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Abstract

Soil microbial ecology has been transformed by recent progress in sequencing and metagenomics, reshaping our under-
standing of soil microbial functions. This article examines how metagenomics can be used to study the functional potential
of soil microbiomes. We highlight opportunities and limitations of current tools and workflows utilized for the analyses of
metagenomic sequencing data, providing guidance for methodological thoroughness and transparency, and emphasizing
the need for standardized metadata, data availability and workflow reproducibility in metagenomic studies. We encourage
authors to connect microbial functional potential to genomic context, functional redundancy and taxonomic diversity. By
following these practices, the scientific community can ensure that soil metagenomics delivers robust, reproducible, and
ecologically meaningful insights into the ‘living engine’ of fertile soils.
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Introduction

Soils host billions of microorganisms per gram and are
therefore one of Earth’s most complex and diverse microbial
habitats. These microbial communities support vital ecosys-
tem functions such as carbon storage and nutrients cycling.
Despite their importance, the majority remains unknown,
as fewer than 3% can be cultivated under laboratory condi-
tions, even with recent advances in cultivation techniques
(Louca et al. 2019), which directly affects downstream
bioinformatic analyses because of limited representation
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of environmental strains in databases. This “cultivation
barrier” has restricted our understanding of the microbial
communities that shape soil ecosystems. Moreover, many
microorganisms rely on intricate ecological networks that
involve nutrient exchanges, signalling molecules and co-
metabolic interactions which are nearly impossible to repro-
duce under laboratory conditions (Nichols et al. 2010).

The use of molecular approaches in combination with
high throughput sequencing has revolutionized micro-
bial ecology by allowing direct access to the genetic con-
tent of entire microbial communities (Tyson et al. 2004).
In the early times of molecular analyses of soil microbi-
omes, selected marker genes, such as the 16 S rRNA gene,
were targeted for the identification of microbiome mem-
bers via metabarcoding. Linking functional potential with
the respective taxonomic diversity in environmental DNA
became possible thanks to the introduction of metage-
nomics, revealing how the microbiome contributes to soil
resilience and health. Continuous advances in sequencing
technologies and analysis tools have further improved taxo-
nomic assignment by providing genomic context, character-
izing operon structures and gene regulation under different
environmental conditions. In addition, this provides the
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necessary information for targeted isolation, which enables
biobanking and microbiome engineering with potential
bioinoculants. Thus, metagenomics represents a powerful
complement to traditional cultivation and metabarcoding-
based techniques, by enabling the identification of genetic
determinants underlying soil functions, thereby supporting
informed monitoring, management, and restoration strate-
gies without requiring cultivation of individual community
members (Albertsen et al. 2013).

Linking these genes back to their genetic context in the
genome of the corresponding microorganism is extremely
valuable and paves the way for an improved understand-
ing of ecological concepts including functional redundancy,
where multiple species may possess the same genomic trait,
as shown by Mendes et al. (2015) in the transition from forest
to agricultural soils. However, distinct lineages may deploy
different regulatory mechanisms, life strategies (e.g., oligo-
troph vs. copiotroph), or occupy unique ecological niches
(Louca et al. 2018) which strongly impact functional redun-
dancy in real-world settings. For example, Redondo et al.
(2025) used the phylogeny to predict the functional potential
and niche of ammonia oxidizing archaea. Thus, resolving
the specific genomic architecture of a function allows us to
predict the environmental conditions under which that func-
tion is likely to be expressed, such as in Yang et al. (2024),
in which nitrogen addition promoted horizontal gene trans-
fer (HGT) events, despite a decrease in microbial diver-
sity. Through the characterization of these functions within
their ecological context, metagenomics provides a bridge
between microbial biodiversity, soil fertility and resilience.
In this context, genome-resolved metagenomics enables the
investigation of functional redundancy by resolving how
many and which taxa encode genes for specific transforma-
tion steps, and how these functions are distributed across
genomes and microbial communities (Albertsen et al. 2013;
Howe et al. 2014; Mendes et al. 2015).

