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Abstract

Background: Over the last decade, we have observed in microbial
ecology a transition from gene-centric to genome-centric analyses.
Indeed, the advent of metagenomics combined with binning methods,
single-cell genome sequencing as well as high-throughput cultivation
methods have contributed to the continuing and exponential increase
of available prokaryotic genomes, which in turn has favored the
exploration of microbial metabolisms. In the case of metagenomics,
data processing, from raw reads to genome reconstruction, involves
various steps and software which can represent a major technical
obstacle.

Methods: To overcome this challenge, we developed SnakeMAGs, a
simple workflow that can process Illumina data, from raw reads to
metagenome-assembled genomes (MAGs) classification and relative
abundance estimate. It integrates state-of-the-art bioinformatic tools
to sequentially perform: quality control of the reads (illumina-utils,
Trimmomatic), host sequence removal (optional step, using Bowtie2),
assembly (MEGAHIT), binning (MetaBAT2), quality filtering of the bins
(CheckM, GUNC), classification of the MAGs (GTDB-Tk) and estimate of
their relative abundance (CoverM). Developed with the popular
Snakemake workflow management system, it can be deployed on
various architectures, from single to multicore and from workstation
to computer clusters and grids. It is also flexible since users can easily
change parameters and/or add new rules.

Results: Using termite gut metagenomic datasets, we showed that
SnakeMAGs is slower but allowed the recovery of more MAGs
encompassing more diverse phyla compared to another similar
workflow named ATLAS. Importantly, these additional MAGs showed
no significant difference compared to the other ones in terms of
completeness, contamination, genome size nor relative abundance.
Conclusions: Overall, it should make the reconstruction of MAGs
more accessible to microbiologists. SnakeMAGs as well as test files and
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an extended tutorial are available at
https://github.com/Nachida08/SnakeMAGs.
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. 3\
{47/ &9 Amendments from Version 1

Following the comments from the two reviewers, the authors have made the following update:

i) We released a new version of our workflow (v1.1.0) that now integrates GUNC, a software for detection of chimerism and
contamination in prokaryotic genomes.

i) We showed that the MAGs recovered by SnakeMAGs only were not significantly different from the MAGs recovered by both
workflow, in terms of completeness, contamination, genome size and relative abundance.

iii) We demonstrated that regardless of the MAGs quality criteria, SnakeMAGs produces more MAGs and more diverse MAGs
than ATLAS.

Any further responses from the reviewers can be found at the end of the article
(S J

Introduction

Over the last years, microbial ecology has progressively made the transition from gene-centric to genome-centric
analyses,' allowing the clear assignment of (sometimes novel) microbial taxa to specific functions and metabolisms.”™
Indeed, technical and technological progresses such as binning methods applied to metagenomics,® single-cell genome
sequencing’ as well as high-throughput cultivation methods® have contributed to the continuing and exponential increase
of available prokaryotic genomes.” This is particularly true for metagenomics that offers the possibility to reconstruct
metagenome-assembled genomes (MAGs) on a large scale and from various environments, and thus has generated a huge
amount of new prokaryotic genomes.'”"’

Although the use of MAGs in microbial ecology is becoming a common practice nowadays, processing raw metagenomic
reads up to genome reconstruction involves various steps and software which can represent a major technical obstacle,
especially for non-specialists. To face this problem, several workflows such as MetaWRAP, ' its Snakemake version called
SnakeWRAP,'? ATLAS'* and more recently MAGNETO,'” have been developed to automatically reconstruct genomes
from metagenomes. However, these workflows contain various modules and perform more tasks than only generating
MAG:s. For instance, they will taxonomically assign the metagenomic reads, create gene catalogs or perform functional
annotations. They rely on numerous dependencies, require significant computational resources and regenerate a lot of
outputs which are not essential to most research projects. To simplify this procedure and make it more accessible while
remaining efficient, reproducible and biologically relevant, we developed with the popular Snakemake workflow man-
agement system, ' © a configurable and easy-to-use workflow called SnakeMAGs to reconstruct MAGs in just a few steps. It
integrates state-of-the-art bioinformatic tools to sequentially perform from Illumina raw reads: quality filtering of the reads,
adapter trimming, an optional step of host sequence removal, assembly of the reads, binning of the contigs, quality
assessment of the bins, taxonomic classification of the MAGs and estimation of the relative abundance of these MAGs.

Methods

Creation

Our tool was built by integrating a set of software needed to process metagenomic datasets, utilizing Snakemake. There
are no additional equations/maths needed to recreate this tool.

