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M Check for updates

Numerous important environments harbour low levels of microbial
biomass, including certain human tissues, the atmosphere, plant seeds,
treated drinking water, hyper-arid soils and the deep subsurface, with some

environments lacking resident microbes altogether. These low microbial
biomass environments pose unique challenges for standard DNA-based
sequencing approaches, as the inevitability of contamination from
external sources becomes a critical concern when working near the limits
of detection. Likewise, lower-biomass samples can be disproportionately
impacted by cross-contamination and practices suitable for handling
higher-biomass samples may produce misleading results when applied
to lower microbial biomass samples. This Consensus Statement outlines
strategies to reduce contamination and cross-contamination, focusing
on marker gene and metagenomic analyses. We also provide minimal

standards for reporting contamination information and removal workflows.
Considerations must be made at every study stage, from sample collection
and handling through data analysis and reporting to reduce and identify
contaminants. We urge researchers to adopt these recommendations when

designing, implementing and reporting microbiome studies, especially
those conducted in low-biomass systems.

The past two decades have seen a surge in microbiome studies driven
by the adoption of cultivation-independent approaches. Most notably,
sequencing of targeted marker genes and metagenomes are now widely
used toexplore the diversity and capabilities of bacteria, archaea, fungi,
protistsand virusesin different environments. As microbiome research
continues to expand, the delineation of best practices has also expanded,
withthe research community outlining how to best design, implement
and report microbiome studies'”’. However, such recommendations
are generally based on practices for studying systems with high levels
of microbial biomass, for example, surface soil, wastewater and human
stool samples. Microbial DNA yields from these environments can be suf-
ficiently high that contaminationislesslikely tolead to spuriousresults,
asthetarget DNA ‘signal’is far larger than the contaminant ‘noise”. Yet
many systems harbour such low levels of microbial biomass that they
approach thelimits of detection using standard DNA-based sequencing

approaches (Fig. 1). Given the proportional nature of sequence-based
datasets, even small amounts of microbial DNA contaminants can
strongly influence study results and their interpretation, with this prob-
lem becoming particularly relevant when studying low-biomass systems.
Such low-biomass systems can include the atmosphere’™, poorly pre-
served ancient samples', the deep subsurface®, hyper-arid soils'*",
dry permafrost™, drinking water"”, metal surfaces'®, rocks”, hypersaline
brines®, snow” and ice cores?**. Likewise, despite often containing
high amounts of host DNA, certain host-associated systems may also
harbour minimal amounts of microbial DNA. This includes the respira-
tory tract*, breastmilk®, fetal tissues and blood of humans?, as well
as certain plant tissues (for example, seeds)*®*’ and certain animal guts
(for example, caterpillars)*°. Some environments are reported to lack
detectable resident microorganisms altogether, including the human
placenta, certain animal guts and some polyextreme environments®>*,
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Fig. 1| Typical numbers of prokaryotic (bacterial and archaeal) cells (log scale)
inhost, natural and built environmental systems. Estimates were obtained
using cultivation-independent methods (primarily direct cell counts), but we
note that these are average approximations and there can be considerable
variability in cellnumbers across samples collected from a given environment.
Cell numbers/counts were obtained from the published literature and adjusted
to account for the sample amounts (volumes or weights) typically used for DNA
extractions. See Supplementary Table 1 for details. Points of different coloursin
this plotindicate general categories of environments.

Studying low microbial biomass environments requires careful
consideration of methods, including the approaches used for sample
collection, laboratory processing and data analysis, to reduce and
identify contaminants. Contaminants can be introduced from various
sources—notably human sources, sampling equipment, reagents/
kits and laboratory environments—and can be introduced at many
stages such as sampling, storage, DNA extraction, sequencing and
other processing steps®**~%, Another persistent problem is cross-
contamination, thatis, the transfer of DNA or sequence reads between
samples, for example, due to well-to-well leakage of DNA*** (Fig. 2).
Various post hocapproaches have been developed to remove contami-
nants from sequence datasets, but such approaches often struggle to
accurately distinguish signal from noise, especially for extensively and
variably contaminated datasets**. Concerns regarding contamina-
tion in microbiome studies are widely noted, with both refs. 26,41
having detailed a set of guidelines to reduce potential contamination.
However, contamination issues persist, and the use of appropriate
controls has not increased over the past decade*. Researchers thus
remain justifiably skeptical of some published microbiome studies,
especially those focused on low-biomass systems®**. At best, failure
tofollow suitable practices can cast doubt on the quality of published
studies or reduce comparability of results. At worst, there is a risk
that inaccurate results may contribute to incorrect conclusions and
misinform applications of the research. For example, contamination
candistortecological patterns and evolutionary signatures*®***’, cause
false attribution of pathogen exposure pathways®*°, or lead to inaccu-
rate claims of the presence of microbes in various environments. Con-
sider the debate surrounding the ‘placental microbiome”**>3, which
raised awareness of contaminationissues and ‘best practices’ toreduce
potential contamination. This is not an isolated example: there have
been ongoing debates about contamination issues in other systems,
ranging from human blood*”**, brains* and cancerous tumours*, to
the deep subsurface**** and the upper atmosphere® ',

