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ABSTRACT 

Many restoration ecology studies now incorporate an environmental microbiome component, made 

possible mainly via advanced DNA sequencing technologies. Environmental microbiomes are 

important for successful restoration as they support many ecosystem functions and services that are a 

target of restoration interventions. However, since microbes are ubiquitous in most environments, 

including laboratories and researchers, there are contamination risks. If these risks are not adequately 

managed, the conclusions drawn from these microbiome restoration studies could be compromised. 

Here we provide a user guide for restoration ecologists on how to navigate microbiome 

contamination risks at each stage of a study, from planning and sampling to data analysis and 

publishing. The two main categories of contamination we discuss are cross-contamination – 

contamination between samples – and external contamination – contamination from reagents and 

environmental sources. We also consider the impact of batch effects, where sampling and/or 

processing order could leave a signal in the data. Without adequate control, these contamination 

issues can undermine the results of microbiome restoration studies. We hope that this guide will help 

minimise the effect of contamination and improve the quality of data and studies going forward.  
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Implications for practice 

• Microbes are ubiquitous in most environments, including lab and researchers, which 

introduces contamination risks for microbiome restoration studies. 

• Cross-contamination, external contamination and batch effects can each impact on the 

conclusions of microbiome restoration studies. 

• Contamination control procedures during project planning, sampling, pre-PCR and post-PCR 

stages and data analysis should be followed to minimise these risks, maintain sample 

integrity and data quality. 

• Important steps include planning and practicing approaches to sampling well ahead, utilising 

unidirectional workflows and controlled lab environments, undertaking rigorous and regular 

sterilisation and decontamination of equipment and consumables, collecting and processing 

field and lab controls, transparent publishing of methods, and depositing raw sequence data 

into an accessible data repository.   
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INTRODUCTION 

There has been a recent proliferation of restoration ecology studies that incorporate an environmental 

microbiome component (Chua et al. 2019; Baruch et al. 2020; Farrell et al. 2020). The environmental 

microbiome – the community of microbes and their genetic material in a defined environment – is 

important for successful restoration of ecosystems (Breed et al. 2019). In a restoration context, these 

microbiomes can be sampled from soils (Chaparro et al. 2012; Birnbaum & Egidi 2020), air and dust 

(Mhuireach et al. 2016; Liddicoat et al. 2020; Robinson et al. 2020), human and animal subjects 

(Grönroos et al. 2019; Liddicoat et al. 2020; Selway et al. 2020a), and plant material (Berendsen et 

al. 2012; Turner et al. 2013; Selway et al. 2020a). Biodiverse microbial communities co-develop 

with vegetation communities and often represent a target for restoration interventions, as they 

support many ecosystem functions and services such as nutrient cycling (Ciais et al. 2014), 

symbioses (Livne-Luzon et al. 2017), and human health (Robinson et al. 2018; Liddicoat et al. 2019; 

Robinson & Breed 2020).  

 

Accurate surveys of microbial communities are nearly impossible using traditional ecological 

approaches, such as field observations and microbial culturing, as most microbial taxa cannot be 

easily observed or cultured (Pace 1997; Christine 2004). Modern DNA sequencing technologies 

enable these communities to be accurately characterised (Breed et al. 2019). However, since 

microbes are ubiquitous in most environments, there are contamination risks. Several publications 

have recently detailed issues associated with microbial contamination and its impact on the results 

and conclusions of microbiome studies (Velásquez-Mejía et al. 2018; Weyrich et al. 2019; Selway et 

al. 2020b). These issues include microbial contamination from external sources, such as lab reagents 

and researchers (as microbial hosts) (Salter et al. 2014; Eisenhofer et al. 2019), as well as cross-

contamination between samples that could occur at various stages of a study (Eisenhofer et al. 2019). 

For example, it has repeatedly been shown (Salter et al. 2014; Eisenhofer et al. 2019) that microbial 
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contaminants common to lab reagents have probably been incorrectly identified as biologically 

meaningful microbes in several studies. These sources of contamination present particular technical 

challenges for restoration ecologists, especially those who may not have the required training in 

molecular biology and/or access to appropriate facilities. If these risks are not adequately managed, 

the conclusions drawn from these microbiome restoration studies could be compromised.  