Implementation

The workflow has been developed with the workflow management system Snakemake v7.0.0' based on the Python
language. Snakemake enables reproducible and scalable data analyses as well as an independent management of the
required software within a workflow. SnakeMAGs is composed of two main files:

The Snakefile, named “SnakeMAGs.smk”, contains the workflow script. It is divided into successive rules which
correspond to individual steps. Our workflow includes a total of 17 distinct rules. Each rule requires input files and relies
on a single software installed independently when starting the workflow in a dedicated conda v4.12.0 environment. At the
end of each rule, output files will be generated in a dedicated folder, as well as a log file (stored in the logs folder)
summarizing the events of the software run and a benchmark file (stored in the benchmarks folder) containing the central
processing unit (CPU) run time, the wall clock time and the maximum memory usage required to complete the rule.
Thanks to Snakemake wildcards, our rules are generalized, so one can process multiple datasets in parallel without having
to adjust the source code manually.

The configuration file,*> named “config.yaml”, is used to define some variable names (e.g. names of the input files), paths

(e.g. working directory, location of the reference databases), software parameters and computational resource allocations
(threads, memory) for each of the main steps.
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To run the workflow, the user only requires Snakemake. It can be easily installed, for instance via Conda, as explained in
the GitHub repository:

conda create -n snakemake 7.0.0 snakemake=7.0.0

After that, the user will only have to edit the config file (an example is provided on the GitHub repository) and then run
SnakeMAGs:

#Example of command on a Slurm cluster

snakemake --snakefile SnakeMAGs.smk —--cluster \

'sbatch -p <cluster partition> --mem -c \

-o "cluster logs/{wildcards}.{rule}.{jobid}.out" \

-e "cluster logs/{wildcards}.{rule}.{jobid}.err" ' \

--jobs --use-conda --conda-frontend \

conda --conda-prefix/path/to/SnakeMAGs conda env/ \

--jobname "{rule}.{wildcards}.{jobid} " --configfile/path/to/config.yaml

During the first use of the workflow, a dedicated Conda environment will be installed for each of the bioinformatic tool to
avoid conflict. Then the input files will be processed sequentially. Output files will be stored in eight dedicated folder:
logs, benchmarks, QC_fq (containing FASTQ files), Assembly, Binning, Bins_quality (all three containing FASTA
files), Classification (containing FASTA files and text files with the taxonomic information), and MAGs_abundances
(text files).

The workflow has been successfully used on a workstation with Ubuntu 22.04 as well as on high-performance computer
clusters with Slurm v18.08.7 and SGE v8.1.9.

Operation

The minimal system requirements to run the workflow will depend on the size of the metagenomic dataset. Small datasets
(e.g. the test files provided on the GitHub repository) have been successfully analyzed on a workstation with an Intel Xeon
Silver 4210, 2.20GHz (10 cores/20 threads) processor and 96GB of RAM. Larger datasets should be processed on cluster
computing or within a high-performance infrastructure. For instance, performance evaluation of publicly available
metagenomes (see below) was performed on a computer cluster under CentOS Linux release 7.4.1708 distribution with
Slurm 18.08.7, on a node possessing an Intel Xeon CPU E7-8890 v4, 2.20GHz (96 cores/192 threads) and 512 GB RAM.

SnakeMAGs integrates a series of bioinformatic tools to sequentially perform from Illumina raw reads: quality filtering of
the reads with illumina-utils v2.12,'" adapter trimming with Trimmomatic v0.39'® (RRID:SCR_011848), an optional
step of host sequence removal (e.g. animal or plant sequences) with Bowtie2 v2.4.5'7 (RRID:SCR_016368), assembly of
the reads with MEGAHIT v1.2.9”° (RRID:SCR_018551), binning of the contigs with MetaBAT2 v2.15%' (RRID:
SCR_019134), quality assessment of the bins with CheckM v1.1.3** (RRID:SCR_016646) and optionally with GUNC
v1.0.5,” classification of the MAGs with GTDB-Tk v2.1.0”* (RRID:SCR_019136) and estimation of the relative

abundance of these MAGs with CoverM v0.6.1. An overview of the workflow is presented in Figure 1.

Use cases

To demonstrate the benefits and potential of our workflow, we compared it to another Snakemake workflow named
ATLAS v2.9.1."* To produce a fair comparison, ATLAS was run with the MEGAHIT assembler, without co-binning and
dereplicating only 100% similar MAGs. To test these two workflows, we downloaded and analyzed ten publicly available
termite gut metagenomes (accession numbers: SRR10402454; SRR14739927; SRR8296321; SRR8296327;
SRR8296329; SRR8296337; SRR8296343; DRR097505; SRR7466794; SRR7466795) from five studies” " and
belonging to ten different termite species.

