Molecular Systems Biology Peer Review Process File

molecu|ar
systems

bio|ogy

Programming Escherichia coli to function as a digital
display

Christopher Voigt, Jonghyeon Shin, Shuyi Zhang, Bryan Der and Alec Nielsen

Review timeline: Submission date: 9t December 2019
Editorial Decision: 7t January 2020
Revision received: 4w February 2020
Accepted: 7w February 2020

Editor: Maria Polychronidou

Transaction Report:
(Note: With the exception of the correction of typographical or spelling errors that could be a source of ambiguity,

letters and reports are not edited. The original formatting of letters and referee reports may not be reflected in this
compilation.)

1st Editorial Decision 7t January 2020

Thank you again for submitting your work to Molecular Systems Biology. We have now heard back
from the two referees who agreed to evaluate your study. Overall, the reviewers are quite
supportive. They raise however a series of (mostly minor) concerns, which we would ask you to
address in a revision. The recommendations of the reviewers are rather clear and | think that there is
no need to repeat any of the points listed below.

REFEREE REPORTS
Reviewer #1:
Summary and general comments

The authors developed an updated model for the synthetic gene circuit modeling software Cello.
They update their model to account for the phenomenon of "RNAP roadblocking," which ultimately
enables better prediction of gate function. The authors then utilize their updated model to design a
large genetic circuit function as a binary-coded digit to 7-segment decoder, which functions as
predicted. The scope of in-depth parts characterization and circuit design is impressive and is a
model to show how modeling and experiments in synthetic biology can be used to achieve complex
design goals. The manuscript also highlights the importance of updating models to better reflect the
underlying biology in order to be able to design complex biological processes. The manuscript is
generally well written, and data and methods are clearly explained. The updated model is well
explained with detailed derivations and appears to be mathematically correct. | commend the
authors on their thorough work and recommend the manuscript be published after addressing the
several comments below.

Major comments:
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* How does the size and complexity of this circuit compare to others that have been previously
published? The authors discuss that the complexity is in the range that requires design automation,
but do not put the circuit size in the context of the broader literature. It appears to be one of the
largest implemented to date, though discussing the size of the circuit in each of the 7 strains may be
the more relevant size comparison. While the scale of the design is impressive, and the fact that all 7
gates work well is a feat in and of itself, it appears to be 7 essentially independent design problems
and is not in fact a "63-regulator network" as stated in the abstract since many of these regulators are
not actually connected to one another. The language in the manuscript should be changed to more
accurately reflect the design realities.

* Additional discussion of what remains to be improved to further increase accuracy of the model
would add greater context to the improvements made (e.g. improved R2 on prediction from 0.45 to
0.76, but how can it be improved further?). When will the improved model break down?

» While the authors provide DNA and plasmid diagrams for all of the reported circuits, annotated
GenBank files should be provided as part of the supplement. This would also allow others to
replicate their work.

* Greater discussion of the utility and response times of large genetic circuits is warranted.

* The authors indicate that different numbers of cells were induced in each segment in order to
achieve a similar signal from each segment due to the difference in output of each designed circuit.
While this allows them to take a nice picture (Figure 3A), this may mislead readers into thinking
that the output is more uniform across the different circuits than it really is. This needs to be better
discussed.

Minor comments:

» It appears that Table 1 is missing some of the relevant units, particularly for the characteristic
response times. These should be added.

* Figure 2B, the image of a Texas Instruments chip does not add much conceptually to the paper. I
would recommend removing it or better folding in why the image is there.

« Some of the figures in the supplement contain elements that are quite small. Given that there is a
significant amount of data associated with the manuscript, this is expected, but it can be difficult to
read when zoomed in because it does not appear that the figures are vector graphics as some of the
small text becomes pixelated and difficult to read upon zooming. Please increase the size so that it is
legible.

* On page 7 paragraph 2, the last sentence appears to be incomplete. "The results of running Cello
with the previous UCF..." It seems to point to Supplementary Figure S9, but does not offer
interpretation. Can an interpretation be added and the sentence completed.