In this article, we discuss how and which metagenomic
workflows and tools can be used to link microbial diver-
sity to functional potentials and genomic traits, allowing
researchers to address questions related to: (1) functional
redundancy from communities to single strains, (2) genomic
traits, (3) gene regulation including operon structure, (4) to
identify horizontal gene transfer (HGT). While general stan-
dardization guidelines exist within the broader bioinformat-
ics community (Ten Hoopen et al. 2017; Vuong et al. 2022),
these recommendations are rarely contextualized for soil
systems. Soil represents one of the most complex micro-
bial habitats, characterized by high matrix heterogeneity
and exceptional taxonomic and functional diversity, which
pose analytical challenges often underrepresented in general
protocols. Consequently, methodological considerations
that may be sufficient in low-diversity or host-associated
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systems may require adaptation when applied to soils. Here,
we therefore highlight caveats specific to soil metagenom-
ics and provide a practical overview of commonly used and
accessible pipelines that accommodate different sequencing
strategies and data inputs, thereby offering guidance tailored
to soil-focused studies.

Sequencing strategies for soil metagenomes

Modern metagenomic studies rely on short and long-read
sequencing, two complementary sequencing technologies
that can be used both standalone and in combination. Short
reads are often generated by [llumina platforms with lengths
between 50 and 250 base pairs, delivering higher accuracy
and coverage compared to long-read metagenomics at simi-
lar throughput, making them ideal for taxonomic profiling
and the detection of rare taxa (Quince et al. 2017). How-
ever, they limit the reconstruction of complex and repetitive
genomic regions due to insufficient read length, in combina-
tion with the high diversity of soil microbial communities.

In contrast, long-read sequencing technologies, such as
nanopore and single molecule real-time (SMRT) sequenc-
ing, can produce reads spanning thousands of base pairs if
high quality DNA (e.g. high purity) and large fragments are
used as input. However, DNA extraction protocols for soil
samples based on bead-beating often fragment the DNA,
which potentially reduces the potential mean length to hun-
dreds of base pairs, or less. Therefore, the quality control of
the input DNA fragment size is crucial. These technologies
facilitate the recovery of more contiguous metagenome-
assembled genomes (MAGs), which provide the necessary
genomic context for a higher taxonomic resolution. Long-
read sequencing also enables the investigation of full oper-
ons, where specific functional traits can be linked to distinct
taxonomic lineages and mobile genetic elements, which are
often the primary drivers of functional adaptation in soil
(Sereika et al. 2022; Yang et al. 2024). This structural con-
tinuity circumvents the chimerism frequently observed in
short-read assemblies (Bickhart et al. 2022). Nevertheless,
these technologies have higher error rates, which can be
mitigated through hybrid approaches, where long reads are
analysed in combination with short reads to improve accu-
racy as well as coverage (Tully et al. 2018).

Consequently, combining both sequencing approaches is
increasingly considered the best practice for soil metage-
nomic studies. Hybrid assemblies enhance the recovery of
MAGs and provide a more comprehensive view of microbial
identity and encoded functional potentials. As bioinformatic
tools evolve, the synergy of short and long-read sequenc-
ing provides near-complete genome reconstructions. This
allows to expand the scope of metagenomic sequencing
beyond functional or taxonomic profiling under changing
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environmental conditions, by linking functional potential
to genomic traits, such as regulon and operon structures,
and further integrating more robust taxonomic assignment.
Advances in metagenomics further contribute to overcom-
ing the cultivation bottleneck. Predictive tools can now
guide the targeted cultivation of previously uncultured taxa
by approximating microbial growth conditions directly
from MAGs and their regulon and operon structures (Bar-
num et al. 2024). This progress allows the shift from purely
descriptive metagenomics towards an integrative method
in soil microbiology that links genetic potential, ecological
role, and cultivation feasibility (Espindola-Hernandez et al.
2026).