Here, we propose a series of recommendations for minimizing
contamination along with minimal standard guidelines for reporting
contaminationinmicrobiome studies. Developed through consensus
with leaders in the microbiome field (Supplementary Information),

many of our collective recommendations reiterate and refine those
described previously***. These recommendations and guidelines have
beendeveloped sothat they are broadly applicable to all microbiome
studies, including those focused on host, natural and built environment
systems. However, they are particularly important for low microbial
biomass environments, as well as any studies where low-level con-
tamination can distort conclusions (for example, pathogen tracking,
forensics). Notably, although we focus on marker gene (for exam-
ple, 16S rRNA gene sequencing) and metagenomic sequencing, these
guidelines are also relevant for avoiding contamination across other
microbiome methods, for example, metatranscriptomics, DNA sta-
ble isotope probing, quantitative PCR and cultivation. We anticipate
that careful consideration of these recommendations will ultimately
improve the quality of microbiome research and limit some of the
more persistent, but often avoidable, problems encountered when
studying low-biomass systems. Indeed, while contamination cannot
be fully eliminated, these steps enable contamination to be minimized
and detected.

Sampling strategies in low-biomass systems
Contamination of asample can occur at any pointin the workflow, from
the moment a sample is collected to the generation of the sequence
data®* (Fig. 2). Major contamination sources during samplinginclude
human operators, sampling equipment and adjacent environments (for
example, exposure of a patient’s blood sample to their skin, or a sedi-
mentsample to overlying water)®”. Due to the largely untargeted nature
of most DNA-based approaches, any microbial DNA introduced during
sampling can be challenging to distinguish from DNA originating from
the sample of interest. A contamination-informed sampling design is
therefore recommended to minimize and identify contamination?.
The appropriate measures for reducing contamination at the time
of sampling will depend on the nature of the system, although there
are some core principles that apply. Researchers should consider all
possible contamination sources the sample will be exposed to, from
the in situ environment to the collection vessel, and take measures
to avoid contamination from these sources both before and during
sampling®®. Before sampling, researchers should take extensive steps
toidentify and reduce potential contaminants, for example, checking
that sampling reagents (for example, sample preservation solutions)
are DNA free, and conduct test runs to identify issues and optimize
procedures. During sampling, consistent awareness of the objects
and environments the sample may be exposed to will enable identifi-
cation of contamination sources that can be handled by appropriate
decontamination or theintroduction of barriers. Importantly, training
orinstruction should be provided to personnel conducting the sam-
plingto ensure procedures are followed. Researchers should be aware
that the lower the amount of microbial biomass in the initial sample,
the larger the proportional potential impact of contamination on the
final sequence-based datasets. Wherever possible, researchers should
incorporate the following (see also Table 1).

Decontaminate sources of contaminant cells or DNA

Thisappliesto equipment, tools, vessels and gloves. Ideally, single-use
DNA-free objects should be used (such as swabs and collection vessels),
but where thisisnot practical, thorough decontaminationisrequired.
Forexample, decontamination of objects or surfaces with 80% ethanol
(tokill contaminating organisms) followed by anucleic acid degrading
solution (to remove traces of their DNA) will minimize contamination
from sampling equipment, especially if the same equipment must
be used for consecutive samples. Gloves should be similarly decon-
taminated and should not touch anything before sample collection.
Plasticware or glassware used to collect or store samples should be
pre-treated by autoclaving or ultraviolet (UV-C) light sterilization, and
remain sealed until sample collection to ensure sterility before sam-
pling. Itisimportant to note that sterility is not the same as DNA free:
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Fig. 2| Conceptual diagram illustrating how contamination and cross-
contamination can occur at three steps of microbiome studies, with
suggested mitigation controls. The target sample (indicated by red smooth
shapes) can be contaminated by external contaminants (indicated by grey-
shaded sharp shapes). These external contaminants could be cells or DNA from
sources other than the sampled community (for example, laboratory reagents,
sampling equipment). In addition, the target sample may also be affected by
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cross-contamination, where cells or DNA are inadvertently exchanged from
other samples (indicated by brown-shaded smooth shapes) during sampling,
laboratory processing and/or via ‘tag switching’ (as can occur when barcoded
reads are misassigned to the incorrect sample). Furthermore, contaminants
and cross-contaminants can accumulate throughout the workflow. Prep.,
preparation.

evenif viable cells are removed, cell-free DNA can remain on surfaces
even after autoclaving or ethanol treatment. Thus, we recommend
removing DNA via sodium hypochlorite (bleach), UV-C exposure,
hydrogen peroxide, ethylene oxide gas or commercially available DNA
removal solutions where safe and practical®.