 

The two main categories of contamination that we examine in detail are cross-contamination (i.e. 

contamination between samples) and external contamination (e.g. from reagents, researchers, 

environmental sources). The implications of these sources of contamination are considerable and, in 

particular, depend on the microbial biomass of samples. High biomass samples (e.g. soils) tend to be 

more robust to contamination issues than low biomass samples (e.g. air and dust samples) due to the 

relative biomass between sources of contamination and sample microbial biomass. In studies or 

facilities that combine both high and low biomass samples, the former present a great risk of 

contamination to the latter (Drengenes et al. 2019). We also consider the impact of batch effects, 

where sampling and/or processing order leaves a signal in the data (e.g. due to technical variation 

between batches) (Tanner et al. 1998). It is important to standardise protocols as much as possible 

from the point of sampling to data analysis, in order to minimise the variation in conditions 

experienced between samples. While this issue may not strictly represent ‘contamination’, if left 

uncontrolled, it may introduce biases into the results.  

 

These two types of contamination and batch effects can impact a microbiome restoration study. 

Here, we consider the major stages of a microbiome restoration study, including planning and 

sampling, pre- and post-PCR steps and data analysis (Figure 1; Table 1) to provide a simple user 

guide for restoration ecologists on how to navigate microbiome contamination risks. 
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Planning and sampling 

Study planning and preparation 

Adequate planning of a microbiome restoration study can minimise problems caused by 

contamination. To minimise extra steps in the field, we recommend organising a field sampling kit 

containing all the necessary consumables (e.g. gloves, parafilm, lab grade paper towel, sampling 

equipment, and spray bottles of decontaminating agent such as Decon 90 or bleach), and all these 

should be housed in a thoroughly cleaned container. The container should also include pre-labelled 

sample collection tubes that are logically grouped into batches (e.g. by study site) and kept in 

separate, sealed plastic bags to minimise contamination between batches. To minimise tube and bag 

contamination, these should be cleaned with bleach and ethanol after labelling.  

 

Field sampling 

Well-planned and practiced sampling protocols will help minimise both external and cross-

contamination (Tanner et al. 1998; Llamas et al. 2017). If the sampling procedure is overly complex 

(e.g. many steps), poorly planned (e.g. no pre-labelling) or equipment is not cleaned between 

samples and/or sample sites, then both external and cross-contamination risks are increased. 

Collecting both high and low microbial biomass samples at the same time (e.g. soil and air samples) 

presents a major issue for both cross-contamination and external contamination if not done carefully 

(Albert et al. 2010), and therefore should be avoided where possible. Where it is not feasible to avoid 

sampling high and low biomass samples concurrently, great care must be taken to not jeopardise the 

integrity of the low biomass samples by, for example, sampling these low biomass samples first 

and/or ensuring that sampling equipment is cleaned, labelled and packaged separately prior to 

sampling.  
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If equipment and consumables are not sterilised before use, they risk introducing external 

contamination; if they are not sterilised between collecting samples, they risk cross-contamination. 

To minimise contamination risks at this stage, all equipment and consumables that will come into 

contact with samples must be decontaminated prior to and between sampling (e.g. container, 

shovels/soil corer, sample collection bags) (Wafula et al. 2016; Drengenes et al. 2019). For example, 

if collecting several subsamples from a site that are to be combined and homogenised, contamination 

risk is not an issue and the same sampling equipment can be used within this site. However, if these 

subsamples are to be analysed separately to provide a more detailed picture of variation within a site, 

then the risk of cross-contamination increases, and clean sampling equipment should be used for 

each subsample. Also, tubes that house the collected samples should be decontaminated (e.g. wiped 

with Decon 90) and then placed into two clean plastic bags; the outer bag is to be removed prior to 

storing samples (detailed below) as this helps control external contamination.  

 

To minimise contamination from the researcher, it is advisable to wear two sets of gloves in the field, 

as DNA can be transferred to the outside of gloves by the action of putting them on. Particularly for 

low biomass samples, it is advisable to wear face masks to minimise contamination risks from the 

researcher. For the inexperienced researcher, it is worth practicing sampling and cleaning routines 

prior to collecting real samples, as this should also help minimise contamination risks. 

