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ABSTRACT Whole-genome sequencing has boosted our ability to explore microbial
diversity by enabling the recovery of metagenome-assembled genomes (MAGs) directly
from environmental DNA. As a result, the vast availability of sequencing data has
prompted the development of numerous bioinformatics pipelines for MAG reconstruc-
tion, along with challenges to identify the most suitable pipeline to perform the analysis
according to the user needs. This report briefly discusses the computational require-
ments of these pipelines; presents the variety of interfaces, workflow managers, and
package managers they feature; and describes the typical modular structure. Also, it
provides a compacted technical overview of 41 publicly available pipelines or plat-
forms to build MAGs starting from short and/or long sequences. Moreover, recogniz-
ing the overwhelming number of factors to consider when selecting an appropriate
pipeline, we introduce an interactive decision-support web application, 2Pipe, that helps
users to identify a suitable workflow based on their input data characteristics, desired
outcomes, and computational constraints. The tool presents a question-driven interface
to customize the recommendation, a pipeline gallery to offer a summarized description,
and a pipeline comparison based on key factors used for the questionnaire. Beyond this
and foreseeing the release of novel pipelines in the near future, we include a quick form
and detailed instructions for developers to append their workflow in the application.
Altogether, this review and the application equip the researchers with a general outlook
of the growing metagenomics pipeline landscape and guide the users toward deciding
the workflow that best fits their expectations and infrastructure.

KEYWORDS metagenomics, metagenome-assembled genome, pipeline benchmark-
ing, workflow manager

M etagenomics has advanced the study of microbial communities by diminishing
the need for cultivation and enabling direct DNA sequencing from complex
environments such as the human body, soil, or aquatic ecosystems (1). This has been
possible thanks to the combination of high-quality and high-throughput sequencing
technologies and recent advances in bioinformatics tools, increasing the scope and
resolution at which the microbiota can be explored (2). Moreover, reconstructing
metagenome-assembled genomes (MAGs) has enabled the genomic characterization of
uncultured microorganisms, the discovery of previously unknown species, the inference
of the community’s metabolic and functional potential, the establishing of ecological
interactions, and the detection of evolutionary mechanisms (2, 3).

Considering the ecological importance of the MAGs, genomic criteria have been
designed to determine whether a recovered bin (draft genome) truly represents a MAG
or not. For instance, the Minimum Information about MAGs guidelines establish that
MAGs can be classified into three quality tiers: high-quality drafts (HQ), medium-quality
drafts (MQ), and low-quality drafts; the specific details regarding the genomic quality
metrics used for this classification were introduced by Bowers et al. (4). MAGs can also
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be divided into species-assigned MAGs (SMAGs), that is, MAGs for which a species can be
assigned, and hypothetical MAGs (HMAGs), that is, MAGs that are supposedly genomes
of novel species, according to the genome heterogeneity spectrum proposed by Setubal
(5).

In a simplified manner, MAGs are obtained through bioinformatics pipelines that
include quality control, assembling and binning the sequences, and the annotation
of each recovered genome (6) (Fig. 1). These pipelines are then responsible for the
correct MAG assembly and have a key role at extracting meaningful information about
the structure and function of microbial communities (1). Through their orchestrated
workflow, they simplify and standardize the common tasks that are required to achieve
HQ MAGs, reducing the occurrence of manual errors by improving reproducibility (7).
Nonetheless, pipeline choice may not be a trivial decision, given that it should be
based on the alignment between user needs and workflow key factors such as the
type of sequencing data they handle (short or long reads, or both), analytical functions
(i.e., co-assembly, sequential co-assembly, taxonomic profiling, and eukaryotic recov-
ery), and computational environment (e.g., availability of local resources, high-perform-
ance computing [HPC] infrastructure, or web-based tools). Therefore, pipeline selection
can quickly become an overwhelming process and challenge researchers with a vast
landscape of options, delaying the start of the analysis or even not obtaining the
expected results since the incorrect workflow was chosen.

