reviewer for the insightful comments. The reviewer raised two major
discrepancies between the model and experimental conditions.

(1) Control of cell density



In our previous models, we controlled the cell density of each patch by adjusting the
maximum carrying capacity. This approach was based on the observation that, at low
dilution rates, the steady-state density of a population closely approximates its maximum
carrying capacity. To evaluate whether this discrepancy was critical, we developed a
simplified model where the population density remained constant during plasmid transfer.
In this model, the spatial entropy of the metacommunity can be directly controlled by
setting different cell densities for each patch.

(2) Discrete vs. continuous dispersal

Our previous model assumed continuous dispersal among patches. To test whether this
assumption affected our predictions, we considered an array of patches undergoing
periodic mixing. In this setup, local populations in each patch grow separately without
cross-patch dispersal until the next mixing event. This approach more closely mimics the
discrete nature of dispersal in experiments.

By combining density-constant population dynamics and periodic mixing, we conducted
additional simulations that better reflected experimental conditions. We controlled the
spatial entropy of the system by directly manipulating the density distributions across
patches. After a given number of mixing steps, we calculated the entropy value and
plasmid abundance. Our results consistently showed that reducing spatial entropy
promotes plasmid persistence and abundance, even under these modified conditions.
These findings underscore the robustness of our predictions and highlight the
importance of spatial entropy across diverse scenarios.

The details of these supplementary simulations are described in Appendix Text S2. The
results are presented in Appendix Fig. S6 and discussed in lines 163-168 of the updated
manuscript.

Regarding the boinformatics analysis, the genomic analysis is supportive but requires
more careful interpretation, as there can be alternative explanations for observed
correlations should be discussed. For example, biofilm-forming microbes might have
higher fitness, enabling them to maintain more MGEs, or MGEs themselves might carry
genes promoting microbial clustering. These alternative mechanisms could be
distinguished through additional analysis, and the relationship between spatial structure
and MGE abundance might be bidirectional.

We appreciate the reviewer for raising two alternative explanations that require more
careful analysis and discussion.

(1) Biofilm-forming microbes might have higher fitness, enabling them to
maintain more MGEs.

Indeed, the biofilms may provide several advantages that enhance microbial fitness, such
as physical protection against environmental stresses and optimized resource acquisition
(Flemming e a/, 2016). However, the relative fitness of biofilm-dwelling microbes
compared to their free-living counterparts can vary significantly depending on the
microbial species and environmental conditions (Flemming e# a/., 2016). For example, in



nutrient-scarce environments, biofilm microbes may have less access to resources than
free-living cells that can move more freely. Similarly, in low-oxygen environments, aerobic
microbes in biofilms may be disadvantaged compared to free-living cells that can access
oxygen mote readily. Biofilms can also accumulate toxins or waste products that are
harmful to the microbes within them (Bonnineau ef a4/, 2021). Given these complex
contexts, we recognize that genomic sequences alone may be insufficient to reliably
estimate microbial fitness in or out of biofilms. Disentangling the effects of microbial
fitness would likely require more in-depth quantification of microbial growth dynamics

in real environments.
(2) MGEs themselves might carry genes promoting microbial clustering

To evaluate the contributions of plasmids to biofilm formation, we calculated the
number of biofilm-forming genes (BFGs) carried by each plasmid. Among the 34,688
genomes we analyzed, 11,939 (34.4%) carried at least one BFG. However, only a small
fraction (1.8%) of these genomes had BFGs located on plasmids. In total, we identified
71,522 BFGs across all genomes, with plasmids contributing only 278 genes (~0.39%).
Thus, most genes promoting microbial clustering are chromosomally encoded, and the
contribution of plasmids to biofilm formation appears to be relatively minor. To further
assess the impact of plasmid-borne BFGs on our conclusions, we repeated our analysis
after excluding genomes containing BFGs on plasmids. The results still indicated that
biofilm formation promotes the maintenance of plasmids in prokaryotic genomes, even
when plasmids do not contribute to biofilm formation. These findings suggest that the
observed correlation between biofilm formation capability and plasmid abundance is
likely mediated by entropy effects rather than direct contributions from MGEs.

The results of this supplementary analysis are presented in Appendix Figs. S18 and S19,
and we have also discussed these alternative explanations in the updated manuscript (line
344-371).