 

We recommend to collect field controls – samples that help characterise the ‘background’ external 

contamination signal – regularly (e.g. 1 per site per day). Field controls are especially important 

when collecting low biomass samples, as these samples are highly sensitive to external 

contamination (Albert et al. 2010). For example, when sampling soil, field controls could be the 

same collection tubes exposed only to open air in the field; and when sampling air from a particular 

site (e.g. a patch of forest), the field controls could be an air sample collected outside of this site (e.g. 
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a nearby car park or patch of grassland). By doing so, these field controls should adequately collect 

sources of site-specific contamination that are likely to be introduced to all tubes exposed to a 

particular site. While this contamination signal is less important to control for studies involving high 

biomass samples (e.g. soils), there are certain contexts where they would be important. For example, 

these field controls are key to studies that attempt to decipher the sources of microbiomes within a 

single environment or site. In a restoration context, this is crucial when identifying the sources of 

microbiomes that colonise plants or people in a particular environment or site. These field controls 

must be included in all downstream steps to ensure that external contamination during sampling is 

quantified and accounted for in the analysis.  

 

Sample storage and transport  

Transport containers, cold storage rooms and storage protocols each introduce contamination risks 

(Evans et al. 2006). To control contamination at these steps, samples should be separated into those 

for immediate use, short-term and long-term storage. Additionally, it is essential to store low 

biomass samples and samples for long-term storage in low-use freezers. When samples are taken into 

storage areas, the outer bag of samples should be removed and disposed, and the inner bag and tubes 

cleaned with bleach or Decon 90 to remove potential contamination from the outer surfaces.  

 

Pre-PCR steps 

Pre-PCR lab procedures include DNA extraction, quantification and PCR setup. At this stage, 

samples are highly sensitive to contamination. As the concentration of unamplified DNA within 

samples is relatively low, any external or cross-contamination will be amplified via PCR and 

identifying cross-contamination after this stage is impossible (Mennerat & Sheldon 2014; Walker 

2019). Therefore, maintaining good pre-PCR contamination control is extremely important. It is 

essential to use a one-directional workflow, where no PCR products (amplified DNA) enter any pre-
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PCR areas. Inadequate sterilization and decontamination of pre-PCR facilities and consumables can 

be a source of external contamination (Grahn et al. 2003; Aslanzadeh 2004; Czurda et al. 2016). 

Ideally, this controlled environment should be an isolated lab facility. We also recommended the 

processing of low biomass samples in a dedicated laminar flow cabinet within a sterilised facility. 

 

It is important to use high quality equipment (e.g. decontaminated and well-maintained pipettes), 

reagents (e.g. aliquot bulk reagents in smaller batches, use in-date kits) and consumables (e.g. 

filtered tips, latex free gloves) that are sterile or sterilised between batches. It is also important to use 

appropriate decontamination protocols on lab surfaces and equipment between batches and samples 

(e.g. UV-sterilisation of equipment and consumables for 30 min; regular application of Decon 90 and 

bleach; when dealing with low biomass samples, UV-sterilisation of aliquots of extraction reagents 

such as lysis buffers and ethanol but avoid irradiating reagents with volatile constituents in open 

containers to avoid impacts on reaction chemistry). Use double gloves while processing samples and 

discard the outer gloves between each sample to minimise both cross- and external contamination. It 

should be noted that procedures such as autoclaving and surface cleaning with bleach or decon do 

not remove all contamination risk as they primarily lyse microbial cells rather than breaking down 

their DNA. As such, combining these procedures with UV sterilisation (which breaks down DNA) 

could be employed to further reduce DNA contamination risks.  

 

DNA extraction and quantification 

DNA extraction is a necessary step for microbiome restoration studies. If DNA extraction of sample 

batches from the same sampling trip or site are processed together, and not randomised between 

batches, uncontrolled biases could be introduced due to batch effects (Weyrich et al. 2019). 

Randomising samples across collection batches will help minimise extraction batch effects 

(Eisenhofer et al. 2019). We also recommend DNA extraction of low biomass samples before, and 
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separately from, high biomass samples, and include at least one extraction blank control (EBC) for 

each extraction batch. An EBC is a negative control of the DNA extraction process (i.e. no sample 

material is added) that goes through all processes. EBCs placed first in an extraction batch can 

indicate potential contamination from reagents, whereas EBCs placed after the samples can indicate 

that there may be a problem with a particular extraction batch (e.g. cross-contamination).  

 

Low DNA yield is expected for low biomass samples, field controls and EBCs, therefore 

quantification of DNA extacts can indicate potential contamination when a high value is observed in 

these samples. However, poor lab practices can risk cross-contamination and introduce uncertainty in 

sample quality by presenting falsely high (e.g. in EBCs) or low (e.g. soil samples) quantification 

results (Glassing et al. 2016; Minich et al. 2019). To overcome this issue, equipment and 

consumables should be sterilized prior to quantification and equipment should be calibrated before 

processing each batch. 