Despite advances in sequencing and bioinformatics, the
high diversity of the soil microbiome remains one of the
major challenges in the recovery of complete MAGs. This
complexity is partly driven by the persistence of extracellu-
lar DNA, which might complicate data interpretation. While
this DNA provides a long-term record of environmental
shifts, it acts as biological noise (Carini et al. 2017) that can
be removed using methods such as propidium monoazide
(Du et al. 2025). Diversity is not the only bottleneck; factors
such as uneven abundance, variable genome sizes, and wide-
spread repetitive genomic elements further complicate the
recovery of complete genomes. Additionally, the presence
of closely related strains creates complexities in assembly
graphs, often resulting in the fragmentation of highly con-
served sequences, including single-copy genes (SCGs) used
to estimate completeness, and preventing their accurate
assignment to specific bins (Eisenhofer et al. 2023). This
can lead to a loss of biological context, where functional
genes are detected without a clear taxonomic attribution. To
mitigate these challenges, deeper metagenomic sequencing
and assembly strategies optimized for uneven coverage can
improve the recovery of genomes from rare taxa that would
otherwise remain fragmented (Bagci et al. 2025).

From sequence to insight: streamlining soil
metagenomic workflows

The analysis of metagenomic data consists of a series of
consecutive steps, ranging from raw read processing to
functional interpretation.

The initial step of the analysis is to demultiplex, qual-
ity control, and trim the raw reads based on parameters like
length, quality, and adapter presence. After quality control,
reads are assembled into contiguous sequences, or con-
tigs, using assemblers optimized for long or short reads.
Short-read assemblers such as MEGAHIT (Li et al. 2015)
or metaSPAdes (Nurk et al. 2017) often deploy De Bruijn
graph-based assembly approaches, while long-read assem-
blers rely on overlap layout consensus, like Canu (Koren et

al. 2017) or metaFlye (Kolmogorov et al. 2020), optimized
to handle the higher error rates of long-read sequencing.
Additionally, hybrid assemblers, such as Unicycler (Wick et
al. 2017) or OPERA-MS (Bertrand et al. 2019), can merge
long and short reads, maximizing genomes’ recovery and
completeness. In the assembly step, the choice of the assem-
bly mode depends on the sampling plan and the presence of
replicates. Modes such as merged or co-assembly, as seen in
Fig. 1, aim to increase the recovery of high-quality assem-
blies and subsequent bins by pooling sequences from multi-
ple samples. Specifically, the merged mode (where samples
are assembled individually before merging resulting con-
tigs) serves as a vital alternative when memory constraints
make standard co-assembly unfeasible (Tully et al. 2018),
although with a slightly higher risk of chimerism (Tamames
and Puente-Sanchez 2019). However, when samples origi-
nate from different treatments or conditions, they should be
analysed in individual mode to avoid conflating distinct bio-
logical signals (Liu et al. 2025).

Contigs can be further structurally annotated by detect-
ing open reading frames (ORF), with tools such as Prodi-
gal (Hyatt et al. 2010) and taxonomically and functionally
annotated by mapping them against reference databases
such as KEGG (Kanehisa et al. 2017) or Pfam (Finn et al.
2014) using tools like DIAMOND (Buchfink et al. 2015).
Because annotation stringency depends on parameters like
identity and E-value thresholds, reporting these parameters
is crucial for reproducibility. These annotations provide a
catalogue of microbial taxa and their metabolic capacities.
Hence enabling exploration of microbiome functional and
taxonomic composition (Liu et al. 2025).

The resulting annotated contigs are subsequently binned
into draft genomes. Binning algorithms cluster assembled
contigs based on oligonucleotide composition and differen-
tial coverage profiles (Kang et al. 2019) using parameters like
k-mer frequencies, coverage, taxonomy or GC content. Mod-
ern binning tools like V4AMB also incorporate machine learning
algorithms to improve accuracy, essential for complex micro-
bial communities (Nissen et al. 2021). These bins are typically
evaluated by tools such as CheckM?2 based on completeness,
defined as the fraction of expected single-copy genes (SCGs)
recovered, and contamination, which assesses the redun-
dancy or conflicting taxonomy of these markers (Chklovski
et al. 2023). Complementary tools such as GUNC (Genome
UNClutterer) can be used to assess chimerism and non-redun-
dant contamination by detecting phylogenetic inconsistencies
across contigs within a bin, thereby helping to identify mis-
binning and assembly artifacts (Orakov et al. 2021). SCGs are
essential genes found once per bacterial genome and are often
standardized using the Bac120 set; examples include genes
involved in DNA replication, such as gyrB, and translation,
such as rpl4 (Mallawaarachchi et al. 2024; Parks et al. 2018).
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Fig. 1 Schematic description of metagenomic analysis and the different assembly options. Created with BioRender by Rodriguez-Berbel (2025)