Here, we describe the general workflow followed by bioinformatics pipelines to
recover MAGs directly from metagenomics data, discussing important aspects the
pipelines feature, such as the tools they encompass and the type of data they can handle.
We also succinctly highlight major considerations regarding pipeline execution, storage
needs, and computational infrastructure. Likewise, we provide a compact overview of
41 publicly available pipelines, suites, or platforms that enable MAG reconstruction
and/or annotation starting from short and/or long sequences. Finally, considering the
main practical features of each pipeline and aiming at aiding researchers in navigating
the ecosystem of workflows, we also introduce 2Pipe, a decision-support web applica-
tion designed to match metagenomics community users with the most suitable MAG
pipeline based on their input data, technical requirements, bioinformatics experience,
and preferred interface.

PIPELINE WORKFLOW, TOOLS, AND BENCHMARKS

The traditional computational workflow to build and annotate MAGs involves several
steps (6); Fig. 1 introduces the general series of steps to potentially achieve MQ or
HQ MAGs, along with some common software integrated by the pipelines. In brief, it
begins with quality control, where low-quality reads and contaminants are removed (8,
9); when required, some pipelines include the option to discard host organism sequen-
ces (10). This is followed by the assembly step, where reads are extended to create
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FIG 1 Usual bioinformatics workflow followed to perform MAG recovery, classification, and annotation. Some common tools

incorporated by the pipelines are highlighted.
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contiguous sequences, also called contigs. The contigs are then grouped into bins that
ideally represent individual genomes, based on the sequence composition and coverage
patterns, among other genomic features (11). Optionally, the bins are subjected to a
process of refinement when researchers consider it necessary (12, 13). Afterward, these
bins are evaluated for common metrics such as completeness and contamination to
assess their quality and hence determine whether they constitute MAGs or not, using
the criteria previously mentioned (14). In some cases, the workflows can encompass
dereplication tools or modules that attempt to curate the MAG set by clustering them
according to their genomic similarity and thus selecting a representative MAG from each
cluster (15). To conclude with the workflow, the MAGs are then taxonomically affiliated
and functionally annotated to assign biological meaning, extracting insights related to
their identity and potential roles within their microbial communities (16, 17). A detailed
description of the tools for each step of the workflow is provided by Yang et al. (6), and
Wajid et al. (18) present an overview of the typical analysis pipeline and software using
an interesting music analogy.

We present on Table 1 the tools and third-party software for quality control, assembly,
binning, refinement, taxonomic classification, and functional annotation that each of
the pipeline documented here encompasses. Additionally, a detailed description of the
main workflow for each of them can be found in File S1, where important technical
considerations such as the type of input (short reads, long sequences, or both), tools
employed at each step, advantages, limitations, and/or special features they depict are
presented.

As previously mentioned, the MAG reconstruction workflow is triggered with the
quality control of the raw reads to ensure the accuracy and integrity of downstream
analyses. Usually, the reads received from the sequencing facility contain sequencing
errors, low-quality bases, adapters, and contaminant sequences (e.g., host or environ-
ment DNA) that can lead to fragmented assemblies or chimeric bins if not properly
removed (6, 10). These issues are addressed by filtering and trimming, if required, the raw
reads using tools like Trimmomatic (9), fastp (8), Cutadapt (139), or BBTools (21). In the
case of contamination removal, tools such as KneadData (82), Bowtie2 (55), Minimap2
(88), BWA (75), or Kraken (either v1 or v2) (62, 108) are commonly used to screen and
remove host-derived or non-target reads. For long-read data (Oxford Nanopore known
as ONT or Pacific Biosciences known as PacBio), Filtlong (42), Nanofilt (43), and Porechop
(90) are used for length filtering, quality trimming, and adapter removal. The pipeline
quality control and contamination removal modules are often complemented by FastQC
(20) or MultiQC (103), the standard methods to evaluate the overall quality and report
it; NanoPack2 and pycoQC (215) provide detailed quality summaries for long reads. In a
recent report, Gao et al. (10) compared many available tools for removing host contami-
nation, namely, KneadData, Bowtie2, KMCP (260), BWA, KrakenUniq (35), and Kraken2,
highlighting the superior performance depicted by Bowtie2 in terms of resource usage,
while Kraken2 demonstrated the shortest execution times; the accuracy of Bowtie2,
KneadData, and BWA outperformed the rest of the tools.