Use PPE or other barriers to limit contact between samples and
contamination sources

Samples should not be handled more than is necessary. If ahuman
operator is taking a sample, they should cover exposed body parts
with personal protective equipment (PPE) (including gloves, goggles,
coveralls or cleansuits, and shoe covers, as appropriate for the sam-
pling environment). PPE can protect the sample from human aerosol
droplets generated while breathing or talking®*, as well as from cells
shed from clothing, skin and hair®’. Some leading examples can be
found in cleanroom studies and ancient DNA laboratories. For exam-
ple, ref. 66 outlined a protocol for spacecraft cleanroom sampling
that required all exposed human surfaces to be covered with PPE.
Reference 67 described standard ultra-clean laboratory PPE, which
includes face masks, suits, visors and three layers of gloves to enable
frequent changes while eliminating skin exposure within the lab.
While such extensive PPE is only necessary under extreme circum-
stances, using moderate PPE for all sample collection proceduresisa
relatively straightforward and inexpensive way to substantially reduce
human-derived contamination.

Collect and process samples from potential contamination
sources

The inclusion of sampling controls is important for determining
the identity and sources of potential contaminants, to evaluate the
effectiveness of prevention measures, and interpret the data in con-
text. Sampling controls may include an empty collection vessel, a
swab exposed to the air in the sampling environment, swabs of PPE,
aswab of surfaces that the sample may come into contact with dur-
ing sample collection, or an aliquot of sample preservation solution
or sampling fluid. Environmental microbiome studies that involve
drilling or cutting often include the drilling or cutting fluid as anega-
tive control®®, and some studies place a tracer dye within the fluid to
indicate contamination of the sample with the fluid®*’°. For example,
in a fetal meconium study, ref. 71 swabbed decontaminated maternal
skin before the procedure and used additional swabs exposed to the

operating theatre air to identify sources of contamination, determin-
ing that the fetal meconium microbiome is indistinguishable from
negative controls. Sampling controls should be included alongside
the samples through all processing steps to account for any contami-
nants introduced during sample collection and downstream pro-
cessing. Multiple sampling controls should be included to accurately
quantify the nature and extent of contamination, and we recommend
including at least one control sample for every four samples when pos-
sible. These multiple sampling controls can be analysed in conjunction
with negative controls from other processing steps, including DNA
extraction and library preparation steps, to specifically identify the
steps at which any contaminants may have beenintroduced (see below).
All controls should be documented and reported (Table 2 and Box 1).

Laboratory practices to minimize and identify
potential contamination

Laboratory procedures, including DNA extraction, PCR amplifica-
tion, library preparation and sequencing, can both introduce and
amplify contaminants. Laboratory reagents and consumables,
including extraction and PCR kits, preservation solutions, plastic
tubes and even purified water, often contain amplifiable cellular or
cell-free DNA from notoriously persistent bacteria (for example, Ral-
stonia, Pseudomonas)®’>. Contamination is also possible from various
other sources, including human operators, laboratory surfaces or
air, and other samples or cultures. For example, on the basis of the
sequencing of 144 negative controls, the contaminant profile of one
laboratory was shown to vary by month, season and researcher®. The
accidental mixing or aerosolization of DNA between different tubes or
wells during extraction or other processing steps is a major cause of
cross-contaminationin microbiome studies*®*, Cross-contamination
canevenoccur via ‘tagjumping’, leading to the erroneous assignment
of sequences to samples*’. Contamination-aware laboratory setup,
study design and experimental practices are all necessary to minimize
contamination and cross-contamination. Appropriate steps include
maintaining suitable and clean workspaces, wearing PPE, confirm-
ing and maintaining reagent integrity, and carefully considering how
samplesarearranged during processing. Despite this, contamination
and cross-contamination may still occur (Fig. 2). Thus, ensuring that
multiple negative and positive experimental controls are included in
the study design and then sequenced alongside the original samplesis
essential foridentifying the extent and nature of contamination before

Nature Microbiology | Volume 10 | July 2025 | 1570-1580

1572


http://www.nature.com/naturemicrobiology

Consensus Statement

https://doi.org/10.1038/s41564-025-02035-2

Table 1| Guidelines for minimizing contamination when conducting marker gene or metagenomic sequencing-based
studies of microbiomes

Area Approaches Importance
Ensure continual awareness and care regarding the multiple sources and steps that can introduce contamination and Essential
cross-contamination, as well as the importance of including controls
Prioritize contamination-aware approaches for every aspect of microbiome research, including laboratory setup, study Very high
design, laboratory procedures and data analysis, focusing on preventative rather than corrective approaches

Awareness and Develop SOPs for all field, laboratory and computational procedures to minimize and detect contamination Very high

training Conduct both theoretical and hands-on training for field, laboratory and computational procedures to minimize and detect ~ High
contamination
Provide regular reminders and conduct audits of protocols and practices to reduce contamination risk Moderate
Develop continuous improvement processes where SOPs and training are updated in response to day-to-day practice and High
audits
Decontaminate sampling equipment and reagents to remove cells and any non-target DNA High
Design sampling approach to minimize introduction of DNA from environments adjacent to the environment of interest High
If possible, collect samples from environments near the environment of interest that may be the source of potential Moderate
contaminants