* On page 8, the sentence starting "Ultimately..." is not a grammatically correct sentence. Same for
page 9, the sentence starting "For example..."

* On page 9, the authors state that it would be impactful for genetic engineering projects if a tool
existed which could predict the genetic stability of synthetic systems. Such a tool does exist which
meets some of these needs: see and cite "Predicting the genetic stability of engineered DNA
sequences with the EFM calculator"

* There are several locations in the manuscript where it is stated that predictions match experiments
"closely" (page 7 discussion of population data matching cytometry and page 8 discussion of time
course). While it is obvious by visual inspection that the claim is reasonably true, a more
guantitative analysis would add more weight to the claim. Please add.

Reviewer #2:

Summary
- Describe your understanding of the story

This is a short paper reporting the construction of a 7-segment digital display that harkens back to
the early days of consumer digital electronics, using genetic circuits in E coli. It describes an
ambitious exploration of the state of the art of the gate technology and design methodologies being
developed in the Voigt lab. It advances their promising efforts to open a universe of new
applications, and it also serves as a cautionary note that there remains work to do.

- What are the key conclusions: specific findings and concepts
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This paper is proof that, with sufficient care, elaborate digital logic circuits (e.g. seven different
circuits of up to eight gates each) can be designed automatically by software and implemented in
cells using modular parts (sensors and gates). In a sense, a core dream of modern synthetic biology
has thus been achieved, pushing it beyond manual parts "hacking.” However, the road was
apparently bumpier than was anticipated in 2016 ("Genetic circuit design automation™), and the
paper is laudably honest in this regard. Success apparently required theoretical development (new
gate model including roadblocking interactions) and experimental protocols to better characterize
gates, amongst other innovations. It appears likely that a process of innovation and refinement will
continue to be required in order to fulfill the promise of the technology.

- What were the methodology and model system used in this study

This study used an improved version of the formalism and library of genetic parts announced earlier
by the Voigt lab (Nielsen et al, Genetic circuit design automation, Science 2016). The seven
segments of the digital display employed seven different strains of E coli, which contained low- or
high-copy plasmids carrying the genetic circuits that implemented the relevant logic. The input to
the device was encoded in binary by the presence or absence of inducer molecules.

General remarks

- Are you convinced of the key conclusions?

The key conclusions are well-described. The justification of the model and the characterization
results are sufficient. Replication of 88 hour time courses exercising the logic over different days
was performed. Failure modes were identified and dealt with (for the current purposes). A few
failures (segment F) were still observed in some replicates.

- Place the work in its context.

Due to fluctuations and noise, it will always be somewhat a matter of judgment (e.g. application
purpose) to say whether a circuit/device "fails" or not. This study mentions the use of thresholds and
objective functions. More could be said on the applicability and maturity of the technology for
different application scenarios, e.g. detection versus biomedical use. Now that this device exists, the
key takeaways could be more clearly described to a wider audience.

- What is the nature of the advance (conceptual, technical, clinical)?

A key point is that modular NOR gates, as implemented in the current repressor logic, are not simple
to make and involve trade-offs. The development of a roadblocking-aware model with two extra
parameters alpha and beta was apparently critical, as were experimental protocols to optimize and
characterize parts given the new model. The device time courses set a new baseline for others
working in this space who may wish to optimize/improve on different aspects.

- How significant is the advance compared to previous knowledge?
This study is where the rubber meets the road. It is a great accomplishment, while also
demonstrating that what looks easy may not be in practice. It was important that this study be done.

- What audience will be interested in this study?
All readers interested in synthetic biology will find something of interest. It is likely to have high
popular appeal and draw in readers from different backgrounds, e.g. electrical engineering.

Major points
-Specific criticisms related to key conclusions

No major criticisms. The time course dataset could, or perhaps should, be made available.
-Specify experiments or analyses required to demonstrate the conclusions

The paper can do a better job of describing the takeaways from this study.

- Would different Cello algorithms have modified the results, and is algorithm development still a
strategic issue?