A minor comment is that the discussion section is overly lengthy and could be more

focused.

We appreciate the comment. The discussion section of the updated manuscript has been
substantially streamlined for clarity and conciseness.



Reviewer #3:

1. The manuscript MSB-2024-12660, entitled "Spatial entropy drives the maintenance
and dissemination of mobile genetic elements" presented an interesting and important
theoretical framework for studying the impact of spatial heterogeneity on the spread of
mobile genetic elements (MGEs). By combining mathematical modeling, experimental
validation, and analysis of gene flow in natural environments, the paper revealed how
reducing spatial entropy can promote the persistence and dissemination of MGE:s.

This research has significant theoretical implications and practical applications,
particularly in managing the spread of antibiotic resistance genes (ARGs).

We are grateful to the reviewer for recognizing the significance and interest of this work.
We also appreciate the constructive comments regarding the clarification of key concepts
and assumptions. All the issues raised have been thoroughly addressed in the updated
manuscript, as detailed below.

2. Major comments:

The paper directly refers to "patch" in both the Methods (line 386) and the first part of
the Results section (line 78). For interdisciplinary researchers who may not be familiar
with ecological modeling terminology, it is recommended to provide a brief explanation
of what a "patch" represents in this context. This will help ensure the paper is accessible
to a broader audience. Additionally, other potentially confusing terms should be

explained in a concise mannetr.

We appreciate the suggestion. In the updated manuscript, we have provided detailed
explanations of these concepts (line 87-96). Specifically, we have clarified that in
microbial ecology, a metacommunity is defined as a collection of local communities
distributed across different habitat patches. Each patch represents a discrete, relatively
small area within a larger landscape that supports a local population. Patches serve as the
fundamental spatial units where ecological processes unfold, and they are often
characterized by the unique environmental conditions or resources that can influence the
composition and structure of the community residing within them. Patches are
interconnected through the dispersal routes of species, facilitating the exchange of
organisms and genetic materials across the metacommunity.

3. Although the authors described how spatial heterogeneity affects gene dissemination
through variations in maximum carrying capacity, it is suggested to further elaborate on
the biological background of across different patches. Specifically, why was a particular
distribution chosen to represent? Is there empirical data supporting this specific
heterogeneity setup?

We are grateful for the comments. In our study, we employed Perlin noise-like
distributions to model the diverse spatial landscapes of metacommunities. Although
empirical data on heterogeneity patterns in real environments are limited, we believe that
the relationship between spatial entropy and plasmid maintenance is not dependent on
any specific heterogeneity setup.

Considering the reviewer’s comment, we have expanded our analysis in the updated



manuscript. Specifically, we tested additional heterogeneity setups generated using 2D
Gaussian and 2D uniform distribution algorithms. We then simulated plasmid transfer
dynamics within these metacommunities. Our results consistently showed that reducing
spatial entropy enhances plasmid maintenance, regardless of the heterogeneity setup.
This confirms that the effect of spatial entropy is independent of the specific spatial
structure of the metacommunities.

The additional simulations are described in Appendix Text S4. The results are presented
in Appendix Fig. S7 and discussed in lines 171-178.

4. The term "MGE-free bacteria" is used throughout the paper, but it would be helpful
to clarify whether these bacteria are completely devoid of all types of mobile genetic
elements, such as plasmids, transposons, or phages.

We appreciate the comments. In this study, our primary focus was on the process of
plasmid transfer. Accordingly, when we referred to a bacterial cell as ‘MGE-free’ we
specifically meant that the cell did not carry the transferable plasmid in question.
However, it is possible that the cell could still harbor other types of mobile genetic
elements (MGEs), such as transposons or phages. To avoid any potential confusions, we
have revised the terminology in the updated manuscript, replacing ‘MGE-free bacteria’
with ‘plasmid-free bacteria’.

5. The manuscript would benefit from a clearer explanation regarding the purpose of
calculating the maximum carrying capacity (N_m) for each patch and setting the average
value to a constant (z). We understand that the likely intention behind keeping constant is
to control for its influence and thus better isolate the effects of spatial entropy in the
experiments. However, it would be helpful for the authors to explicitly state this purpose
and discuss the rationale more clearly. Furthermore, the choice of specific parameters for
determining N_m and z, as well as whether there is any empirical basis or objective

reasoning behind this particular setting, is not sufficiently addressed.