Furthermore, the assembly step represents the core of the process since it recon-
structs longer contiguous sequences from the high-quality reads. Notably, assembling
metagenomics data sets faces complex challenges due to varying species abundance,
uneven coverage, and the presence of closely related organisms (261). The short-
read assemblers rely mainly on two strategies: overlap-layout-consensus, which aligns
overlapping reads to build contigs, and the more widely used De Bruijn graph method,
which decomposes reads into k-mers and represents them as nodes and edges in a
graph (261). MEGAHIT (22), metaSPAdes (30), and IDBA-UD (31) are examples of tools
that implement the De Bruijn graph approach, incorporating heuristics to address the
coverage variation and strain complexity. In contrast, assemblers for long-read data
such as metaFlye (45), Canu (111), and hifiasm (157) are designed to apply graph-based
algorithms optimized for higher error rates and uneven depth. In some cases, hybrid
strategies are employed, combining long reads for structural resolution with accurate
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short reads for initial graph assembly, as implemented in tools like OPERA-MS (92) and
hybridSPAdes (209).

To this date, some authors have attempted to provide a comprehensive and unbiased
benchmark of the most popular assemblers using different data sets that vary in
complexity. For instance, Goussarov et al. (262) developed a comparison among short,
long, and hybrid assemblers using a complex mock metagenome with more than 200
bacterial strains, demonstrating that metaSPAdes can achieve superior performance
in terms of assembly fragmentation and chimerism when using lllumina reads, while
Canu depicted the best metrics (chimerism and fragmentation) for ONT data. A similar
conclusion regarding short-read assemblers was presented by Meyer et al. (263), where
although MEGAHIT and metaSPAdes showed similar performance, metaSPAdes delivers
fewer fragmented assemblies using simulated mouse gut sequences that enclosed more
than 540 species. During the analysis of data sets enclosing mixed real metagenomic
reads and reads from known genomes, Wang et al. (264) reported MEGAHIT as the most
efficient assembler, while metaSPAdes outperformed MEGAHIT, IDBA-UD, and Faucet
(265) in terms of integrity and continuity at the species level, and it showed the overall
best performance at the strain level.

In the case of hybrid assembly, Brown et al. (266) showed boosted contiguity and
reduced assembly errors with either hybridSPAdes or OPERA-MS, although yielding
frequent misassemblies during in silico spike-in experiments using real and simula-
ted reads. Nevertheless, assemblies obtained with these hybrid same tools were less
complete and more fragmented than long-read only assemblies using the same data
set of more than 200 bacterial strains mentioned above (262). As a result, Goussarov et
al. suggest constructing the assembly using long reads complemented with short-read
polishing, when the coverage is sufficient.

Accompanying the core of the pipelines, binning tools also represent an important
step to reconstruct as accurately as possible the genomes present in the microbial
communities. Classical binning strategies can be divided into different categories: (i)
algorithms based on the genomic composition (mainly k-mer frequencies and GC
content), (i) approaches using read depth (coverage) profiles across multiple samples
to link contigs with similar abundance patterns, and (iii) combined strategies that
integrate both sequence composition and coverage signals (6). Classical tools based
on these strategies such as MetaBAT2 (32), MaxBin2 (33), and CONCOCT (23) have
been widely incorporated into the workflows given their efficiency and robustness.
Nevertheless, more recent methods leverage machine learning and semi-supervised
approaches to improve the resolution in more complex environments such as soil or
ocean (267). SemiBin2 (56) represents an example of these recent strategies as it uses
deep learning with semi-supervised contrastive learning to incorporate both intrinsic
sequence information and external reference genomes. Another example is represen-
ted by COMEBin (57), which employs graph neural networks to integrate contrastive
multiview representation learning, coverage, and a clustering algorithm.