Sample collection  \year appropriate PPE and carefully handle samples to minimize introduction of DNA from human operators and their High
microbiomes
Collect control samples at all sample collection and processing steps to check for the introduction of potential Very High
contaminants, and include these control samples in all downstream processing steps
Store samples in a manner that eliminates the potential for microbial growth or contamination with foreign DNA High
Include appropriate negative controls at all processing steps and include all negative controls in the sequencing runs Essential
Include positive controls, ideally at microbial DNA concentrations that mirror those in samples High
Determine the concentrations of DNA in negative controls via gPCR to assess signal-to-noise ratios compared with samples  High
Conduct test runs to confirm suitability of DNA extraction, library preparation and sequencing procedures before High
conducting full sampling campaigns
Conduct molecular work in hoods to reduce contamination with laboratory operators, materials and air Very high
Use a unidirectional workflow, including separating workspaces and equipment for pre- and post-extraction and pre- and High
post-PCR procedures

Laboratory . . . .

practices Thoroughly decontaminate hoods/workspaces, equipment and consumables to both kill cells and remove DNA Very high
Use trusted reagent suppliers and sequencing facilities High
Test each individual batch of reagents for potential contaminants before use High
Wear appropriate PPE to minimize the introduction of human-derived contaminants Very high
Take utmost care to minimize sample-to-sample cross-contamination, and avoid processing higher- and lower-biomass High
samples together
Consider the spatial arrangement of samples and controls in multiwell plates during extraction, library preparation and High
sequencing to reduce cross-contamination and ‘batch effects’

Uniquely barcode samples and controls before sequencing High
Follow ‘minimal reporting standards’ (Table 2) to ensure sampling, laboratory and analysis procedures are transparently  Essential
documented in full, and both raw and processed data are reported and accessible
Carefully check sequence data from negative and positive controls to infer the presence, extent and potential sources of Very high
any contamination or cross-contamination
Check whether the major taxa observed in samples are expected on the basis of a priori knowledge of their potential Moderate
ecologies and known contaminants

. Consider mapping to reference genomes of potential contaminants, for example, human genome, human-associated Moderate

Data analysis and microbes and reagent microbes

reporting
Consider identifying potential contaminants using decontamination bioinformatics tools, but do so carefully, critically and High
with transparency
When possible, collect sequence data along with independent measures of microbial DNA concentrations (or microbial Moderate
biomass), as contaminants will generally be enriched in samples with lower microbial DNA concentrations
Only use contaminated samples or datasets if sufficient signal to noise can be recovered to convincingly address research Very high
questions
Report the concentrations of 16S rRNA genes in negative controls alongside samples to assess signal to noise High

See text for details on each of these points. We note that these guidelines are broadly applicable regardless of the system in question, but are particularly relevant when studying systems
with lower microbial biomass where there is a high risk that contamination will impact downstream analyses and the interpretations of results. Essential approaches are highlighted in bold.
SOP, standard operating procedure.
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Table 2 | Minimum information about controls and procedures for microbiome studies

Area Term Definition Possible values
Sampling controls Controls used during the sampling process Swab or collection vessel left open while sampling; human or
PPE swab; swab of equipment/surfaces that may have contacted
the sample; preservation material
Samplg Extraction controls ~ Controls used during nucleic acid extraction Extraction blanks, extraction and sequencing of individual
collection
reagents used, batch number
Library prep. Controls used during library preparation for Library prep blanks; reagent lot numbers; batch number
controls sequencing
Workspace Methods used to decontaminate the workspace Biosafety cabinet or laminar flow hood; 80% ethanol, bleach,
decontamination where samples were handled UV-C treatment (time); commercial DNA-degrading solution
Laboratory PPE PPE worn when collecting and handling samples  Gloves (single, double and so on); coveralls, face shields,
methods respirators

Positive controls

Positive controls introduced at each step in the
workflow

Mock community (cells or DNA); single species spike-in

Data processing

Decontamination
pipeline

Software tools (including version number) and/or
custom scripts used for removal of contaminants
from the final dataset

Examples include Decontam, SourceTracker, Squeegee, SCRuB,
microDecon and MicroblEM. Include version number, mode,
parameters as relevant. Links to script should be provided as a
permanent DOI.

Contaminant
database

Name and release number of any contaminant
database used to screen microbiome dataset

Control sequences

Raw sequence data from all control samples

Data should be made available either as Supplementary

Information linked to the manuscript, or at a permanent DOI
address

Datasets Original dataset

before removal of contaminants

Accession numbers for raw microbiome datasets

Accession number or permanent DOI

Processed dataset

Accession numbers for microbiome datasets after
processing and removal of contaminants

Supplementary data included with the manuscript and/or
repository accession number

conducting downstream computational analyses. The following steps
arerecommended (see also Table 1).