We are grateful for the comments. In the updated manuscript, we have explicitly
explained the rationale behind calculating the maximum carrying capacity for each patch
and setting the average value to a constant (line 141-149, 152-154, 337-343).

In a metacommunity of m X m patches, we calculated the maximum carrying capacity
.. lai;|™ .
N,, for the patch [i,j] as z m -m?. This ensures that the mean value of N,
ijlaij
across all patches equals z. The mean cell density in the metacommunity can thus be
controlled by adjusting z. a;; is a random number generated using Perlin noise, |a;;|
denotes its absolute value and n is an integer. The value of n controls the controls the
spatial fluctuation of bacterial density, with larger n values leading to lower spatial
entropy. When n =0, all N;;, values become identical, resulting in a homogeneous

distribution of microbes across the metacommunity.

In the initial manuscript, the parameters for N, and z were generated using Perlin
noise algorithm to create specific spatial landscapes within the metacommunities. While
empirical data on heterogeneity patterns in real environments are limited, we have



demonstrated that our conclusions are robust and do not rely on specific parameter
settings. Specifically, we tested different heterogeneity setups generated by either 2D
Gaussian or 2D uniform distribution algorithms. Our simulations indicated that altering
these heterogeneity settings did not affect our conclusions. For more details, please refer

to our response to point 3.

0. The criteria used to define the boundaries or thresholds for low entropy and medium
entropy conditions are not explicitly stated. It is crucial to clarify the specific values or
ranges used to define these entropy categories, as this would help in understanding how

these classifications were derived and ensure reproducibility of the study.

We appreciate the comments. In Fig. 4A, we depicted three bacterial populations
arranged from left to right in decreasing order of spatial entropy. It should be noted that
we did not apply any specific criteria or thresholds to categorize them as “high entropy,”
“medium entropy,” and “low entropy.” These labels were merely used to illustrate the
relative ranking of the populations. To avoid any potential confusion, we have removed
these labels in the updated manuscript and added a triangle bar to cleatly indicate the
decreasing spatial entropy from left to right. In Fig. 4B, we displayed the steady-state
plasmid abundance in the metacommunity as a function of plasmid transfer rate 7,
under different spatial entropies. The curves under three entropy conditions were shown
as examples. In the updated manuscript, we have also explicitly stated the entropy values
corresponding to the examples of ‘low entropy’ and ‘medium entropy’ conditions (line
616-617).

7. The manuscript proposed an insightful hypothesis that biofilm formation-related
genes (BFGs) can serve as indicators of low entropy environments. I recommend that

the authors provide the references or empirical data to strengthen this claim.

We sincerely appreciate the reviewer’s positive feedback and valuable suggestions. This

claim is supported by the following studies:

Kamali E e¢# a/. examined the biofilm phenotype and the presence of biofilm-related
genes in 80 clinical isolates of Pseudomonas aeruginosa (Kamali ez a/, 2020). Their study
revealed a highly significant correlation between biofilm-forming capacity and the
presence of biofilm-related genes (p-value < 0.0001).

Bostanghadiri N et al. investigated biofilm production and the presence of biofilm
genes in clinical isolates of Stenotrophomonas maltophilia (Bostanghadiri et al, 2021).
Biofilm formation-related genes were detected in all biofilm-producing isolates, and

their presence significantly enhanced biofilm production.

A similar study by Zhuo C e 4l also demonstrated a strong association between
biofilm formation and the presence of these genes (Zhuo ez a/, 2014).

Collectively, these studies suggest that the presence of biofilm formation-related genes
can serve as a reliable indicator of a bacterium’s capacity to form biofilms. Compared to
free-swimming planktonic cells, bacterial biofilms exhibit greater spatial heterogeneity, or

lower spatial entropy. This aspect has been extensively reviewed in several papers



(Stewart & Franklin, 2008; Wimpenny ez a/, 2000).

In light of the reviewer’s suggestion, we have incorporated the above references in the
revised manuscript.