Similar to the assembly case, there have been efforts to benchmark the performance
of the available binning tools. In a recent report, Han et al. (11) used different combina-
tions of short, long, and hybrid data to compare the outcomes from 10 binners, finding
that deep-learning-based tools (COMEBin and SemiBin2) were almost always among
the top three high-performance binners regardless of the combination of the contig
provenance. Through comparisons among less tools, Cansdale & Chong (268) showed
that CONCOCT generated more high-quality bins than MetaBAT2 using a simple gut
metagenome, while Meyer et al. (263) reported homogeneous results among CONCOCT,
MetaBAT2, and MaxBin2, with MAG completeness slightly increased by CONCOCT at the
expense of genome purity. Contrastingly, Groopm2 (269) and MetaBAT2 provided the
best performance metrics in recall, purity, and the number of high-quality genome bins
at recovering MAGs from Critical Assessment of Metagenome Interpretation (CAMI) data
sets (270). In addition, Yepes-Garcia and Falquet (271) used environmental metagenom-
ics samples (rice soil) to show how MetaBinner stands out for the greater number of bins
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recovered as compared with MetaBAT2 and SemiBin2, albeit only 10% of these were at
least MQ MAGs.

Moreover, the inclusion (or enabling) of tools within the workflows to recover a
non-redundant and high-quality MAG set is determinant. Several pipelines incorporate
bin refinement modules or tools to improve the quality of the bin set as they reduce
contamination, increase completeness, and may recover mis-binned contigs (12, 13, 85).
The tools in charge of this task take as input the bins from different binning software
to provide the best possible version of each bin and potential MAG. Among the existing
tools for bin refinement, MAGScoT (13) is claimed by the developers as the piece of
software with the best performance, as compared to DASTool (12) and the MetaWRAP-
binning module (59), in terms of MAG quantity and quality using simulated marine and
human gut data sets. Nonetheless, Han et al. (11) showed how MetaWRAP achieved the
highest rank score (custom ranking score developed for the study) followed closely by
MAGScoT, although this former tool demanded 10 times less memory and carried the bin
refinement in one-tenth of a fraction of the time required by MetaWRAP.

Contamination estimation tools aid in the main goal of ensuring the reliability of
the MAGs, with representative tools such as CheckM (26), BUSCO (116), and CheckM2
(58) that infer completeness and contamination based on single-copy marker genes
from specific lineages or deep learning models. Notwithstanding, a benchmarking study
(14) showed that CheckM may underestimate contamination, mainly if sequences from
distantly related taxa are present, as it reported contamination values between 1% and
2% when the true contamination introduced by the researchers was 11%. In contrast, in
the same study, the authors found that tools integrating phylogenomic signals or read
classification strategies like GUNC (114), Kraken2 (62), Physeter (117), and Forty-Two (272)
achieved contamination estimations closer to the true values and performed overall
better at detecting inter-domain contamination. Further, within the CheckM2 paper
itself, the developers demonstrated its greater accuracy to detect genome contamina-
tion conferred by unusual lineages and to predict genome completeness.

Similarly, some pipelines could include dereplication strategies after quality
assessment, typically based on Average Nucleotide Identity with the aim of curating the
MAG set and selecting the best representative MAG in each cluster of MAGs. Nonethe-
less, enabling the execution of these dereplication tools (85, 144, 177), as well as the
parameter configuration, should always be thought thoroughly as discussed by Evans
and Denef (15), who analyzed the advantages and drawbacks of running de-replication
procedures. Briefly, these authors highlighted how dereplication maintains high quality
of genomic databases and enhances coverage pattern estimations; however, dereplica-
tion may lead to a loss of information on variability in the auxiliary gene content among
representatives from the same species.

One of the final stages when building MAGs is represented by reporting the
taxonomic affiliation of each genome. The most common tool included within the
workflows (Table 1) is GTDB-Tk (17) since it demonstrated that its phylogeny-based
approach achieves high agreement (around 90%) with manually curated classifications
in the GTDB, while GTDB-Tk v2 (GTDB-Tk2) is further optimized to reduce memory
requirements without compromising the accuracy. Beyond this, the report describing
the capabilities of CAT and BAT (107) included a benchmark against GTDB-Tk that
demonstrated very similar performance as BAT and GTDB-Tk provided the same final
MAG annotations.