Maintain pristine and physically isolated molecular facilities
The physical characteristics of the laboratory workspace are important
to consider when attempting to minimize contamination. There should
be physical separation between pre- and post-extraction workspaces,
aswellas pre-and post-PCR workspaces, with a unidirectional workflow
between each workspace. Such separation is important given that a
single PCR run can produce trillions of DNA molecules—both from
samples and contaminants—that, upon aerosolization (for example,
duetohandling and pipetting), can contaminate the environment and
other samples*®’>, Molecular work should be performed in enclosed
hoods to limit the possibility that contaminants are introduced from
the surrounding air. To reduce contamination of reagents, the setup
of PCR or other master mixes should be performed in clean hoods
absent of template DNA using adedicated set of pipettors that are never
used with DNA samples. Pipetting and handling of samples or reagents
should be performed using filtered tips to prevent aerosolized DNA con-
tamination of pipettors. Hoods should be thoroughly decontaminated
before and after each use with an appropriate DNA-degrading solution
to prevent cross-sample contamination and limit the magnitude of
laboratory-derived contamination. Inaddition, hoods and equipment
canbeirradiated with UV-Clight to further reduce exogenous labora-
tory contamination. As with sampling, laboratory personnel should
have skin surfaces covered with PPE and frequently change gloves,
especially when handling different types of sample and reagent. Labora-
tory PPE, equipment and supplies should be dedicated to each space,
and if disposable PPE is used, it should only be worn across rooms in
a‘clean’ to ‘dirty’ direction. In addition, floors and other horizontal
surfaces should be regularly cleaned to limit dust accumulation.

Confirm and maintain the integrity of reagents
Ultrapure reagents and consumables, for example, DNA-free tubes
and PCR-grade water, should be sourced from trusted suppliers.

Their integrity should be validated before use on low microbial bio-
mass samples to confirm that they lack DNA, for example, through PCR
amplification followed by agarose gel electrophoresis (low sensitivity)
or, ideally, DNA sequencing or quantitative PCR (higher sensitivity).
Never assume that a reagent or consumable is truly ‘DNA free’ even
if advertised as such. Ideally, stock reagents should only be handled
at the start of each batch (before opening any sample tubes) and ali-
quoted into small volumes to minimize repeated exposure to potential
contaminants. As different batches of reagents may contain different
amounts and types of contaminant?®, aliquots of each lot should be
included as negative controls to check for potential contamination. In
addition, plastic consumables (for example, pipette tips, tubes) should
be sterilized with UV-C before use, and tubes containing samples or
DNA entering workspace hoods should be thoroughly decontaminated
toremove surface contaminants. If any steps during microbiome pro-
cessingare outsourced (for example, library preparation and sequenc-
ing), we recommend confirming whether providers have experience
handling low microbial biomass samples and conducting a test run if
possible; after all, most commercial sequencing facilities are estab-
lished for sequencing high-biomass samples such as stool, human or
bacterial isolate DNA.

Collect and sequence multiple negative and positive controls

Itis critical toinclude numerous controls in any given batch of samples
to determine the nature and extent of contamination that may have
beenintroduced at any steps, from sample collection to sequencing.
Such controls must be collected, processed and reported alongside
the samples, not post hoc, as the sources and extent of contamination
may have changed (Table 2 and Box 1). In addition to sampling con-
trols, the inclusion of additional negative controls at other processing
steps can allow monitoring of exogenous contamination present in
reagents or introduced during specific laboratory processing steps®.
Such negative controls should include DNA extraction controls (DNA
extractions without input sample) and non-template controls (PCR
orlibrary preparations withoutinput sample DNA). Sequencing these
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controls alongside samples makes it possible to identify contamina-
tion points and provides abaseline detection level. For example, ref. 52
used negative controls with quantitative PCR to determine that pla-
cental samples had no more bacterial DNA than the negative controls.
Evenifnegative controlsyield insufficient DNA for equimolar pooling,
they should still be sequenced to identify contaminants or validate
their absence. The absence of a visible band after PCR-based amplifica-
tionand agarose gel electrophoresis of negative controlsis insufficient
to confirm the absence of contamination due to the low sensitivity
of this method. As noted previously, these types of negative control
are needed for every separate batch of reagents that are used in a
specific experiment, due to the potential for varying contaminant
profiles between different batches. Positive controls are also valuable
for calibrating detection limits, monitoring cross-sample contamina-
tion and detecting laboratory-introduced contaminants®“¢, These
positive controls can also be diluted to span a range in concentra-
tions to identify the effective detection limit; if sample results look
similar toresults from diluted positive controls, this canindicate that
contaminants have obscured true biological signals*. Commercially
available mock community standards are recommended as positive
controls, composed of either whole cells, which are useful for evaluating
DNA extraction procedures, or purified DNA, which is useful for
evaluatinglibrary preparation and sequencing steps. Positive control
spike-ins, such as cross-contamination-checking oligonucleotides
(coligos) described in ref. 74, can also be added during DNA extrac-
tion and library preparation to monitor and quantify cross-sample
contamination.

Barcoding and distributing samples to reduce and detect
cross-contamination

Careful attention should be paid to the spatial arrangement of
samples and controls during laboratory processing to reduce the risk
of systematic contamination””®, For example, if a given study includes
bothlow-and high-biomass samples, these should be processed sepa-
rately to minimize cross-contamination of DNA from the higher- to
lower-biomass samples*. Likewise, negative and positive controls
should be placed in different well positions if working in multiwell
plates, as the potential for contamination may not be equivalent
across allwell positions (for example, well-to-well cross-contamination
may be higher in the middle of 96-well plates than on the edges due
to the proximity to more samples). Thereis generally alower likelihood
of cross-contamination when doing DNA extractions in single tubes
instead of multiwell plates, but this often comes with a trade-off in
sample throughput. Unique barcodes should be used for each sample,
ideally dual-indexerror-correcting barcodes, to detect and correct for
cross-contamination during sequencing. Itis also possibleto chemically
tag sample DNA before extractionand library preparation (for example,
through conversion of cytosines to uracils via bisulfite salts)”, enabling
discrimination of contaminating DNA introduced after tagging.