SnakeMAGs requires only a limited number of inputs files: the raw metagenomic reads in FASTQ format from the
10 above-mentioned metagenomes, a FASTA file containing the adapter sequences,”” a YAML configuration file
specifying the variable names, paths and computational resource allocations (available on the GitHub repository and on
Zenodo), and here since we worked with host-associated metagenomes a FASTA file containing the termite genome
sequences.”” Regarding the outputs, SnakeMAGs produced quality-controlled FASTQ files without adapters nor termite
sequences, in the QC_fq folder. Then the reads assembled into contigs and scaffolds (FASTA files) were saved in the
Assembly folder. Products of the binning procedure were stored in the Binning folder. Bins with >50% completeness
and <10% contamination (according to CheckM) were considered as medium-quality MAGs™ and stored in the
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Figure 1. Directed acyclic graph describing the main steps performed by SnakeMAGs v1.1.0. The names of the
software used for each step are showed in parentheses.

Bins_quality folder. At this step, it is also possible to use GUNC to remove potential chimeric and contaminated genomes.
Subsequently, the results of the MAGs classification and relative abundance estimation were sent to the Classification and
MAGs_abundances folders, respectively. ATLAS requires similar input files and produces, among others, similar
outputs files.

ATLAS appeared to be faster than SnakeMAGs (Wilcoxon test, P = 0.002) to reconstruct MAGs from metagenomes
(Figure 2A) with a similar memory usage (Wilcoxon test, P = 0.393). However, SnakeMAGs always recovered more
MAGs (>50% completeness and <10% contamination according to CheckM) per metagenome or at least as much as
ATLAS (Figure 2B). From the ten metagenomes, SnakeMAGs produced a total of 65 MAGs while ATLAS generated
only 37 MAGs. Additionally, SnakeMAGs was able to recover MAGs encompassing a higher diversity of bacterial phyla
(n = 15 phyla) compared to ATLAS (n = 11 phyla). Only one phylum, namely Patescibacteria, represented by a single
MAG was recovered by ATLAS and not by SnakeMAGs. On the contrary, ATLAS failed to reconstruct MAGs belonging
to Verrucomicrobiota, Planctomycetota, Synergistota, Elusimicrobiota and Acidobacteriota when SnakeMAGs suc-
ceeded (Figure 2C). We found no difference in MAG quality or genome size between the two workflows (Wilcoxon test,
P =0.15 for completeness; P = 0.60 for contamination and P = 0.64 for genome size). We also found that the additional
MAGs recovered by SnakeMAGs did not differ from the others. MAGs belonging to phyla generated by SnakeMAGs only
or recovered by both SnakeMAGs and ATLAS indeed did not significantly differ in terms of quality, relative abundance
and genome size (Wilcoxon test, P = 0.19 for completeness; P = 0.43 for contamination; P = (.51 for relative abundance
and P = 0.19 for genome size).
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Figure 2. Comparison of the performance of SnakeMAGs v1.1.0 with another workflow, namely ATLAS v2.9.1"*
using 10 termite gut metagenomes. A. CPU time (in seconds) required to process each metagenome. B. Number of
MAGs reconstructed from each metagenome. On both boxplots, gray lines link the result obtained with ATLAS and
the one obtained with SnakeMAGs for each of the 10 analyzed termite metagenomes. C. Number of bacterial MAGs at
the phylum level recovered from each workflow.

Then we evaluated the effect of MAG quality criteria on our workflow. Using an estimated quality threshold >50 (with
quality defined as completeness — 5 x contamination),’' SnakeMAGs still allowed the recovery of more MAGs (n = 46)
than ATLAS (n = 31). In terms of diversity, SnakeMAGs also recovered more phyla (n = 13) than ATLAS (n = 10).
Similarly, using GUNC combined with CheckM for genome quality assessment reduced the number of MAGs recovered
by both workflows but a similar trend was observed: SnakeMAGs produced more MAGs and more diverse MAGs
(n = 59 MAGs, encompassing 13 phyla) than ATLAS (n = 29 MAGS, encompassing 9 phyla). In summary, the
advantages of our workflow are robust to the MAG quality criteria.

Discussion

Using metagenomic datasets from the gut of various termite species, our analyses revealed that while being slower,
SnakeMAGs allowed the recovery of more MAGs encompassing more diverse phyla compared to ATLAS, another
similar Snakemake workflow. More importantly our results showed that SnakeMAGs was able to recover MAGs
encompassing the major bacterial phyla found in termite guts,”>* and that some of these phyla were not recovered
by ATLAS. Indeed, taxa belonging to Verrucomicrobiota,* Planctomycetota,”"> Synergistota,”® Elusimicrobiota®’
and Acidobacteriota®®*” have been repeatedly found in the gut of various termite species. As such, they would represent
relevant targets for genome-centric analyses of the termite gut microbiota. Although we found no significant difference
between the relative abundance of the MAGs belonging to phylarecovered by SnakeMAGs only and the MAGs recovered
by both workflows, it is worth mentioning that Verrucomicrobiota, Planctomycetota, Synergistota, Elusimicrobiota and
Acidobacteriota are usually less abundant than Spirochaetota, Firmicutes and Bacteroidota which are dominant phyla
in termite gut,3233 and that have been recovered by both workflows in our study. Therefore, it would suggest that
SnakeMAGs is not restricted to the most abundant taxa. Altogether, we showed that SnakeMAGs has the potential to
retrieve quantitatively more genomic information from metagenomes but also to extract genomic features of biological

interest.

