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ABSTRACT
Research on the human microbiome has become one of the most frequently published and highly cited areas in science. In par-
allel, environmental DNA (eDNA) and RNA (eRNA) microbiome studies have expanded rapidly, often using similar technical 
workflows. Numerous studies optimizing these workflows have demonstrated that nucleic acid purification can significantly 
influence bacterial metagenomic outcomes. Although this issue is widely acknowledged and efforts are often made to ensure 
workflow consistency, such protocol standardization may obscure a deeper problem. Specifically, even when protocols are con-
sistent, the resulting data is unlikely to reflect the true microbial community. This systemic bias, herein described as The Great 
Microbiome Extraction Anomaly, refers to the widespread distortion of observed microbial community composition caused by 
variation in nucleic acid extraction efficiencies across microbial nucleic acid states, species biology, and specimen composition. 
The term draws inspiration from The Great Plate Count Anomaly, a long-recognized discrepancy between observable and cul-
tivable microbial diversity. The Great Microbiome Extraction Anomaly presents a parallel methodological challenge which, like 
the original, will likely require novel technological innovation to resolve, as to date, no current protocol has achieved truly un-
biased microbial DNA recovery. Currently, this limitation can only be addressed with carefully considered analytical controls 
that enable transparent reporting of microbial DNA recovery biases. However, the rate of control use in microbiome research 
remains very low. This review examines the evidence for nucleic acid state, microbe biology, and specimen-specific nucleic acid 
extraction efficiency biases specifically within eDNA and eRNA microbiome workflows, while citing evidence of extraction 
bias from human microbiome and molecular diagnostic research to demonstrate the broader constraints underlying differential 
microbial nucleic acid recovery. In addition, this review evaluates the extent to which controls are implemented in microbiome 
research, outlines explicit examples of analytical controls that are essential for inclusion in microbiome research, and argues that 
implementing these robust analytical control strategies, especially the use of positive controls, is essential to detect and mitigate 
the biases of The Great Microbiome Extraction Anomaly.

1   |   Introduction

Communities of microorganisms inhabit virtually every surface 
on Earth and play a critical role in shaping the health and eco-
logical function of their respective environments (Cockell  2025; 
Kristjánsson and Hreggvidsson 1995; Vreeland et al. 2023). The 
composition of the human microbiome has been linked to an 

astonishingly wide array of health outcomes, including influencing 
patient mortality following bone marrow transplantation (Peled 
et  al.  2020), contributing to the development of mental health 
(Radjabzadeh et al. 2022) and neurodegenerative (Loh et al. 2024) 
disorders, and influencing tumor development and metastasis 
(Sun et al. 2025; Cao et al. 2024). In parallel, assessments of envi-
ronmental microbiomes have provided fundamental insight into 
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biodiversity (Zhang et  al.  2020; Thompson et  al.  2017; Herrera 
and Cockell  2007), microbial niche characterization (Compant 
et al. 2021; Feng et al. 2025; Yuan et al. 2025), pathogen surveil-
lance (Bass et  al.  2023; Nousias et  al.  2025), industrial (Grisoli 
et al. 2009; Lea-Smith et al. 2025; Liddicoat et al. 2022; De Filippis 
et al. 2021) and agricultural (Orr et al. 2022; Stenger et al. 2025; 
Xing et al. 2024) planning, and evaluating anthropogenic impacts 
(Abreu et al. 2022; Vecherskii et al. 2023; Lin et al. 2023). Given 
their broad and influential role in both health and ecology, under-
standing the composition of microbiomes has been a major focus 
of biomedical and ecological research for decades.

Historically, microbial research relied on culturing cells on non-
selective media such as nutrient agar to form colonies. However, 
this approach was inherently limited, as most microorganisms 
cannot be grown under standard laboratory conditions (Curtis 
and Sloan 2004; Lagier et al. 2015). This discrepancy, termed the 
‘Great Plate Count Anomaly’ (Staley and Konopka 1985), refers to 
the long-standing observation that the number of cells observed 
microscopically in a specimen often far exceeds the number of 
colonies that can be recovered through standard culture. To ad-
dress this limitation, researchers developed specialized culture 
techniques, such as anaerobic culture (Lewis et al. 2021), or em-
ployed culture-independent methods, such as fluorescence mi-
croscopy (Caviedes et al. 2000) and flow cytometry (Monger and 
Landry 1993) to directly detect microbial cells. The introduction 
of commercially available polymerase chain reaction (PCR) in the 
late 1980s represented a significant breakthrough in microbial 
analysis, as PCR enabled the detection of microbial DNA with 
extraordinary sensitivity, potentially as low as a single genome 
copy (Forootan et al. 2017). This allowed researchers to isolate 
DNA from complex samples and assess the presence, and later 
with quantitative PCR (qPCR), estimate the abundance (Bustin 
et al. 2025), of specific microbial species (Jian et al. 2020; Tkacz 
et al. 2018). Nevertheless, PCR and qPCR remain limited as low-
throughput techniques that require pre-designed specific prim-
ers. Advances in molecular biology, particularly high-throughput 

untargeted DNA sequencing, along with the increasing avail-
ability of microbial reference genomes, gave rise to the culture-
independent screening technique of microbial metagenomics 
(Kim et al.  2024; Alves et al.  2018). Since the early 2000s, mi-
crobial metagenomics and other high-throughput sequencing 
approaches have driven a dramatic expansion in microbiome re-
search (Figure 1).