- Is maintaining orthogonality/non-homology an essential bottleneck?
- If a user requires state switching on faster time scales, what are the options?
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- What are the most salient trade-offs or constraints between noise, speed, RNAP flux/load,
evolution?

- What is the "device lifetime"?

- Is the technology ready for prime time, and can it be used in a biomedical context?

- Is the basal and median constitutive load a key characteristic that should be reported for parts and
circuits; can the scheme scale?

- Many of the alpha and beta parameter values in Table 1 differ considerably from the ideal of 1
(and they are possibly anti-correlated). Comments?

- Would be nice to have some comments on the device operating conditions. How does it respond to
perturbations, pH, temperature, light, growth, etc.

-Motivate your critique with relevant citations and argumentation

Minor points
-Easily addressable points

- As the title of the paper is meant to draw in diverse readers, a short primer on the gate technology
and logic conventions should be included in a Supplement. This is needed to orient readers who are
not aware of the lab's recent work. Possible topics: the class distinction between sensors and gates;
the fact that presence of a molecule signifies 1 in the former and the absence signifies 1 in the latter;
RNAP flux is akin to voltage; the output promoter of one gate is the input promoter for the next,
which violates one notion of modularity/independence; a gate need not be a single physical entity
but could have the output promoter in trans. A worked example of two NOT gates in series could
help fix concepts.

- The first sentence of the abstract states, "Synthetic genetic circuits offer the potential to wield
computational control over biology, but their complexity is limited by the accuracy of mathematical
models.” This gives the impression that loading Cello with better models is the only barrier to
further complexity. This sentence should be modified.

- The non-monotonic behavior observed at high input levels in Figure S8 deserves comment.

- What are the bacteria doing? Are they stressed?

-Presentation and style
-Trivial mistakes

These sentences are ungrammatical, requiring an extra word and/or rephrasing.

* "The results of running Cello with the previous UCF (EcolC1G1T1) (Supplementary Figure S9)."
« "Ultimately, we decided to restart the project and redesigned the underlying gates used them to
rebuild the circuits reported in this manuscript."

« "For example, they could be encoded at low copy in genome, high-affinity repressors reduce the
amount that have to be expressed, and using smaller repressors built amino acids that have lower
material and energy requirements." Maybe use bullet points?

1st Revision - authors' response 4w February 2020

Reviewer #1:

1. How does the size and complexity of this circuit compare to others that have been
previously published? The authors discuss that the complexity is in the range that requires
design automation, but do not put the circuit size in the context of the broader literature.
It appears to be one of the largest implemented to date, though discussing the size of the
circuit in each of the 7 strains may be the more relevant size comparison. While the scale
of the design is impressive, and the fact that all 7 gates work well is a feat in and of itself,
it appears to be 7 essentially independent design problems and is not in fact a "63-
regulator network" as stated in the abstract since many of these regulators are not
actually connected to one another. The language in the manuscript should be changed to
more accurately reflect the design realities.
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We have edited the language, as suggested.

2. Additional discussion of what remains to be improved to further increase accuracy
of the model would add greater context to the improvements made (e.g. improved R2 on
prediction from 0.45 to 0.76, but how can it be improved further?). When will the
improved model break down?

We believe that the model is close to what is possible regarding the modeling of
the roadblocking phenomena. More accurate modeling will require the re-
design of the gate itself, moving from plasmid-based systems to the genome,
and reducing the resource requirements of the gates. We have included this
information in the discussion.

3. While the authors provide DNA and plasmid diagrams for all of the reported
circuits, annotated GenBank files should be provided as part of the supplement. This would
also allow others to replicate their work.

We have placed the plasmids in Genbank.

4. Greater discussion of the utility and response times of large genetic circuits is
warranted.

The response times are quite slow, 2-4 hours. However, when programming a
dynamic circuit where intermediate wires are used to control different
processes, a series of responses can be timed with 30-60 minute resolution. In
terms of fermentation, which can take place over days, this is sufficient to alter
enzyme expression in order to coordinate the timing with each other or with
shifts in environmental conditions. Clearly, faster circuits would be beneficial,
but ultimately if the output requires genes be turned on or off and
translated/degraded, these timescales will be on the order of hours.