 

During the DNA extraction protocol, additional measures can be taken to minimise contamination. 

For example, soil samples are often subsampled at this stage (e.g. transferring an approximate 

amount of soil into DNA kit extraction tubes, according to specific protocols). The following steps 

can help minimise the risk of external and cross-contamination when subsampling soil samples: 

decontaminate tweezers or micro-spatulas that are used to subsample the soil from a collection tube; 

add subsampled soil onto either a clean and disposable weighing boat (or aluminium foil) or weigh 

directly into pre-weighed DNA extraction tubes; discard outer soiled gloves, weigh boat and/or 

spatula between samples; decontaminate surrounding workbench area and weighing apparatus; 

renew fresh clean outer gloves prior to processing the next sample. 

 

PCR setup  
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PCR is a routine step for microbiome studies and is required to amplify the targeted region(s) (e.g. 

the bacterial 16S rRNA gene; Caporaso et al. 2012). During PCR, all target DNA present in the 

sample will be amplified, whether it is of interest (e.g. soil) or not (e.g. contamination). Therefore, it 

is very important to control contamination during PCR setup. PCR could be completed by an 

external provider, which may be preferrable when adequate facilities and/or experience is 

unavailable. Here, we outline precautions to help minimise the impact of contamination during in-

house PCRs. To avoid external contamination, PCR setup should be done in a clean lab environment. 

Ideally, this should be a dedicated PCR setup flow cabinet that is frequently decontaminated and 

sterilized (Eisenhofer et al. 2019). As mentioned previously, PCR setup should occur in a one-

directional workflow, where no PCR products enter any pre-PCR areas. In addition, sterile gloves 

and single-use consumables should be used. Negative controls should be included to validate the 

success of PCRs (Eisenhofer et al. 2019; Karstens et al. 2019). During PCR, short sample specific 

barcodes (also termed  indexes) are introduced to label the DNA molecules in each sample with a 

unique 6-8 bp sequence. This enables demultiplexing of the sequences into individual samples 

during data analysis. Incorporartion of these barcodes during PCR also reduces the contamination 

risk associated with post-PCR lab steps.  

 

Post-PCR steps 

Data analysis 

For restoration ecologists, the sequencing of PCR products (also termed amplicons) will usually be 

completed by an external provider. Such providers may also undertake the first stage of 

bioinformatics to process raw sequences (e.g. using a pipeline such as QIIME2 – see 

https://docs.qiime2.org/2020.8/tutorials/; Bolyen et al. 2019) to deliver microbiome abundance and 

taxonomy information. This provides amplicon read counts and taxonomic assignments for species-

like microbial taxa, referred to as operational taxonomic units (OTUs) or amplicon sequence variants 
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(ASVs). Here we outline a recommended workflow for taxonomic assignments and data filtering, 

which are important steps for generating reliable data and filtering out of contaminant sequences. 

 

OTUs are derived by an algorithm that clusters DNA sequences that share, for example, more than 

97% or 99% sequence identity. ASVs are produced from a different algorithm that seeks to identify 

individual DNA sequences following the removal of similar spurious sequences, which are 

considered artefacts of the PCR-amplification and sequencing processes. From here, data cleaning is 

required and can be done efficiently using the R phyloseq package (McMurdie & Holmes 2013). 

Typically, where biological interpretation is required, the OTUs or ASVs not identified to phylum 

level may be discarded. Inappropriate taxa (e.g. chloroplast or mitochondria in bacterial 16S marker 

gene data) may also be removed. Often rare taxa (e.g. taxa with total reads below a threshold or that 

only occur in a single sample) may also be considered for removal. It is recommended that 

researchers and practitioners refer to comparable published studies before deciding on such data 

filtering steps.   

 

Suspected contaminating sequences from negative field controls and EBCs can be identified using 

software such as the R decontam package (Davis et al. 2018). There are two different functions for 

identifying contaminating sequences – isContaminant() for high biomass samples (e.g. soil) and 

isNotContaminant() for low biomass samples (e.g. dust, air). Contaminants are identified from 

increasing prevalence in negative controls and/or where their frequency varies inversely with sample 

DNA concentration. Taxa identified as contaminants and the negative control samples can then be 

removed from further data analysis. 