Other classifiers not particularly designed to annotate MAGs can be included within
the workflows such as MetaPhlAn4 (190), Kraken (108), Kraken2 (62), Centrifuge (36), and
Kaiju (78) through the re-formatting of the draft genomes to make them suitable as input
for these tools. There have been several efforts to benchmark taxonomic classifiers in a
wide variety of scenarios and using different types of data (10, 273-279); however, these
studies contrasting their performance and precision have shown variable results. For
instance, Kraken2 in combination with Bracken exhibited superior precision, sensitivity,
F1 score, and overall sequence classification of a custom in silico mock community

February 2026 Volume 11  Issue 2

mSystems

10.1128/msystems.00844-25 9


https://doi.org/10.1128/msystems.00844-25

Minireview

within a comparison against MetaPhlAn and Kaiju (273); similar results were described by
Timilsina et al. (274), who reported the highest accuracy and broad sensitivity achieved
by Kraken2/Bracken (86) in simulated microbial communities as compared against
MetaPhlAn4 and Centrifuge. Meanwhile, Irankhah et al. (275) observed how MetaPhlAn4
exhibited higher precision in identifying species in a simulated data set, outperforming
Kraken2, Bracken, and Centrifuge. In contrast, when attempting to classify long reads
(ONT), Kraken2 and Centrifuge demonstrated low to very low precision for all defined
mock communities considered in the study (276). Similarly, Centrifuge depicted the
worst performance at classifying sequences belonging to a mock community built from
human fecal samples, within the study that introduced the tool DeepMicrobes (277).

To complete the final stages of the MAG reconstruction, functional annotation serves
to reveal metabolic potential and ecological roles of microbial communities, with a
remarkably high number of options available (280). The selection of these tools depends
on the study goal, and it is usually a conscious decision made by the researchers. For
more than 10 years, Prokka (96) has remained as standard for rapid genome annotation,
predicting coding sequences, rRNAs, and tRNAs and assigning functions through curated
databases. Nevertheless, more elaborated tools like eggNOG-mapper (84) have emerged
to provide large-scale functional annotation, and the DRAM pipeline (141) offers detailed
metabolic summaries. Web-based systems like RASTtk (70) (implemented within the
Bacterial and Viral Bioinformatics Resource Center, BV-BRC [65]) and MGnify (193) can
achieve quick and reliable annotations, while for specialized functional insights, tools like
antiSMASH (197), KOfamKOALA (167), and dbCAN3 (140) are often incorporated into the
workflows.

As shown on Table 1, taxonomic and functional annotation steps heavily rely on
existing databases, highlighting the importance of these information resources. In the
case of taxonomic classification, the GTDB (200) provides a phylogenetically consis-
tent framework for prokaryotic and archaeal taxonomy, while nucleotide and protein
repositories like UniRef (195) and Swiss-Prot (165) offer curated sequences that serve
reliable standards for accurate assignments. On the functional prediction side, the KEGG
(122) and its ortholog collection (KOfam [167]) enables the reconstruction of metabolic
pathways, while Pfam (132) catalogs protein domains and families that help identify
conserved protein functions. In the same sense, the database for evolutionary genealogy
of genes: non-supervised Orthologous Groups (eggNOG) (52) covers orthologous groups
linked to functional categories including COG (38), KEGG, and Gene Ontology terms
(281). Other specialized databases are represented by the CAZy (188) and the database of
proteolytic enzymes, their substrates, and inhibitors (MEROPS) (282). Please note that this
is not a comprehensive review, and hence we suggest further reading of the works by
Zeller and Huson (283) and Lin et al. (280), who explored and compared computational
methods and classification systems, including databases, for protein function prediction.