Detection and potential removal of contaminants
fromsequence data

Contamination-aware data analysis is critical when analysing micro-
biome datasets, particularly those derived from low microbial biomass
environments. Even with the most stringent sampling and laboratory
techniques, therisk of sample contamination and cross-contamination
is never eliminated. As such, it is crucial to analyse sequencing data
to evaluate how much contamination has occurred and if it can be
reliably removed using post hoc approaches. The best way to achieve
this is to systematically compare the sequences, taxa and/or genes
detected in positive and negative controls to those insamples. In addi-
tion, arange of decontamination software allow detection of potential
contaminants through statistical approaches (see Table 3). However,
metagenomic datasets are challenging to decontaminate due to their
inherent complexity and the limited availability of decontamination

BOX1

Minimum standards for
reporting microbiome data

To strengthen the quality, robustness and reproducibility of
low-biomass microbiome research, we propose the following
minimum standards when reporting and sharing microbiome data:

1. Documentation. Details on the quantity and type of negative
controls included in the study should be explicitly reported
for each batch of samples. This includes providing controls at
all relevant steps, from sampling to DNA extraction and library
preparation. Analytical pipelines for decontamination should
also be reported in the methods and carefully documented, in-
cluding the names and versions of any tools or databases used,
and making custom scripts publicly available (for example, on
GitHub). Sequence data from controls should be subject to the
same standards as sample data and, where public availability is
mandated for the latter, so it should be for the former.

2. Reportinganddiscussion.|dentified contaminantsandthe extent
of contamination should be clearly reported in the literature. This
transparency will allow researchers to better assess the quality
of a study and the reliability of the reported results. The extent to
whichdownstreamanalysesareaffectedbydecontaminationpipe-
lines is also valuable information for assessing any study claims.
Clear reporting willminimize selective data interpretation, enhan-
cingtheoverallquality of published science. Suggested minimum
information about controls (MICS) are presented in Table 2. We
recommend that gPCR quantification of negative controls is
reported alongside the samples to promote transparency when
interpreting signal-to-noise ratios in low-biomass microbiome
datasets.

3. Dataaccessibility.Finally,bothoriginalandprocesseddatashould
be made publicly available. By uploading sequence data from
controls as well as samples, researchers can improve interpre-
tation of their results by others. As an added benefit, a large public
repository of negative control sequence data may help to build
and improve databases currently used for screening samples
for potential contaminants. With greater availability of negative
control sequences from a wide variety of laboratories, sample
types, regions and disciplines, general trends may emerge that
allow for better targeted removal of contaminant sequences
from datasets.

pipelines compared with those for marker gene datasets. In certain
cases, it may be justified to remove contaminants from the processed
datasets if potential contaminants are minimal or constitute a small
proportion of the dataset; however, ensuring transparency through-
out this process remains essential. Any decontamination steps should
berecorded, and the original datasets should still be reported and
deposited (see Table 2 and Box 1). In many cases, the signal-to-noise
ratio will be too low to disentangle what are contaminants from targets
for detection, meaning decontamination steps could distortinforma-
tion. Inthese cases, itis usually necessary to discard entire samples or
datasets, although the data obtained can still be helpful for trouble-
shooting where contamination occurred. A priori knowledge of both
study systems and potential contaminants is useful to contextualize
and evaluate samples and controls, as well as outputs from decon-
tamination software. With low-biomass samples, the process of using
negative controls to differentiate biological signal from contamination
is often not straightforward. Therefore, removal of contaminants from

Nature Microbiology | Volume 10 | July 2025 | 1570-1580

1575


http://www.nature.com/naturemicrobiology

Consensus Statement

https://doi.org/10.1038/s41564-025-02035-2

Table 3 | Popular computational tools designed to mitigate contamination in sequence data

Tool Principle/approach Strengths Limitations/considerations
decontam Principle Requires no previous knowledge of The model does not account for
(prevalence Contaminating taxa are more prevalent in negative contaminant sources situations when a taxon is both
mode)* controls than in true samples. Provides an alternative test threshold that  a contaminant and a genuine
Approach allows identification of non-contaminant community member
decontam prevalence mode uses Chi-square or taxa when significant contaminants Reduced sensitivity to detect
Fisher’s exact tests comparing the presence-absence  are expected, such as in extremely contaminants present only in very
of each taxon in samples and negative controls. low-biomass samples few samples or with fewer negative
Contaminating taxa are completely removed from the controls
dataset.
decontam Principle Requires no previous knowledge of Limited performance when
(frequency mode)*”® Contaminating taxa have higher frequencies in contaminant sources contaminants comprise a major
samples with lower input microbial DNA/biomass Can be applied even when negative fraction of sequences
(inverse correlation). controls are not available or insufficient Requires per-sample measurements
Approach of microbial DNA or biomass
decontam frequency mode compares linear fits Model assumptions are violated if
of log-transformed frequency of each taxon with microbial biomass systematically
log-transformed total DNA (or other biomass proxies) differs between sample groups
to a contaminant model with negative one slope
and a non-contaminant model with zero slope.
Contaminating taxa are completely removed from the
dataset.
SourceTracker® Principle Allows estimation of the contribution of Limited utility when there is

Contaminating taxa in the sample are introduced from
diverse external sources.