8. The definition of BFGs in the manuscript is based on matching the keyword "biofilm"
in names. I recommend that the authors provide a comprehensive list of the BFGs used
in their analysis. Additionally, it would be helpful to clarify if there are any genes known
to participate in biofilm formation that might be overlooked by this keyword-based
approach. Furthermore, please discuss if similar methodologies have been applied in
previous studies on biofilm-related research and whether this approach is generally
accepted in the field.

We are grateful for the constructive feedback. In the revised manuscript, we have
included a comprehensive list of the BFGs utilized in our analysis (Appendix Table S2).
To minimize the possibility that our approach might overlook any genes known to be
involved in biofilm formation, we conducted an extensive search using the NCBI Gene
database, which provides detailed gene sequences, functional annotations, and related
pathways. By filtering with the term ‘biofilm’, we identified a total of 124 genes
associated with biofilm formation (Appendix Table S3, line 311-317). Notably, 120 of
these genes (96.8%) were already included in our initial list of BFGs, indicating a high
degree of coverage in our original analysis.

To further expand our search scope, we employed additional filters, including ‘adhesion’,
‘quorum  sensing’, ‘extracellular matrix’, ‘exopolysaccharide biosynthesis’, and
‘exopolysaccharide production’ (Appendix Tables S4-S7, line 317-325). These terms are
closely related to biofilm formation. Using these filters, we generated lists containing 19,
39, 10, 27, and 9 genes, respectively. By integrating these newly identified genes with our
previously recognized ones, we created an extended list of biofilm formation-related
genes, comprising 240 non-redundant genes. To the best of our knowledge, this
extended list encompasses most genes involved in biofilm formation, including the eps,
pst, and sia gene families (Chen ef a/, 2020; Marvasi et al, 2010; Overhage ez a/, 2005).

We then repeated our analysis using this expanded list of BFGs. The results indicated
that even with the inclusion of these additional genes, the presence of BFGs continued
to promote the carriage and abundance of plasmids in prokaryotic genomes (Appendix
Fig. S17, line 325-328). This finding underscores the robustness of our conclusions
regarding the coverage of biofilm-related genes.

We acknowledge that a keyword-based approach has been utilized in previous
biofilm-related studies. For example, Magalhaes et al. conducted searches across various
databases, including PubMed, using biofilm-related keywords to gather information on
proteins and enzymes involved in biofilm formation (Magalhaes ez a/, 2020). Similarly,
Zhang et al. employed text-mining analysis with the keyword ‘biofilm’ to identify
biofilm-associated proteins (Zhang e a/, 2024). These studies have been cited and
discussed in the revised manuscript (line 306-311).
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1st Revision - Editorial Decision 26th Mar 2025

26th Mar 2025

Manuscript Number: MSB-2024-12666R
Title: Spatial entropy drives the maintenance and dissemination of transferable plasmids

Dear Prof Wang,

Thank you for the submission of your revised manuscript to Molecular Systems Biology. We have now received the enclosed
reports from the referees that were asked to re-assess it. As you will see the reviewers are now globally supportive and | am
pleased to inform you that we will be able to accept your manuscript pending the following final amendments:

1) In the main manuscript file, please include keywords to max. 5.

2) Please format the Data availability section according to the example below:

"The datasets and computer code produced in this study are available in the following databases:

- Chip-Seq data: Gene Expression Omnibus GSE46748 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46748)

- Modeling computer scripts: GitHub (https:/github.com/SysBioChalmers/GECKO/releases/tag/v1.0)

- [data type]: [full name of the resource] [accession number/identifier] ([doi or URL or identifiers.org/DATABASE:ACCESSION])"
3) Code: Please update the README file on Github with practical use instructions for potential future users of your code. In
addition, we are not able to open the PDFs loaded in Github ('Error rendering embedded code. Invalid PDF')

4) Author contributions: Please remove it from the manuscript and specify author contributions in our submission system.
CRediT has replaced the traditional author contributions section because it offers a systematic machine-readable author
contributions format that allows for more effective research assessment. You are encouraged to use the free text boxes beneath
each contributing author's name to add specific details on the author's contribution. More information is available in our guide to
authors:

https://www.embopress.org/page/journal/17574684/authorguide#authorshipguidelines

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

6) Please ensure that a statement on whether or not blinding was done is included in the Methods even if no blinding was done.
Please also be sure to update the Author Checklist with this information and where it can be found in the manuscript.