Page 6 of 21



F1000Research 2023, 11:1522 Last updated: 13 NOV 2024

Thanks to the inherent flexibility of Snakemake, SnakeMAGs offers the possibility to the users to easily tune the
parameters of the workflow (e. g. resource allocations for each rule, options of a specific tools) to adapt their analysis to the
datasets and to the computational infrastructure. Additionally, advanced users will have the opportunity to edit or add new
rules to the workflow. Regarding the future of SnakeMAGs, several avenues will be considered for the next versions
of the workflow. Firstly, the workflow could give more freedom to the users by offering the choice of different tools to
perform the same task (e.g. different trimming, assembly or binning software). Secondly, with the current emergence of
metagenomic datasets generated with long-read DNA sequencing,”” it might be relevant to adjust our workflow for long-
read sequencing technology by including specific bioinformatic tools for this technology.*' Meanwhile, since the
majority of the metagenomic datasets have been and are still currently generated with Illumina short-read technology,
SnakeMAGs can be widely used to explore the genomic content of various ecosystems via metagenomics.

Software availability
Source code available from: https:/github.com/Nachida08/SnakeMAGs

Archived source code at time of publication: https:/doi.org/10.528 1/zenodo.7665149.*
License: CeCILL v2.1

Data availability

Source data

Termite genome references used for removing host sequences and their Bowtie2 index are available at: https://zenodo.
org/record/6908287#.Y 1JLANJBzUR

The termite gut metagenomes analyzed in the present study are available on NCBI with the following accession numbers:
SRR10402454; SRR14739927; SRR8296321; SRR8296327; SRR8296329; SRR8296337; SRR8296343;
DRR097505; SRR7466794; SRR7466795.

Underlying data
Zenodo. Reconstruction of prokaryotic genomes from ten termite gut metagenomes using two distinct workflows:
SnakeMAGs and ATLAS: https:/doi.org/10.5281/zenodo.7661004.*

- SnakeMAGs_config.yaml (The configuration file used to analyze the 10 termite gut metagenomes with
SnakeMAGs)
- ATLAS_config.yaml (The configuration file used to analyze the 10 termite gut metagenomes with ATLAS)

- MAGs_SnakeMAGs.zip (A zipped folder containing the genomes of the 65 MAGs reconstructed with
SnakeMAGs)

- MAGs_ATLAS.zip (A zipped folder containing the genomes of the 37 MAGs reconstructed with ATLAS)

- taxonomic_assignment_MAGs.csv (A text file containing the taxonomic assignment of all the MAGs recon-
structed by both workflows)

Data are available under the terms of the Creative Commons Attribution 4.0 International license (CC-BY 4.0).
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disposition in implementing some of my suggestions, especially about the release of a new
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T Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC,
USA
2 Department of Entomology and Plant Pathology, North Carolina State University, Raleigh, NC,
USA

The authors describe SnakeMAGs as a dedicated pipeline for the compositional binning of contigs
generated from Illumina sequencing reads obtained from microbial communities. It integrates the
various steps in the process of comparative analyses in metagenomes, starting with the assembly
of reads generated from community DNA, to the compositional binning of the assembled contigs
into high-quality metagenome assembled contigs (MAGS). I believe this pipeline represents a
valuable addition to the community. I found the manuscript was easy to read and have the
following comments for the authors:

1. The main advantage of Snake is that it is highly task-specific to the generation of high-
quality MAGs from complex communities. It therefore can save considerable time and
resources by avoiding steps in processing data (e.g. extensive functional or taxonomic
annotations) that are irrelevant to the researcher’s objective.

I would like the authors to expand on how their pipeline controls for chimeric sequences,
since these may lead to an artefactual inflation of MAGs.

2. As a termite researcher, I am aware of the many quirks that termite gut microbiomes
present, and the limitations of many data processing pipelines and databases when it
comes to addressing those quirks. I was glad that the authors used this challenging
community for their benchmarks, and impressed at the contrast between the results from
SnakeMAGs and ATLAS. I will emphasize further that the apparent inability of ATLAS to
report phyla such as Planctomycetota and Elusimicrobia, or reconstruct fewer MAGs from
Fibrobacterota or Desulfobacterota, is not trivial. These bacterial members play major roles
in the microbial ecology of the termite gut, and the SnakeMAGS' ability to detect them
highlights its superiority.