Finally, benchmarking entire pipelines can be more challenging as they include
many pieces of software which difficults setting a groundline for comparisons. Notwith-
standing, there are a few works where the whole pipeline execution has been bench-
marked, for instance, Churcheward et al. (147), who tested their pipeline performance
(MAGNETO) against similar workflows such as nf-core/mag, Metagenome-Atlas, and
MetaWRAP. These authors recovered a superior number of HQ MAGs from human gut
microbiomes (Integrative Human Microbiome Project) through MetaWRAP operated in
either single-assembly with single binning or co-assembly with a co-binning approach
(see the next section for a detailed explanation of these approaches). Meanwhile,
Yepes-Garcia and Falquet (271), starting from sequences belonging to a mock commun-
ity, depicted slight differences in terms of genome completeness, contamination, and
number of MAGs taxonomically annotated at species level among MetaWRAP, nf-core/
mag, SnakeMAGs, and Metagenome-Atlas. nf-core/mag reached the highest percentages
of MQ and HQ MAGs, whilst DATMA, also included in this study, performed poorly as only
40% of the MAGs were assigned a proper taxonomic classification and not a single MQ or
HQ MAG was recovered.
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PRACTICAL AND TECHNICAL CONSIDERATIONS FOR PIPELINE EXECUTION

As high-throughput sequencing technologies have grown in the past years, the
availability of MAG-centered pipelines has been quickly expanded to handle and
integrate different data types and computational strategies (169, 180, 250). Specifically,
recent pipelines have been designed or have evolved to assemble and bin short reads
(normally lllumina), long reads (mainly ONT and PacBio), or a blend of both technologies
to maximize base calling, depth, contiguity, and structural information (180, 250). Short
reads synthesized through DNA nanoball sequencing (284) or long reads derived from
CycloneSEQ (285) can be eventually processed by some pipelines (207, 214). Differen-
ces or similarities among these MAG-reconstruction approaches based on the type of
sequence used as input have been studied by Goussarov et al. (262), and Kim et al.
(286) analyzed the variations in terms of genome recovery between Illumina and MGI
platforms.

Among the several tools that compose a pipeline (Fig. 1), assembly and binning tools
are mainly responsible for the scaling up in the hardware demands, especially when
handling data sets with several samples encompassing millions of short-read sequences
(6). Moreover, these tools can be executed in different configurations such as co-assem-
bly and co-binning, as these strategies can increase the overall MAG recovery rate and
quality (287). Briefly, co-assembly refers to the possibility of performing the metagenome
assembly after merging user-specified samples to enhance the coverage, capturing a
higher fraction of the diversity (287), while co-binning establishes the possibility of
binning contigs using coverage information across multiple samples simultaneously
after single or co-assembly (11). Co-binning is advantageous at exploring coverage
across samples and improving separation of closely related genomes (47). Despite the
desirable benefits co-assembly can bring to the analysis, it is computationally intensive
and increases the probability of generating fragmented assemblies (147), although
sequential co-assembly has emerged recently as an efficient alternative that enhances
both time and memory requirements by the assembler (288). Similarly, co-binning can
be sensitive to uneven sequencing depth, requires high-quality coverage profiles, and
can be affected by low diversity among samples (147). Vosloo et al. (287) and Han et
al. (11) have demonstrated how superior performance can be achieved by applying
co-assembly and/or co-binning.

On the other hand, the workflow execution varies in terms of computational
demands, where small-scale data sets can be processed on high-end workstations, while
large or complex metagenomes often require access to HPC clusters or cloud-based
environments (Azure, Amazon Web Services or AWS, Google Cloud, and Terra, among
others). Beyond sample-specific computational requirements, and as mentioned before,
most metagenomics pipelines rely on external reference databases to perform taxo-
nomic classification, functional annotation, and quality assessment of MAGs. Commonly
used databases, namely, RefSeq (289), GTDB, UniProt (206), KEGG, and eggNOG, are large
and require substantial local storage that ranges from tens to hundreds of gigabytes. For
instance, the latest GTDB release (R226) exceeds 140 GB, while comprehensive functional
annotation pipelines like DRAM can demand up to 500 GB to exploit its full potential.
Being so, MAG building is a demanding process that needs adequate disk space, CPU
capacity, and memory availability.