7) Please remove the Reagents and Tools Table from the Methods section of the manuscript as you have already uploaded it as
a separate file.

8) Please place individual sections of the manuscript in the following order: Title page - Abstract & Keywords - Introduction -
Results - Discussion - Methods - Data Availability - Acknowledgements - Disclosure and Competing Interests Statement -
References - Figure Legends - Expanded View Figure Legends.

9) For the figures and figure legends, please take care of the following:

- Please indicate what */ **/ ***/ **** represents; if this represents p value(s), please indicate the statistical test used and where
appropriate, and the exact p value in the legend(s) or directly in the figures of figure(s) 6C, D, E, F, G, H, J, K, L, M.

- Please note that the box plots need to be defined in terms of minima, maxima, centre, bounds of box and whiskers, and
percentile in the legends of figures 6C, D, E, F, G, H, J,K, L, M

- Please note that information related to n is missing in the legends of figures 6C, D, E, F, G, H, J,K, L, M

- In a routine figure check, we note that parts of Figure 3A overlap with parts of Appendix Figure S2A as it appears that the same
examples of landscapes across different mean densities, spatial entropies, and spatial periods was examined, which is perfectly
acceptable. However, for transparency for the readers, we would ask you to indicate that the same information was used to
create both figures in the respective figure legends.

10) Appendix file: Please add page numbers to the Table of Contents.

11) Synopsis image: Please provide the synopsis image as a high-resolution jpeg or PNG file (not PDF) with dimensions 550
pixels wide x (300-600) pixels high.

12) As part of the EMBO Publications transparent editorial process initiative (see our policy here:
https://www.embopress.org/transparent-process#Review_Process), Molecular Systems Biology will publish online a Peer
Review File (PRF) to accompany accepted manuscripts. This file will be published in conjunction with your paper and will include
the anonymous referee reports, your point-by-point response and all pertinent correspondence relating to the manuscript. Let us
know whether you agree with the publication of the PRF and as here, if you want to remove or not any figures from it prior to
publication. Please note that the Authors checklist will be published at the end of the PRF.

13) After your paper is published, we will promote it on social media. If you have any handles or hashtags for Bluesky you would
like included, please let us know.

14) Please provide a point-by-point letter INCLUDING my comments and your detailed responses (as Word file).



I look forward to reading a new revised version of your manuscript as soon as possible.

Yours sincerely,

Poonam Bheda, PhD
Scientific Editor
Molecular Systems Biology

Reviewer #1:

The authors have addressed major concerns regarding the experimental and quantitative genomic validations in support of the
results from simulations. The additional experiments, analysis and their appropriate inclusion in the manuscript text and figures
provide necessary evidence supporting the claims made in the manuscript. | have no further suggestions and support the
publication of this manuscript.

(comments on author responses to Reviewer 3):

I have now gone through the responses to concerns raised by Reviewer 3. In my opinion, for majority of the points the authors
have sulfficiently addressed the concerns. However, points 3 and 5 from Reviewer 3 are out my field of work/expertise and hence
| cannot judge whether if these are sufficiently addressed by the authors.

Given this, for all points from reviewer 3 (except for 3 and 5) my response would be - the authors have sufficiently addressed the
raised concerns.

Reviewer #2:

This round of revision has satisfactorily addressed my previous concerns. The new experiments, modeling approaches, and data
analyses adequately support the authors' conclusions and have significantly improved the manuscript's logical flow and clarity.
The paper now presents a coherent and compelling scientific narrative. | recommend publication without further revision

(thoughts on the author's response to #3 reviewer's comments)

From what | can see, the #3 reviewer's comments are mostly about writings: they requested clarification on technical terms like
"patch" for interdisciplinary readers, suggested clearer explanation of parameters like maximum carrying capacity, recommended
better definition of entropy thresholds, and questioned the biological rationale behind the chosen heterogeneity distribution. |
think these concerns are mostly about writing instead of the scientific validity and novelty of this work itself.