Approach

SourceTracker uses a Bayesian approach to
determine the proportion of a sample community
that is consistent with known contaminating source
communities.

possible sources to contamination in a
sample

Provides modelling of uncertainty
regarding known and unknown source
environments

insufficient information regarding
the community composition of the
contaminating source

Does not specify contaminating taxa
Not applicable in case of
cross-contamination

microDecon®®

Principle

Taxa from a common contamination source will

be introduced together to the samples at similar
proportions.

Approach

microDecon proportionally removes taxa present in
negative controls from the samples on the basis of
the ratio between taxa observed in controls with an
anchor contaminant (a taxon shared by controls and
samples and determined to be the most probable
contaminant by multiple linear regressions).

Requires no previous knowledge of
contaminant sources

Allows partial removal of taxa genuinely
present in both the sample environment
and the contaminating sources

microDecon processes one sample
at a time, ignoring information
shared across samples

Limited performance when control
communities show substantial
variability

Partial removal of reads from taxa
commonly present in negative
controls can have unpredictable
consequences for subsequent
analyses

SCRuB* Principle Requires no previous knowledge of Maximizing utility requires sufficient
Contamination from a common source will be contaminant sources information regarding batches and
introduced at similar proportions across samples. Model includes cross-contamination well locations
Approach among samples and spatial location (for Partial removal of reads from taxa
SCRuUB uses a probabilistic approach to model example, location on a 96-well plate) ofa  commonly present in negative
observed data likelihood by estimating the sample sample during processing controls can have unpredictable
composition, shared contamination sources, the Allows partial removal of taxa genuinely consequences for subsequent
proportion of each sample from contamination and present in both the sample environment analyses
the spatial position of samples during processing. and the contaminating sources
Contaminating taxa are proportionally removed from  Allows accounting for multiple
the samples to maximize the data likelihood. contamination sources, including across

different batches
Squeegee™ Principle Requires no previous knowledge of Limited performance outside

Taxa from a common contamination source will

be introduced together to the samples at similar
proportions.

Approach

Squeegee predicts contaminants in taxonomically
classified reads by evaluating taxa prevalence across
samples, pairwise similarity between samples and
coverage of reference genome of the candidate
contaminant species. Contaminating taxa are
completely removed from the dataset.

contaminant sources

Can be applied even when negative
controls are not available or insufficient
Designed for decontaminating
metagenomic datasets

May allow the detection of batch-specific
or cross-contaminants by analysing
individual sample batches independently

abundant contaminating taxa
Requires multiple sample groups
with highly dissimilar communities
that are exposed to the same
potential contaminants

The model does not account for
situations when a taxon is both

a contaminant and a genuine
community member

sequence datais often challenging to do with absolute certainty, making
transparency in the reporting of data and associated analyses even

more critical (see Table 2 and Box 1).

Analyse sequenced controls and check for unexpected taxa

After initial processing of sequence data, quality control of the
data should always be the next step. Controls should be analysed to
check the quality of the dataset. Determine (1) what off-target DNA is

present in negative and positive controls to identify contamination,
(2) whether taxa from positive controls are also present in negative
controls and samples to identify cross-contamination and (3) what
proportion of the sequencing reads in the samples originate from
contaminants or cross-contaminants to determine the magnitude of
the problem. For marker gene sequencing, itis often feasible to identify
the specific taxa shared between controls and samples, especially if
analysing amplicon sequencing variants (ASVs). These taxa can be
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potentially removed from the processed dataset. For metagenomes,
itis usually necessary to map sample reads to metagenome-assembled
genomes (MAGs) generated from the corresponding controls’®. Map-
ping of ASVs and reads to databases of likely contaminants, such as com-
mon reagent contaminants®*, the human microbiome’ and the human
genome, can also be helpful. We note that the post hoc detection and
removal of external contaminants may not always be straightforward,
given that particular taxa may be both in the controls and part of the
actual biological signal. For example, taxa expected to be abundant
in skin microbiome studies can also be common contaminants**’%,
We also recommend carefully evaluating the specific taxa observed
in samples to help assess plausibility of results. Common sense ques-
tions to ask are: do the taxa observed align with expectations? Do the
dominant taxa in samples correspond to known groups of common
contaminants?® The presence of specific taxa in environments that are
unexpected based on their known ecologies should immediately raise
concern. Notable examples include the reports of abundant human
commensals in high-altitude air above Antarctica*®, photosynthetic
cyanobacteriabeing major members of human brain tissues®’, reagent
contaminants being abundant in deep subsurface samples®, and the
presence of extremophiles in cancerous tumours®. Although subjec-
tive and conservative, these initial steps can provide a useful means
of assessment.