For researchers without access to HPC resources, web-based platforms such as KBase
(290), MGnify (193), Galaxy (105), and BV-BRC (65), among others, can assist them by
carrying out analysis execution in their servers. In addition, these platforms aid users
without a strong experience in command line interface (CLI) interaction since they
provide user-friendly interfaces where users can upload raw reads and run predefined
workflows. As a result, these platforms eliminate the need for CLI proficiency and
offer built-in visualization applications and databases for downstream interpretation;
a complete landscape of web-based applications is compiled by Achudhan et al. (291)
and Chivian et al. (138).
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Furthermore, given the MAG pipeline evolution in complexity, involving multiple
tools, dependencies, and steps, the use of workflow managers has become the
standard to ensure reproducibility, scalability, and portability (292). Specifically, workflow
managers ease pipeline step definition in a modular and automated architecture to
orchestrate entire analyses, tracking software versions, managing intermediate files,
restarting the process if interrupted, handling multiple samples as input, and enabling
parallel processing in a reproducible manner. Some representatives of these helpful
orchestrators are Snakemake (293), Nextflow (294), and Workflow Definition Language
(WDL) (295) whose design, implementation, benefits, and scope have been reviewed in
some reports (292-294, 296); also, important guidelines for pipeline design based on
workflow managers have been published by Roach et al. (297), Reiter et al. (298), and
Ahmed et al. (7). Advantageously, containerization platforms such as Docker, Singularity,
and Segera Containers, or package managers like Conda or the Python Package Index
complement workflow orchestrators by offering a flexible and reproducible solution
for software and dependency management (299). As a result, this combination allows
users to run the analysis without system conflicts, specific versions of the software, and
libraries.

In contrast, beyond the MAG assembly and annotation, some pipelines feature
interesting options that complement the analysis and provide a wider understanding
of the microbial community. The range of these special options is wide, and therefore
they must be carefully selected. In this sense, read-based taxonomic profiling (1) is one
of the most common offerings by the pipelines as this process does not rely on the main
workflow and can be executed in parallel. Furthermore, some pipelines can incorporate
tools or modules to recover viral or eukaryotic MAGs (250), and it is even possible to
find pipelines mostly focused on this type of MAGs (97). Another popular extra option
is represented by the possibility of establishing genome-scale metabolic models among
the built MAGs (159, 169). However, in many cases, some workflows can be considered
unique since they include options that no other pipeline encompasses. Examples of
these rare features are the possibility to assemble plasmids (169), genotype recovery
(41), controlled resource allocation (169), and an alternative assembly and binning order,
where the reads are first grouped (binning) and then assembled in batches (73).

On Table 2, we present a summarized overview of the technical features and
methodological factors each workflow presents, and hence these same pipeline aspects
are also the basis for the questionnaire presented on 2Pipe. Methodological factors
include the ability to assemble short reads, long sequences, or both in a hybrid approach;
the possibility to request a co-assembly and/or co-binning natively; whether the user
can input multiple samples or not; if the pipeline includes a bin refinement tool; and
special functionalities they may incorporate. In the same sense, technical features are
described through factors like which kind of resources the user is planning to use for
the pipeline execution, the interface they feel more comfortable working with, the
workflow manager they expect to orchestrate the data flow, and the software/pack-
age technology management available within each workflow. We assigned one of the
following (non-mutually exclusive) labels in order to classify them: short-read-centered
or long-read-focused (if their main input is short or long reads), dual (if they can handle
both long and short reads, but they do not perform hybrid assembly), hybrid (pipelines
able to assemble short and long reads together), web-based (pipelines offered by online
platforms or suites), or special (pipelines designed for a specific purpose).

2PIPE: IT STARTS WITH A QUESTION

Considering the pipeline landscape identified in this review, we have developed a
decision-support application that concatenates most of the features described for each
workflow. 2Pipe is an interactive web application designed to help researchers identify
the most suitable metagenomics pipeline for reconstructing and annotating MAGs. 2Pipe
can be used by users with different expertise levels and computational access, simplify-
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ing the often-complex selection process by mapping user needs to a curated database of
available pipelines.