In authors' responses, the authors thoroughly addressed these concerns by adding explanations of ecological concepts, testing
additional heterogeneity setups to prove their findings were robust across different spatial structures, replacing "MGE-free
bacteria" with "plasmid-free bacteria" for precision, clarifying their rationale for parameter choices, removing potentially
confusing entropy labels, and bolstering their biofilm formation hypothesis with substantial references. They also expanded their
analysis of biofilm-formation related genes beyond keyword matching, compiling a comprehensive gene list and confirming that
their findings remained consistent even with this expanded dataset.

Therefore, | think the author has sufficiently addressed all concerns raised by the third reviewer.



2nd Authors' Response to Reviewers 31st Mar 2025

Point-by-point responses (in black) to editorial requests (in blue).
1) In the main manuscript file, please include keywords to max. 5.

In the updated manuscript file, we have included the following keywords: horizontal gene
transfer, plasmid, spatial entropy, antibiotic resistance, biofilm.

2) Please format the Data availability section according to the example below:

"The datasets and computer code produced in this study are available in the following
databases:

- Chip-Seq data: Gene Expression Omnibus GSE46748

(https:/ /www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46748)

- Modeling computer scripts: GitHub

(https://github.com/SysBioChalmers/ GECKO/releases/tag/v1.0)

- [data type]: [full name of the resource] [accession number/identifiet] ([doi or URL or
identifiers.org/ DATABASE:ACCESSION])"

We have updated the Data availability section to align with the requested format.

3) Code: Please update the README file on Github with practical use instructions for

potential future users of your code. In addition, we are not able to open the PDFs loaded
in Github ('Error rendering embedded code. Invalid PDF')

We have updated the README file on Github with practical use instructions for
potential future users. To verify document accessibility, we have checked whether the
PDFs could be loaded on at least three different computers. On all the computers the
PDFs were successfully loaded in Github. Based on these observations, we hypothesize
that the loading failures might be attributable to network connectivity issues or
browser-specific compatibility challenges.

4) Author contributions: Please remove it from the manuscript and specify author
contributions in our submission system. CRediT has replaced the traditional author
contributions section because it offers a systematic machine-readable author
contributions format that allows for more effective research assessment. You are
encouraged to use the free text boxes beneath each contributing author's name to add
specific details on the author's contribution. More information is available in our guide to
authors:

https://www.embopress.org/page/journal /17574684 /authorguide#authorshipguidelines

We have removed Authors contributions from the manuscript and specified it in the
submission system.

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


https://www.embopress.org/page/journal/17574684/authorguide#authorshipguidelines

number/identifiers and a resolvable link to the landing page from which the data can be
accessed at the end of the reference. Further instructions are available at
https://www.embopress.org/page/journal /17574684 /authorguide#referencesformat.

We have included the data citations in the reference list to directly cite the RefSeq
database.

6) Please ensure that a statement on whether or not blinding was done is included in the
Methods even if no blinding was done. Please also be sure to update the Author
Checklist with this information and where it can be found in the manuscript.

We have included the following statement in Methods: ‘We did not employ
randomization procedures for sample allocation, nor did we implement blinding during
experiments or data analysis’. We have also updated the Author Checklist with this
information.

7) Please remove the Reagents and Tools Table from the Methods section of the
manuscript as you have already uploaded it as a separate file.

We have removed the Reagents and Tools Table from the Methods section.

8) Please place individual sections of the manuscript in the following order: Title page -
Abstract & Keywords - Introduction - Results - Discussion - Methods - Data Availability
- Acknowledgements - Disclosure and Competing Interests Statement - References -
Figure Legends - Expanded View Figure Legends.

We have placed individual sections of the manuscript in the requested order.
9) For the figures and figure legends, please take care of the following:

- Please indicate what */ *¥/ #¥¥/ wkk represents; if this represents p value(s), please
indicate the statistical test used and where appropriate, and the exact p value in the
legend(s) or directly in the figures of figure(s) 6C, D, E, F, G, H, ], K, L, M.

In the updated figure legends, we have explicitly stated that “the triple asterisk notation
(***) denotes statistical significance at the p < 0.001 level, as determined by two-sided
Student's t-tests”. Where applicable, we have included exact p-values in the figure legends.
For certain analyses, the obtained p-values were below the detection threshold of our
statistical software (p = 0.0 due to automatic rounding). In accordance with standard
scientific practice, these values have been reported as p < 0.001.