I would like the authors to list/explain some factors could potentially account for this
difference.

3.Ifound the installation and usage on a Linux Mint server (with comparable processing
power to the one used by the authors) to be straightforward. The dependencies are
minimalistic and easy to install.
I congratulate the authors on sharing this tool with the community and hope they find my
comments useful.

Aram Mikaelyan

Is the rationale for developing the new software tool clearly explained?
Yes

Is the description of the software tool technically sound?
Partly

Are sufficient details of the code, methods and analysis (if applicable) provided to allow
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replication of the software development and its use by others?
Yes

Is sufficient information provided to allow interpretation of the expected output datasets
and any results generated using the tool?
Yes

Are the conclusions about the tool and its performance adequately supported by the
findings presented in the article?
Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Entomology, Microbial Ecology, Microbial systematics, Symbiosis,
Bioinformatics, Evolution

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Vincent Hervé

The authors describe SnakeMAGs as a dedicated pipeline for the compositional binning of
contigs generated from Illumina sequencing reads obtained from microbial communities. It
integrates the various steps in the process of comparative analyses in metagenomes,
starting with the assembly of reads generated from community DNA, to the compositional
binning of the assembled contigs into high-quality metagenome assembled contigs (MAGS).
I believe this pipeline represents a valuable addition to the community. I found the
manuscript was easy to read and have the following comments for the authors:

1. The main advantage of Snake is that it is highly task-specific to the generation of high-
quality MAGs from complex communities. It therefore can save considerable time and
resources by avoiding steps in processing data (e.g. extensive functional or taxonomic
annotations) that are irrelevant to the researcher’s objective.

I would like the authors to expand on how their pipeline controls for chimeric sequences,
since these may lead to an artefactual inflation of MAGs.

Reply - Indeed, this aspect was not considered in the first version of our workflow.
Therefore, we decided to release a version 1.1 of SnakeMAGs that now includes GUNC, a
software for detection of chimerism and contamination in prokaryotic genomes. We also
evaluated the impact of this tool on the MAGs generated by both ATLAS and SnakeMAGs. For
the SnakeMAGs genomes, we found that 59 out of 65 MAGs, encompassing 13 phyla, passed
the GUNC filtering step. With ATLAS, we found that 29 out of 37 MAGs, encompassing 9
phyla, passed the GUNC filtering step. In summary, a few MAGs generated by both
workflows did not pass the GUNC quality criteria. Importantly, this new analysis shows that
including GUNC does not change the major outcome of our comparison with ATLAS:
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SnakeMAGs produces more MAGs and more diverse MAGs than ATLAS. This analysis has now
been included in the revised version of the manuscript.

2. As a termite researcher, I am aware of the many quirks that termite gut microbiomes
present, and the limitations of many data processing pipelines and databases when it
comes to addressing those quirks. I was glad that the authors used this challenging
community for their benchmarks, and impressed at the contrast between the results from
SnakeMAGs and ATLAS. I will emphasize further that the apparent inability of ATLAS to
report phyla such as Planctomycetota and Elusimicrobia, or reconstruct fewer MAGs from
Fibrobacterota or Desulfobacterota, is not trivial. These bacterial members play major roles
in the microbial ecology of the termite gut, and the SnakeMAGSs' ability to detect them
highlights its superiority.

I would like the authors to list/explain some factors could potentially account for this
difference.

Reply - A potential explanation for this difference can be the relative abundance of the
phyla recovered only with SnakeMAGs compared to the relative abundance of the phyla
recovered by both workflows. We now further discuss this point in the revised version of the
manuscript.

We found no significant difference in the relative abundance (Wilcoxon test, P = 0.51) of the
MAGs belonging to phyla recovered only with SnakeMAGs compared to the phyla recovered
by both workflows. However, it should be noted that although Verrucomicrobiota,
Planctomycetota, Synergistota, Elusimicrobiota and Acidobacteriota have been reported among
the major taxa in termite gut, they are usually less abundant than Spirochaetota, Firmicutes
and Bacteroidota (Arora et al, 2022, Microbiome) that have been recovered by both
workflows. This result suggests that SnakeMAGs is not restricted to the most abundant taxa
unlike ATLAS, which could be relatively more prompted to recover only the most abundant
microbial taxa.

3.Ifound the installation and usage on a Linux Mint server (with comparable processing
power to the one used by the authors) to be straightforward. The dependencies are
minimalistic and easy to install.

I congratulate the authors on sharing this tool with the community and hope they find my
comments useful.

Reply - We thank Reviewer 2 for this positive feedback.

Competing Interests: No competing interests were disclosed.