Notably, highly conserved and repetitive sequences such
as transposons often fail to be assembled or binned (Mal-
lawaarachchi et al. 2024; Moss et al. 2020). Also, the 16 S
rRNA gene, which is often considered as the “gold standard”
for phylogenetic assignments if metabarcoding approaches
are used (Barto$ et al. 2024), may be present in multiple
different copies within the same genome (Coenye and Van-
damme 2003) causing intragenomic operon heterogeneity
and artificially lowering the perceived completeness. Nev-
ertheless, conflicting read patterns generally originate dur-
ing the assembly process rather than along the binning step
(Trigodet et al. 2026). Additional tools integrate phyloge-
nomic information and contig-level binning based on k-mer
composition, coverage profiles, and genomic neighbour-
hood structure to further improve annotations. For example,
tools such as DRAM (Shaffer et al. 2020) summarize gene-
level annotations into genome-resolved metabolic profiles,
while Argo (Chen et al. 2025) leverages long-read context to
resolve the taxonomic hosts of mobile functional elements.
Specialized features such as MetaRON enable operon pre-
diction directly from metagenomic assemblies, while anti-
SMASH facilitates the identification of biosynthetic gene
clusters, further strengthening the functional interpretation
of gene organization within reconstructed genomes (Blin et
al. 2025; Du et al. 2023; Zaidi et al. 2021).

While many metagenomic studies only consider bins
above 50% completeness and below 10% contamination as
MAGs (Nayfach et al. 2021; Parks et al. 2017), the Mini-
mum Information about a Metagenome-Assembled Genome
(MIMAG) standard classifies these as ‘medium-quality’,
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those below these thresholds as ‘low-quality’ and ‘high-
quality’ as those having>90% completeness and <5% con-
tamination (Bowers et al. 2017). However, the recovery of
high-quality MAGs from soil environments is a challenging
task, as exemplified by Ma et al. (2023), in which 3,641
(9.1%) high-quality MAGs were retrieved from a total of
40,039 MAGs from 9 different soil ecosystems. Soil sam-
ples typically exhibit high taxonomic richness; in such sce-
narios, MAG quality may vary substantially (Liu et al. 2025;
Riley et al. 2023), largely due to a probabilistic sequencing
bias that favours more abundant taxa and results in lower
coverage for rare species at a given sequencing depth.

High-quality and near-complete MAGs are crucial for
moving beyond simple associations and for assigning spe-
cific metabolic pathways to distinct taxonomic lineages,
thereby improving mechanistic interpretation of soil pro-
cesses (Shaffer et al. 2020). Ultimately, a full meta-anal-
ysis study would be required to ascertain how diversity
levels influence the retrieval of high-quality MAGs and if
increased sequencing depth solves this issue.

In addition, curated MAGs may be deposited in public
repositories, such as the MGnify Genomes Catalogue (Gur-
bich et al. 2023), which facilitates comparative analyses
within an ecological framework by mapping user-provided
MAGs against biome-specific catalogues, allowing for a
precise assignation of the metabolic potential.

Since metagenomic analyses involve various steps and
tools, the use of end-to-end pipelines allows the analyses
to be reproducible, scalable, accessible, and standardized.
Pipelines such as nf-core/mag, which uses the workflow
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Table 1 Evaluation of different pipelines for complete and specific metagenomic analyses of prokaryotes based on analysis type and usage criteria