- Please note that the box plots need to be defined in terms of minima, maxima, centre,
bounds of box and whiskers, and percentile in the legends of figures 6C, D, E, F, G, H, ],
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whiskers, and percentile in the updated legends.

- Please note that information related to n is missing in the legends of figures 6C, D, E, I
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We have added the information related to n in the updated legends.
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the same information was used to create both figures in the respective figure legends.
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middle columns share the same underlying data.
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correspondence relating to the manuscript. Let us know whether you agree with the
publication of the PRF and as here, if you want to remove or not any figures from it
prior to publication. Please note that the Authors checklist will be published at the end
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responses as a Word file.
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— plots include clearly labeled error bars for independent experiments and sample sizes. Unless justified, error bars should not be shown for technical
— if n<5, the individual data points from each experiment should be plotted. Any statistical test employed should be justified.

— Source Data should be included to report the data underlying figures according to the guidelines set out in the authorship guidelines on Data

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.
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an explicit mention of the biological and chemical entity(ies) that are being measured.
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the exact sample size (n) for each experimental group/condition, given as a number, not a range,;
a description of the sample collection allowing the reader to understand whether the samples represent technical or biological replicates (including

how many animals, litters, cultures, etc.).

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

—

definitions of statistical methods and measures:

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

- are tests one-sided or two-sided?
- are there adjustments for multiple comparisons?

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

- definition of ‘center values’ as median or average;
- definition of error bars as s.d. or s.e.m.
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Select "Not Applicable” only when the requested information is not relevant for your study.
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DNA and RNA sequences

Information included in
the manuscript?

In which section is the information available?
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the manuscript?

In which section is the information available?
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age, genetic modification status. Provide accession number in repository
OR supplier name, catalog number, clone number, OR RRID.
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and age where possible.
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Information included in
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Plants: provide species and strain, ecotype and cultivar where relevant,
unique accession number if available, and source (including location for
collected wild specimens).

Microbes: provide species and strain, unique accession number if
available, and source.
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Materials and Methods

Human research participants

Information included in
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If collected and within the bounds of privacy constraints report on age, sex
and gender or ethnicity for all study participants.

Core facilities
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If your work benefited from core facilities, was their service mentioned in
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Study protocol

Information included in
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(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

If study protocol has been pre-registered, provide DOI in the
manuscript. For clinical trials, provide the trial registration number OR cite
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Report the clinical trial registration number (at ClinicalTrials.gov or
equivalent), where applicable.

Laboratory protocol

Information included in
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Provide DOI OR other citation details if external detailed step-by-step
protocols are available.

Experimental study design and statistics

Information included in
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(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Include a statement about sample size estimate even if no statistical
methods were used.

Yes

Figure legends, Methods

Were any steps taken to minimize the effects of subjective bias when
allocating animals/samples to treatment (e.g. randomization procedure)?
If yes, have they been described?

Yes

Figure legends, Methods

Include a statement about blinding even if no blinding was done.

Yes

Methods

Describe inclusion/exclusion criteria if samples or animals were
excluded from the analysis. Were the criteria pre-established?

If sample or data points were omitted from analysis, report if this was due
to attrition or intentional exclusion and provide justification.

For every figure, are statistical tests justified as appropriate? Do the data
meet the assumptions of the tests (e.g., normal distribution)? Describe any
methods used to assess it. Is there an estimate of variation within each
group of data? Is the variance similar between the groups that are being
statistically compared?

Yes

Figure legends, Methods

Sample definition and in-laboratory replication

Information included in
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

In the figure legends: state number of times the experiment was replicated
in laboratory.

Yes

Figure legends

In the figure legends: define whether data describe technical or biological
replicates.

Yes

Figure legends

Ethics
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(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Studies involving human participants: State details of authority granting
ethics approval (IRB or equivalent committee(s), provide reference
number for approval.

Studies involving human participants: Include a statement confirming that
informed consent was obtained from all subjects and that the experiments
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Dual Use Research of Concern (DURC)
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Could your study fall under dual use research restrictions? Please check
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If you used a select agent, is the security level of the lab appropriate and
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If a study is subject to dual use research of concern regulations, is the
name of the authority granting approval and reference number for the
regulatory approval provided in the manuscript?
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