Reviewer Report 16 January 2023

https://doi.org/10.5256/f1000research.140650.r158646
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A method to bin MAGs from reads is described in the publication "SnakeMAGs: a simple, efficient,
flexible and scalable approach to rebuild bacterial genomes from metagenomes" by Tradent et al.
The use of this pipeline to standardize the work with MAGs and make it accessible to batch runs
has an obvious benefit. Although the pipeline itself appears a little out of date in terms of
conceptual work in the area, I think it has the potential to develop into a useful tool for
bioinformatics in general with a few modifications. The critique I offer in this review is more
directed at the pipeline's ongoing structural evolution than it is towards the actual article.
Although the study reads extremely well, further work must be done to adequately support the
use of SnakeMAGs.

# Abstract

The authors here should have put greater emphasis on what may be anticipated in terms of the
quality of the genomes and species retrieved. It is not favorable if you can recover more genomes
but they are of inferior quality, smaller size, or skewed towards a certain species.

# Methods

I want to congratulate the authors for the open scientific component. The databases, code, and
software were all presented in an organized manner. The documentation reads quite well and
appears to be a crucial component of your work. Both the tool's installation and usage are quite
well-explained and simple.

As an adept of collaborative research, I saw that your GitHub lacked some unit tests that would
have allowed other contributors to repair bugs that the authors had little interaction with or had
previously overlooked without jeopardizing the distribution. That is not a question in this
assessment, but it may represent a future enhancement.

I understand the authors' desire to keep the pipeline short to avoid several dependencies.
However, it doesn't appear that the main pipeline is more effective or addresses that issue. For
instance, ATLAS is faster, although relying on more dependencies. What benefit do SnakeMAGs
have in this regard?

Despite being condensed, SnakeMAGs does appear to skip certain necessary stages to produce
better MAGs, including:
1. Using software that controls for chimera, such as metaMIC', to fix contigs obtained after
assembly;
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2. Including multiple binning systems which may seem like a delay but ensures the best bin
for each species and even offers a better resolution at the strain level. For instance, using a
next-generation binner, such as semiBin or VAMB, then afterward clustering the MAGs on
an ANI basis to assure a higher resolution of the species found. Several of these techniques
even permit the use of long reads, which may ultimately be advantageous;

3. Since we now know that some of the species binned occasionally display under or
overestimated completeness due to bias in the calculations using USCG, run a quality check
of the bins using a more comprehensive approach than CheckM, for example,
implementing software that addresses contamination, such as GUNC, or even more
advanced updates of previous systems that now incorporate machine learning, such as
CheckM2 , which does not present bias towards a taxonomy. It would be the best solution
for this quality-checking step.

Is there a plan to integrate these actions in the upcoming versions? How may these omitted
stages affect the outcomes in the current SnakeMAGs version?

# Results

What was the reason for choosing termite gut metagenomes? Is there any indication of better
sequencing, deeper sequencing, higher microbial diversity, or any other reason that led the
authors to this choice?

The quality criteria used by authors to classify good genomes (>50% completeness and <10%
contamination according to CheckM) is quite loose and not widely adopted. Parks et al. (2017) -
one of the first works using MAGs and also where checkM was presented - used an estimated
quality =50 (defined as completeness — 5 X contamination). In the present work, if a genomeis in
the bottom line, it would have an estimated quality of 0, which is far from the threshold Parks
adopted. Other criteria are also quite important, e.g. the number of contigs, N50, and ambiguous
base pairs. | recommend authors reassess these results using a more strict quality parameter and
then report if their results are better or comparable to the other pipelines. | believe that if other
binners were combined and similar bins merged as in Parks et al. (2017)?, SnakeMAGs would
represent a game changer.

The fact that "SnakeMAGs was able to recover MAGs encompassing a higher diversity of bacterial
phyla" is impressive, and I wonder what the average quality of these MAGs recovered in those
phyla that ATLAS was not able to bin. Is there any chance that ATLAS discarded bad-quality MAGs
that SnakeMAGs is assuming as correct?

The analysis regarding the memory needed by both systems is missing. The authors mentioned
that the peak of memory usage is registered in the SnakeMAGs' logs, and a comparison with
ATLAS needs seems important. The longer time for processing, if accompanied by a reduction in
memory needs, still seems advantageous in my POV.

# Discussion

The fact that the phyla recovered by SnakeMAGs match well with reports of microbial diversity in
the samples analyzed are quite appealing to me. However, do the abundances of these species
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also vary largely? How abundant the phyla recovered only by SnakeMAGs are? Authors should
explore this factor to explain if SnakeMAGs' advantage lies in binning genomes from rare species.

It makes me happy to know that the authors plan versions of the pipeline along with
improvements. This spirit of continuous development usually ends up in great bioinformatics
tools.
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The authors here should have put greater emphasis on what may be anticipated in terms of
the quality of the genomes and species retrieved. It is not favorable if you can recover more
genomes but they are of inferior quality, smaller size, or skewed towards a certain species.