5. The authors indicate that different numbers of cells were induced in each segment
in order to achieve a similar signal from each segment due to the difference in output of
each designed circuit. While this allows them to take a nice picture (Figure 3A), this may
mislead readers into thinking that the output is more uniform across the different circuits
than it really is. This needs to be better discussed.

We have carefully added and edited text so that this point is clear.
6. It appears that Table 1 is missing some of the relevant units, particularly for the

characteristic response times. These should be added.

They have been added.

7. Figure 2B, the image of a Texas Instruments chip does not add much conceptually
to the paper. | would recommend removing it or better folding in why the image is there.

It has been removed.
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8. Some of the figures in the supplement contain elements that are quite small.
Given that there is a significant amount of data associated with the manuscript, this is
expected, but it can be difficult to read when zoomed in because it does not appear that
the figures are vector graphics as some of the small text becomes pixelated and difficult to
read upon zooming. Please increase the size so that it is legible.

The size has been increased.

9. On page 7 paragraph 2, the last sentence appears to be incomplete. "The results
of running Cello with the previous UCF..." It seems to point to Supplementary Figure S9,
but does not offer interpretation. Can an interpretation be added and the sentence
completed.

This has been edited.

10. On page 8, the sentence starting "Ultimately..." is not a grammatically correct
sentence. Same for page 9, the sentence starting "For example..."

The change has been made.

11. On page 9, the authors state that it would be impactful for genetic engineering
projects if a tool existed which could predict the genetic stability of synthetic systems. Such
a tool does exist which meets some of these needs: see and cite "Predicting the genetic
stability of engineered DNA sequences with the EFM calculator"

The reference has been added.

12. There are several locations in the manuscript where it is stated that predictions
match experiments "closely" (page 7 discussion of population data matching cytometry
and page 8 discussion of time course). While it is obvious by visual inspection that the
claim is reasonably true, a more quantitative analysis would add more weight to the
claim. Please add.

We have added a figure to the Appendix that shows the fit of the prediction to
experimental data, including R? values.

Reviewer #2:

1. Would different Cello algorithms have modified the results, and is algorithm
development still a strategic issue?

There are two levels to the Cello algorithm: 1. the logic minimization step, and 2.
the assignment of specific repressors to each NOR gate. The first algorithm is
based on logic minimization algorithms that have emerged from Electrical
Engineering over decades of research. As with electronics, we would benefit
from better algorithms, particularly if they could be tuned to solving the

© European Molecular Biology Organization



Molecular Systems Biology Peer Review Process File

problem with respect to the needs of genetic circuit design (e.g., limited to
limited permutations of specified gate types). The second step is based on
simulated annealing and is not a bottleneck as the repressor assignment
problem is not particularly challenging computationally. It would benefit from
gates that are easier to put together (i.e., their response functions “fit” together
more easily.

2. Is maintaining orthogonality/non-homology an essential bottleneck?
Yes, it is critical.
3. If a user requires state switching on faster time scales, what are the options?

There are not any good ones. Ultimately, if the output is the expression of a gene (as
opposed to, say, chemotaxis), then turning on and off the gene is going to be limited by
transcription/translation and protein/mRNA degradation. The transcriptional circuits
we present are on this same timescale. For faster responses that do not involve gene
expression, one can imagine custom circuits based on phosphorylation or protein-
protein interactions.

4. What are the most salient trade-offs or constraints between noise, speed, RNAP
flux/load, evolution?

The only trade-off in the above is between RNAP load and evolution, which we discuss
in the paper. Noise and speed are not related to this or each other.

5. What is the "device lifetime"?

It depends on the RNAP/ribosome usage, which changes depending on the device state,
which we discuss in the paper.

6. Is the technology ready for prime time, and can it be used in a biomedical context?

No and no. The biggest challenges are to move away from plasmid-based systems and
build circuits in the genome, build UCFs for biomedically-related organisms (perhaps the
closest would be E. coli Nissle), and reduce the growth impact of the circuit so as to not
affect titer or viability in a complex environment. These are all areas being actively
researched.