Pipeline nf-core/mag SqueezeMeta MetaWRAP ATLAS MetaErg HUMANN3 Anvi’o MGnify
Purpose MAG Functional MAG MAG Functional  Functional Functional Functional
construction profiling construction construction profiling profiling profiling profiling
and MAG and MAG and MAGs
construction construction  construction
Sequencing input Short & Short & long Short reads  Short reads  Short reads  Short reads  Short reads Short reads
long reads  reads
Data input Raw reads  Raw reads Rawreads Rawreads Assembled Paired-end Raw reads Raw reads
contigs reads
Last version 5.1.0 1.7.2 1.3.0 2.19.0 1.2.3 3 8 5.0.7]1.2.0
10.2025 06.2025 08.2020 07.2024 02.2020 07.2022 09.2023 06.2022 |
08.2025
Platform CLI CLI CLI CLI CLI CLI GUI+CLI CLI Web
User-friendliness Medium Medium Low Low Low High Medium Medium High
Flexibility / control High High High High Low Low Medium Medium Low
Sample amount (scale) High High Medium High Low Medium Medium High Low
Binning Yes Yes Yes Yes Partial No Yes Yes Yes
Metagenome Yes Yes Yes Yes Yes Yes Yes Yes Yes
annotation
Function assignment  Yes Yes Yes Yes Yes Yes Yes Yes Yes
Taxonomy assignment Yes Yes Yes Yes Yes Yes Yes Yes Yes
Co-assembly Yes Yes Yes Yes No No Yes No No
Recommended (Krakau et  (Tamames (Uritskiy et (Kieser et (Dong and  (Beghiniet (Eren et al. (Richardson et
references al. 2022) and Puente-  al. 2018) al. 2020) Strous al. 2021) 2015) al. 2023)
Sanchez 2019)
2019)

*including a combination of the Anvi’o contigs and metagenomics workflows

** including a combination of the MGnify assembly analysis v5.0.7 (https:/github.com/EBI-Metagenomics/assembly-analysis-pipeline) and
genome-generation v1.2.0 pipelines (https:/github.com/EBI-Metagenomics/genomes-generation)

fCLI command line interface, GUI graphical user interface

management system Nextflow, and SqueezeMeta, automate
the processing of metagenomic data, improve consistency
and enable large-scale comparisons across many samples
(Krakau et al. 2022; Tamames and Puente-Sanchez 2019).
The use of these pipelines requires access to a high-perfor-
mance computing system, whereas online platforms such as
MGnify (Richardson et al. 2023) allow metagenomic analy-
ses in the absence of such resources, increasing accessibil-
ity. Some of the available pipelines and their characteristics
are summarized in Table 1. Once the analysis has been com-
pleted and the data are ready to be published, it is essential
to deposit raw sequencing reads in public repositories such
as the NCBI Sequence Read Archive (SRA) or the European
Nucleotide Archive (ENA) to enable independent reanaly-
sis, comparative studies and long-term data accessibility
(Leinonen et al. 2011; Sayers et al. 2025).

Conclusion and outlook

Metagenomics has become an essential tool for investigating
the microbial drivers of key environmental processes such as
nutrient turnover, stress response or plant-microbe interac-
tions. By linking taxonomic diversity to functional potential

within genomic context, genome-resolved approaches move
beyond simple fingerprinting. This enables a more detailed
assessment of functional redundancy, metabolic specializa-
tion and regulatory genomic structures of complex soil com-
munities. At the same time, the high diversity and genomic
complexity of soil microbiomes pose substantial analytical
challenges that require careful methodological decisions and
transparent reporting. Comprehensive metadata reporting,
public availability of raw and processed data, reproducible
analytical workflows, and standardized quality assessment
of assemblies and MAGs are central to improving compa-
rability and robustness across studies. As soil metagenomic
datasets continue to increase in size and complexity, method-
ological consistency and a critical ecological interpretation
remain essential for translating metagenomic information
from isolated case studies into meaningful biological insights
and to continuously improve the quality of future annota-
tions. A comprehensive understanding of the consequences
of microbial functional redundancy and resilience requires
further studies including metatranscriptomics, proteomics
and targeted chemical measurements, which operate on dif-
ferent temporal and spatial scales than DNA-based methods,
as well as isolation of the respective microbes and targeted
genome modifications (Orellana et al. 2019; Podlesny et al.
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2026). While the bioinformatic tools and pipelines described
in this article represent the current state-of-the-art, the field
of metagenomics is evolving rapidly. We strongly encourage
to consult the latest software documentation, repository and
database updates, as new algorithms and optimized work-
flows are frequently released.
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