Reply - We agree, it is indeed an important point. In the revised version of the manuscript,
we show that the quality and genome size of the MAGs recovered by SnakeMAGs only did
not differ from those belonging to phyla recovered by both SnakeMAGs and ATLAS. This is
now specified in the abstract of the manuscript.

# Methods

I want to congratulate the authors for the open scientific component. The databases, code,
and software were all presented in an organized manner. The documentation reads quite
well and appears to be a crucial component of your work. Both the tool's installation and
usage are quite well-explained and simple.

Reply - We thank Reviewer 1 for these positive comments.

As an adept of collaborative research, I saw that your GitHub lacked some unit tests that
would have allowed other contributors to repair bugs that the authors had little interaction
with or had previously overlooked without jeopardizing the distribution. That is not a
question in this assessment, but it may represent a future enhancement.

Reply - We thank Reviewer 1 for this suggestion. We will fully consider it for future
enhancement. Meanwhile, users have the opportunity to open Issues on the GitHub page to
report any bug or request. Additionally, the test files provided on GitHub allow the user to
test our workflow before running real and large datasets.

I understand the authors' desire to keep the pipeline short to avoid several dependencies.
However, it doesn't appear that the main pipeline is more effective or addresses that issue.
For instance, ATLAS is faster, although relying on more dependencies. What benefit do
SnakeMAGs have in this regard?

Reply - Our main goal was to design a simple and minimalist workflow, so a non-specialist
can easily bin MAGs without having to choose among (or test and compare) the myriads of
software currently available to perform the different steps of our workflow. We believe that
the strength of SnakeMAGs in this regard is its simplicity. Using SnakeMAGs, a non-specialist
user just needs to follow general instructions, while using ATLAS, such a user need to make
decisive choices of various tools at many steps of the workflow, an approach that can easily
become quite confusing.

Despite being condensed, SnakeMAGs does appear to skip certain necessary stages to
produce better MAGs, including:
1. Using software that controls for chimera, such as metaMIC, to fix contigs obtained
after assembly;

2. Including multiple binning systems which may seem like a delay but ensures the best
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bin for each species and even offers a better resolution at the strain level. For
instance, using a next-generation binner, such as semiBin or VAMB, then afterward
clustering the MAGs on an ANI basis to assure a higher resolution of the species
found. Several of these techniques even permit the use of long reads, which may
ultimately be advantageous;

3. Since we now know that some of the species binned occasionally display under or
overestimated completeness due to bias in the calculations using USCG, run a quality
check of the bins using a more comprehensive approach than CheckM, for example,
implementing software that addresses contamination, such as GUNC, or even more
advanced updates of previous systems that now incorporate machine learning, such
as CheckM2 , which does not present bias towards a taxonomy. It would be the best
solution for this quality-checking step.

Is there a plan to integrate these actions in the upcoming versions? How may these omitted
stages affect the outcomes in the current SnakeMAGs version?

Reply - We thank Reviewer 1 for these constructive comments. We acknowledge that the
processing of metagenomic reads as well as binning are currently very active fields of
research and thus, new tools have been published since we started working on our
workflow. As mentioned in our Discussion, in the upcoming versions we plan to include
alternative software to perform certain tasks and the binning step will be one of them with
the addition of SemiBin. CheckM2 is currently in a preprint stage but we also plan to include
it as soon as it will be peer-reviewed.

Regarding the chimera, we felt that it was a significant gap in our workflow so we decided
to release a version 1.1 of SnakeMAGs that now includes GUNC for genome quality
evaluation. We also evaluated the impact of this tool on the MAGs generated by both ATLAS
and SnakeMAGs. For the SnakeMAGs genomes, we found that 59 out of 65 MAGs,
encompassing 13 phyla, passed the GUNC filtering step. With ATLAS, we found that 29 out
of 37 MAGs, encompassing 9 phyla, passed the GUNC filtering step. In summary, a few
MAGs generated by both workflows did not pass the GUNC quality criteria, but including
GUNC does not change the major outcome of our comparison with ATLAS: SnakeMAGs
produces more MAGs and more diverse MAGs than ATLAS. This analysis has now been
included in the revised version of the manuscript.

# Results

What was the reason for choosing termite gut metagenomes? Is there any indication of
better sequencing, deeper sequencing, higher microbial diversity, or any other reason that
led the authors to this choice?

Reply - It was indeed a deliberate choice to select termite gut metagenomes. We have been
working on termite gut microbiota for many years so we are familiar with the microbial
diversity present in such systems. Therefore, we have the expertise to properly evaluate the
outputs of the workflows from a biological perspective. We would have been less confident
with samples from other ecosystems (e.g. deep-sea sediments). Additionally, we would like
to mention that termites are well-known to harbor a higher microbial diversity compared to
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other arthropods. We also selected samples encompassing hosts from different termite
families and with different diets, two factors known to impact the gut microbial diversity.
Therefore, we believe that termite gut metagenomes constitute relevant datasets to test
our workflow.