7. Is the basal and median constitutive load a key characteristic that should be
reported for parts and circuits; can the scheme scale?

Yes, although it is dependent on state, which makes it more complex than a single
number. It is also not easy to quantify, making it difficult to capture and report for large

part libraries.

8. Many of the alpha and beta parameter values in Table 1 differ considerably from
the ideal of 1 (and they are possibly anti-correlated). Comments?
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A value of 1 is not “ideal,” rather it means “no roadblocking.” The divergence
from 1 indicates that roadblocking is an issue for these promoters.

9. Would be nice to have some comments on the device operating conditions. How
does it respond to perturbations, pH, temperature, light, growth, etc.

The device operating conditions depend on the specific conditions defined in the UCF.
To the extent that there are tolerances to, say pH, we do not know. It requires testing
the circuit under those conditions. We do not have a framework for capturing or
predicting it generically.

10. As the title of the paper is meant to draw in diverse readers, a short primer on the
gate technology and logic conventions should be included in a Supplement. This is needed
to orient readers who are not aware of the lab's recent work. Possible topics: the class
distinction between sensors and gates; the fact that presence of a molecule signifies 1 in
the former and the absence signifies 1 in the latter; RNAP flux is akin to voltage; the
output promoter of one gate is the input promoter for the next, which violates one notion
of modularity/independence; a gate need not be a single physical entity but could have the
output promoter in trans. A worked example of two NOT gates in series could help fix
concepts.

The text has been edited to include better definition of the terms. We have declined to
include a “primer” in the SI, instead referring to earlier published work.

11. The first sentence of the abstract states, "Synthetic genetic circuits offer the
potential to wield computational control over biology, but their complexity is limited by
the accuracy of mathematical models." This gives the impression that loading Cello with
better models is the only barrier to further complexity. This sentence should be modified.

The change has been made.

12. The non-monotonic behavior observed at high input levels in Figure S8 deserves
comment. What are the bacteria doing? Are they stressed?

This is an observation that we make frequently. Yes, this is a region where cells are
slowing in growth, thus decreasing the protein degradation rate and causing the
apparent increase in fluorescence. We ignore these data in the fit to the response
function.

13. These sentences are ungrammatical, requiring an extra word and/or rephrasing.
"The results of running Cello with the previous UCF (EcolC1G1T1) (Supplementary Figure
59)." "Ultimately, we decided to restart the project and redesigned the underlying gates
used them to rebuild the circuits reported in this manuscript.""For example, they could be
encoded at low copy in genome, high-affinity repressors reduce the amount that have to
be expressed, and using smaller repressors built amino acids that have lower material and
energy requirements." Maybe use bullet points?

We have edited these sentences for clarity.
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Accepted 7w February 2020

Thank you again for sending us your revised manuscript. We are now satisfied with the
modifications made and I am pleased to inform you that your paper has been accepted for
publication.
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http://www.antibodypedia.com

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.

LA 2N X 2 X X X 7

Any descriptions too long for the figure legend should be included in the methods section and/or with the source data.

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

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

B- Statistics and general methods
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Please fill these boxes

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

1.a. How was the sample size chosen to ensure adequate power to detect a pre-specified effect size?

Data from more than 30,000 of E. coli cells were gathered and analyzed to avoid statistical bias.

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

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

NA. None of samples were excluded for the analysis.

3. Were any steps taken to minimize the effects of subjective bias when allocating animals/samples to treatment (e.g. No
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 |No
(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.

Is there an estimate of variation within each group of data?

We show the cell distribution obtained from flow cytometry in the appendix figures.




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

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 We provide a "Data Availability" section.
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
journal’s data policy. If no structured public repository exists for a given data type, we encourage the provision of datasets
in the manuscript as a Supplementary Document (see author guidelines under ‘Expanded View’ or in unstructured
repositories such as Dryad (see link list at top right) or Figshare (see link list at top right).

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

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

G- Dual use research of concern

22. Could your study fall under dual use research restrictions? Please check biosecurity documents (see link list at top 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.