Consider using decontamination software but be aware of
their limitations

Various software packages are available to aid in the detection and
removal of reads originating from external contaminants, with some
of the more popular packages summarized in Table 3. Generally,
decontamination software use quantitative approaches to identify
contaminants and are not solely reliant on taxa identified in control
samples. For example, the widely used decontam R package identi-
fies and removes potential contaminants on the basis of either their
prevalence (for instance, taxa present in negative controls compared
to samples) or frequency (for instance, taxa that are more abundant
in lower-biomass samples) in datasets*. A limitation of most decon-
tamination tools is that they target externally introduced contami-
nation rather than cross-contamination (Fig. 2). Exceptions include
SCRuB, whichincorporatesinformation regarding the spatial position
of samples during processing to detect cross-contamination**. Decon-
tamination tools should not be used indiscriminately. As evaluated in
Table 3, each decontamination tool is designed on the basis of a set of
assumptions regarding contaminants that may not always be valid, and
each have both strengths and weaknesses depending on the dataset
and purpose. Strong performance of these tools often depends on
high-quality controls, sometimes reference databases, and sometimes
measures of microbial biomass (for example, DNA concentrations,
direct cell counts, qPCR). Some taxa may be incorrectly flagged as
contaminants (false positives), or actual contaminants may be missed
(false negatives), especially when the contamination profile is complex,
variable or overlaps significantly with true sample sequences.

Additional considerations for metagenomic sequencing

The aforementioned statistical approaches for identifying and
removing contaminant sequences are primarily useful for marker
gene sequence datasets. There are few software packages for screen-
ing contaminants in metagenomic data and most have major limita-
tions (Table 3). Nevertheless, SCRuB**, decontam* and the recently
developed tool Squeegee® can also be applied to metagenomic data.
When conducting metagenomic analyses, theinclusion and sequenc-
ing of appropriate negative controls alongside samplesis critical. The
sequence data from these controls should be examined carefully and
any reads or MAGs recovered from these controls should be tracked
back to the contamination source and, if necessary, removed from
the dataset. However, such approaches will only be effective for

contaminants with high sequence coverage in control samples, mean-
ing some contaminant reads may remain in the samples. MAG-based
mappingis also limited by MAGs generated from short-read sequencing
typically being incomplete consensus assemblies that represent only
a proportion of the metagenomic reads. Moreover, it can be highly
challenging to discriminate between sequences from closely related
true and contaminant species, leading to false positives and negatives.

Preventionis always better than cure

We adviseresearchers to thoroughly invest time into minimizing con-
tamination before engaging in extensive sampling and sequencing
campaigns. Although some contaminationisinevitable, extensive con-
taminationis not: we and others have produced high-quality datasets
fromsome of the lowest-biomass ecosystems® and even demonstrated
that resident microbes are absent from certain environments®’. How-
ever,ineach case, this required an extensive process toreduce sources
of contamination, including developing contaminant-free sampling
procedures, ensuring reagent and water integrity, and carefully analys-
ing theresulting sequence data. With the aid of extensive controls, itis
possible to forensically identify the likely sources of contamination (for
example, sampling, reagents and human operators), noting that data-
sets are often compromised by contamination from multiple sources.
This information can then be used to iteratively improve practices to
minimize or eliminate contamination.

For datasets with appreciable contamination, post hocapproaches
toidentify and remove sequences originating from contaminants will
rarely be effective. For example, a recent survey of the global atmos-
pheric microbiome required the post hoc removal of approximately
half of all sequences, including entire genera known to be reagent
contaminants (for example, Pseudomonas) that may also occur in
the atmosphere®. Such extensive but variable contamination limited
the inferences that can be made regarding the composition and driv-
ers of these communities, as the signal-to-noise ratio was uncertain.
Ultimately, no decontamination pipeline is perfect and retrospective
decontamination of sequence data may result in false inclusions or
exclusions of data. The relative impact of contamination, subsequent
decontamination strategies and the ultimate utility of the dataset
depend ontheresearch questions and the extent of contamination. If
a substantial number of sequences need to be removed from marker
gene or metagenomic data, the integrity of the sample data should
be called into question, and researchers should query the integrity of
whole datasets if contamination problems are persistent and substan-
tial. While it may not be logistically or financially feasible in all studies,
ifthe question of contamination is pressing enough, the best available
method of verificationis to obtainidentical results independent of the
laboratory of origin®*%,

Conclusions

Whenusing DNA-based approaches to analyse microbiomes, itis always
best to assume that contamination and cross-contamination is inevi-
table, particularly when working with samples from lower-biomass
systems. Thus, researchers should aim to minimize contamination and
use appropriate controls to check the nature and extent of potential
contamination. Perhaps mostimportantly, itis essential toreport the
procedures used to minimize contamination, what contaminants may
have been detected, and how any potential contaminants were han-
dled in downstream analyses. Doing so willimprove transparency and
provide the scientific community with more confidence in reported
findings. The suggestions provided here are not intended to be an
exhaustive list of procedures to follow, and we do not imply that all
of the suggestions are compulsory. However, our hope is that amore
careful consideration of contamination and cross-contamination
issues will improve the overall quality of microbiome studies and
avoid some of the more persistent sources of uncertainty in previ-
ously published work.
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