The quality criteria used by authors to classify good genomes (>50% completeness and
<10% contamination according to CheckM) is quite loose and not widely adopted. Parks et
al. (2017)? - one of the first works using MAGs and also where checkM was presented - used
an estimated quality =50 (defined as completeness — 5 X contamination). In the present
work, if a genome is in the bottom line, it would have an estimated quality of 0, which is far
from the threshold Parks adopted. Other criteria are also quite important, e.g. the number of
contigs, N50, and ambiguous base pairs. | recommend authors reassess these results using a
more strict quality parameter and then report if their results are better or comparable to the
other pipelines. | believe that if other binners were combined and similar bins merged as in
Parks et al. (2017)%, SnakeMAGs would represent a game changer.

Reply - Regarding the quality criteria, we used the criteria of “Medium quality MAG” as
defined by the Genomic Standards Consortium for the Minimum Information about a
Metagenome-Assembled Genome (see Bowers et al, 2017, Nature Biotechnology). This is
now specified in the revised version of the manuscript. However, we acknowledge that
other authors have used higher quality standard. Following the reviewer's suggestion, we
reassessed our results using the estimated quality =50 (defined as completeness — 5 X
contamination). As expected, using this higher quality threshold the number of recovered
MAGs decreases compared to our initial criteria for both workflows: from 37 to 31 MAGs for
ATLAS and from 65 to 46 MAGs for SnakeMAGs. Therefore, SnakeMAGs still allows the recovery
of more MAGs than ATLAS. In terms of diversity, SnakeMAGs also recover more phyla (n = 13)
than ATLAS (n = 10). In summary, the advantages of our workflow are robust to the MAG
quality criteria. These results are now included in the revised version of the manuscript.

It is noteworthy that in the version 1.1 of SnakeMAGs we have now implemented in the
Quality assessment step an option to filter the MAGs according to this estimated quality
criteria (completeness — 5 X contamination). This will allow users to freely select more
stringent quality criteria if they want to.

The fact that "SnakeMAGs was able to recover MAGs encompassing a higher diversity of
bacterial phyla" is impressive, and I wonder what the average quality of these MAGs
recovered in those phyla that ATLAS was not able to bin. Is there any chance that ATLAS
discarded bad-quality MAGs that SnakeMAGs is assuming as correct?

Reply - This is indeed an important point that is now reported in the revised version of the
manuscript. Overall, we found no difference in MAG quality or genome size between the
two workflows (Wilcoxon test, P = 0.15 for completeness; P = 0.60 for contamination and P =
0.64 for genome size). Regarding the MAGs generated by SnakeMAGs, we found no
difference in MAG quality or genome size between the phyla also recovered by ATLAS and
the phyla only recovered by SnakeMAGs (Wilcoxon test, P = 0.19 for completeness; P = 0.43
for contamination and P = 0.19 for genome size). Therefore, we found no evidence
supporting the fact that ATLAS discarded bad-quality MAGs that SnakeMAGs is assuming as
correct. These results are now included in the revised version of the manuscript.
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The analysis regarding the memory needed by both systems is missing. The authors
mentioned that the peak of memory usage is registered in the SnakeMAGs' logs, and a
comparison with ATLAS needs seems important. The longer time for processing, if
accompanied by a reduction in memory needs, still seems advantageous in my POV.

Reply - Following Reviewer 1 suggestion, we performed this comparison but found not
significant difference in memory usage between the two workflows (Wilcoxon test, P =
0.393). This result is now specified in the revised version of the manuscript.

# Discussion

The fact that the phyla recovered by SnakeMAGs match well with reports of microbial
diversity in the samples analyzed are quite appealing to me. However, do the abundances
of these species also vary largely? How abundant the phyla recovered only by SnakeMAGs
are? Authors should explore this factor to explain if SnakeMAGs' advantage lies in binning
genomes from rare species.

Reply - We thank Reviewer 1 for this relevant comment. We now further discuss this point
in the revised version of the manuscript. We found no significant difference in the relative
abundance (Wilcoxon test, P = 0.51) of these MAGs compared to the other phyla. However, it
should be noted that although Verrucomicrobiota, Planctomycetota, Synergistota,
Elusimicrobiota and Acidobacteriota have been reported among the major taxa in termite
gut, they are usually less abundant than Spirochaetota, Firmicutes and Bacteroidota (Arora et
al, 2022, Microbiome) that have been recovered by both workflows. This result strongly
suggests that SnakeMAGs is indeed not restricted to the most abundant taxa.

Competing Interests: No competing interests were disclosed.
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