 

Data curation and publishing  
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Transparent descriptions of methods (e.g. reporting the use of negative, field and extraction blank 

controls), publication of data analysis steps (including data cleaning and contaminant removal) and 

depositing raw sequence data in an appropriate repository (including data from negative, field and 

extraction blank controls) represent best practice for controlling, studying and understanding 

contamination risks. These approaches allow for subsequent re-analysis of data and methods where 

necessary, and will be particularly beneficial by offering examples to minimise the influence of 

contaminants in future studies. 

 

FUTURE PERSPECTIVES 

It is important to control contamination issues in microbiome restoration studies. Without adequate 

control, these issues can undermine study results. While further research into contamination control 

protocols will assist in optimising practices, there exists a wealth of knowledge on the contamination 

risks and how to manage them; mostly from outside of restoration ecology. Here we provide a simple 

user guide to highlight these risks for restoration ecologists who potentially do not have experience 

in microbiome studies. We hope that this guide will help minimise the effect of contamination and 

improve the quality of data and studies presented in this field.  
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Figure 1. Stages of a microbiome restoration study that can be impacted by contamination. 
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Table 1. Summary of the main issues across the stages of a microbiome restoration study and the necessary and recommended steps to minimise their impact.  

Stage Issue Necessary step Recommended step 
Planning and sampling External contamination Plan sampling order and batches well ahead 

Use a unidirectional workflow and specialised clean lab 
UV sterilise sample collection tubes, bags etc. 
Develop and practice a sampling protocol 
Wear gloves when sampling  
Sterilise equipment prior to sampling 
Collect field controls  
Decide on sample storage plans 
 

Develop a field sampling kit 
Develop a user-friendly labelling protocol 
Pre-labelling sample collection tubes, bags etc. 
Logically group sample collection tubes, bags etc. 
Wear personal protective equipment (e.g. mask) when sampling  
Practice sampling and cleaning routines 
Standardise transport and storage protocols 

 Cross-contamination Plan sampling order and batches well ahead 
UV sterilise sample collection tubes, bags etc. 
Develop and practice a sampling protocol 
Change gloves between samples 
Sterilise equipment between sampling 
Decide on sample storage plans 
 
 

Develop a standard field sampling kit 
Develop a user-friendly labelling protocol 
Pre-labelling sample collection tubes, bags etc. 
Logically group sample collection tubes, bags etc. 
Use double gloves and replace the outer layer between samples 
Practice sampling and cleaning routines 
Standardise transport and storage protocols 
 

 Batch effect Collect samples in batches and then randomise sample processing 
between batches 

 

    
Pre-PCR steps External contamination Sterilize/decontaminate pre-PCR facilities and consumables 

Use a unidirectional workflow and controlled lab environment 
Use one EBC per batch 
Use high quality equipment, reagents and consumables 
Sterilise equipment and lab surfaces between batches  
Undergo training for specialist equipment (e.g. DNA quantification) 
Calibrate and sterilise DNA quantification equipment before use 
Use a DNA-free lab environment  
Establish a one-directional workflow 
 

Use a flow cabinet within a controlled lab environment  
Use double gloves and replace the outer layer between batches  
Use negative and positive PCR controls 
UV-sterilise aliquots of extraction reagents such as lysis buffers 
and ethanol when dealing with low biomass samples 

 Cross-contamination Use one EBC per batch 
Use high quality equipment and consumables 
Sterilise equipment between batches  
Undergo training for specialist equipment (e.g. DNA quantification) 
Calibrate and sterilise DNA quantification equipment before use 
Establish a one-directional workflow 
 

Use a flow cabinet within a controlled lab environment 
Use double gloves and replace the outer layer between batches 
Use negative and positive PCR controls 

 Batch effect Randomise samples between batches  
Sterilise equipment and lab surfaces between batches 
 

Use double gloves and replace the outer layer between batches 
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Post-PCR steps External Contamination Include field controls and EBCs in sequencing runs 

Remove off-target taxa (e.g. chloroplast in bacterial studies) 
Omit contaminating sequences from study data (as identified using 
negative field and EBC samples), e.g. using R decontam package 
Report full description of lab and data analysis methods 
Publish all raw sequence data in public repository 
 

Remove rare taxa  

 Cross-contamination Include field controls and EBCs in sequencing runs 
Omit contaminating sequences from study data (as identified using 
negative field and EBC samples), e.g. using R decontam package 
Report full description of lab and data analysis methods 
Publish all raw sequence data in public repository 
 

Remove rare taxa 

 Batch Effect Randomise samples between batches   
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