At the core of 2Pipe, there is a dynamic and question-driven interface that guides
users step by step through a personalized questionnaire. This adaptive form collects
information related to the methodological factors and technical features detailed on
Table 2. Therefore, every response is used to assign a score to each pipeline based
on the presence or absence of specific features that align with the user’s input. The
recommendation system will then suggest the pipeline with the highest score, as well
as the second “best hit” for the user to check in case the first option does not fulfill
their requirements; these suggestions can be as well the starting point for the user to
dig into the other sections of 2Pipe. It is worth mentioning that the scoring is weighted,
and some features have prevalence as they are definitive for the pipeline suggestion.
Specifically, all matching features presented in the questions add one point to the final
score, excepting type of reads to analyze (2 points), the need for a GUI (3 points),
and the requirement for external computational resources (3 points). These features are
prioritized then, and the recommendation must reflect them as they cannot simply be
bypassed with any other pipeline. The system also includes a protection for cases when
the users do not provide at least three answers, asking them to restart the questionnaire.
Likewise, in case of a tie among more than two pipelines, the recommendation system
will show all of them with the respective matching features.

Aside from the accession to the questionnaire and the response-based recommenda-
tion at the end of this, 2Pipe as well encompasses a pipeline gallery, where a visual
catalog is displayed, offering individual summaries of each pipeline and a direct access
to the source code or to the publication that documents the pipeline. Additionally, 2Pipe
makes available an interactive view of Table 2 that includes the possibility of filtering by
each feature or by a combination of them, allowing users to directly tailor the search
for the pipeline that best suits their needs; the displayed categories are the same key
attributes the question-based suggestion system relies on. 2Pipe also incorporates the
features presented in Table 1, assisting the user when comparing the pipelines beyond
technical aspects. Also, these tools and external software are organized in a gallery that
allows the user to match pipelines that use them, which is useful if the user is looking for
a specific software combination that a specific pipeline can offer.

On the other hand, given the importance pipeline and tool benchmarking repre-
sents, 2Pipe provides an exclusive page where the reports cited in this work compar-
ing performance and/or technical features are introduced. This page is divided into
sections according to the tools benchmarked in the papers, namely, assemblers, binners,
bin-refinement tools, contamination-estimation software, complete pipelines, workflow
managers, and taxonomic classifiers. Moreover, we include sections for reviews, tutorials,
and protocols for manual MAG reconstruction and key papers that set interesting
discussions around MAG recovery.

The source code for 2Pipe is available at the repository https://github.com/
jeffe107/2pipe, and foreseeing the possibility of new pipelines being released in the
near future, we provide a quick form for developers to include their workflow into
2Pipe’s recommendation system, pipeline gallery, and table comparison. Also, at the
GitHub repository, developers can find a simple template and detailed instructions for
the inclusion of their pipeline through a pull request.

CONCLUSION

The rapid evolution of sequencing technologies has broadened the availability of
metagenomics data sets that demand bioinformatics tools adjusted to the user
requirements to achieve cutting-edge analysis, including MAG reconstruction. As a result,
in the past 10 years, a rise in the number of MAG reconstruction pipelines available has
been observed, and the selection of the proper pipeline for the analysis has become
an essential step during the execution of metagenomics projects. This review offers a
compact description of 41 publicly available pipelines or platforms, with special focus on
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their capabilities and distinctive features to serve as a valuable resource for researchers
navigating this overwhelming landscape. Beyond the scope of a classical review, we
streamlined the selection process by introducing 2Pipe, an interactive decision-support
web application that aligns the user needs with the most convenient workflow for
their analysis and allows a general overview of the pipeline universe with its gallery
and pipeline-comparison sections. Finally, this review and its accompanying application
provide a unified framework that simplifies the decision-making process, releasing part
of the burden and uncertainty when setting a metagenomics data analysis project.
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