As high-throughput sequencing became central to microbi-
ome research, methodological advances developed unevenly 
across the analysis pipeline. Although no standardized micro-
biome protocol has been universally adopted (Berg et al. 2020), 
a typical microbiome study generally includes three protocol 
stages: (i) specimen collection, (ii) nucleic acid purification, 
and (iii) molecular analysis (Figure  2). The greatest innova-
tion has occurred at the molecular analysis stage, where mi-
crobial DNA and RNA are detected and quantified. Advances 
in sequencing platforms and bioinformatic tools, which gen-
erally remain dependent on PCR amplification, have enabled 
high-speed, high-resolution, and cost-effective characteriza-
tion of microbial nucleic acids (Hiraoka et  al.  2016; Navgire 
et  al.  2022). Specimen collection has also seen considerable 
innovation, particularly in the development of eDNA or eRNA 
sampling (Métris and Métris 2023; Alexander et al. 2023). In 
contrast, nucleic acid purification, despite some innovation 
in techniques and automation (Lee et al. 2010), has remained 
relatively unchanged over the past 25 years. Nucleic acid pu-
rification typically includes four stages: (i) lysis of microbial 
structures (e.g., cells, cell walls, spores), (ii) separation of nu-
cleic acids from other biomolecules (e.g., nuclease enzymes, 
fats, sugars), (iii) removal of PCR inhibitory substances (e.g., 
salts, ethanol, tannins), and (iv) elution or concentration of nu-
cleic acids (Rieder et al. 2024). Although commercial kit-based 
nucleic acid purification methods are widely used (Thompson 
et al. 2017), relatively little attention has been paid to whether 
current protocols consistently recover nucleic acids from all 
microbial species within a specimen.

FIGURE 1    |    Trends in microbiome publications and reporting of experimental controls (2000–2024). (Left) Annual number of microbiome-related 
publications retrieved from Lens.org (Jefferson et al. 2019), including: all microbiome studies (black line), studies mentioning both microbiome and 
“human” (gray line), studies including a described negative control (dark orange line), and studies including a described positive control (light orange 
line). (Right) Relative microbiome studies per year that described a negative (dark orange) or positive (light orange) control. Human microbiome pub-
lications are shown separately to illustrate that control implementation trends are similarly low across both human and environmental microbiome 
research.
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2   |   Evidence Supporting Species-Specific 
Protocol-Dependent Microbial Nucleic Acid 
Recovery

Over many years, numerous studies optimizing microbial nu-
cleic acid extraction protocols have reported that the extraction 
method can significantly alter the apparent composition of the 
human microbiome (Costea et al. 2017; Wesolowska-Andersen 
et al. 2014; Teng et al. 2018; Yuan et al. 2012; Willner et al. 2012; 
Wu et  al.  2010; Morgan et  al.  2010; Thiruppathy et  al.  2025; 
Toto et al. 2025). Although much of the optimization work on 
nucleic acid extraction has occurred in human-associated mi-
crobiome studies, this protocol-dependent distortion has also 
been reported in environmental microbiome studies (Table 1). 
This variability is not stochastic error, but rather reflects a sys-
tematic, protocol-dependent distortion of the detectable micro-
bial community induced by variation in: (i) nucleic acid state, 
(ii) species-specific cell biology, and (iii) specimen chemistry 
and composition. There has not yet been a comprehensive and 

integrated systematic assessment of how nucleic acid states, mi-
crobial biology, and specimen-specific factors influence species-
specific microbial extraction efficiencies.

Nucleic acid extraction protocols do not consistently recover nu-
cleic acids from all microbial species or across all nucleic acid 
states. Within a specimen, nucleic acids can occur in at least four 
states: (i) enclosed within intact microbial cells, (ii) associated 
with host or other cellular material (e.g., intracellular bacteria), 
(iii) adsorbed onto material within the specimen (e.g., within 
sediments or organic matter), and (iv) free extracellular DNA or 
RNA in solution (Mauvisseau et  al.  2022) (Figure  2: Stage 1). 
Nucleic acids that are not enclosed within living microbial cells 
are referred to as ‘relic’ DNA or RNA, which may persist for re-
markably long periods in the environment and do not accurately 
represent the current living microbiome (Carini et  al.  2016). 
Relic nucleic acids can be selectively removed by chemical 
or enzymatic degradation, most commonly through the ap-
plication of membrane-impermeable propidium monoazide 

FIGURE 2    |    The Great Microbiome Extraction Anomaly: The influence of specimen composition, nucleic acid state, and biology-dependent ex-
traction efficiency on measured microbiome composition. (Stage 1) At the point of specimen collection, nucleic acid recovery can be affected by the 
physical, chemical, or biological properties of the specimen, including pH, turbidity, salinity, soil type, surfactants, solvents, disinfectants, antibiot-
ics, and heavy metals. Microbial nucleic acids can exist in various physical states, including: (i) within intact microbial cells, (ii) within host cells (in-
tracellular), (iii) adsorbed by particulate material, or (iv) free in solution. (Stage 2) The efficiency with which microbial environmental DNA (eDNA) 
and RNA (eRNA) are recovered during extraction may also depend on the biology of the microorganism. For example, living Gram-positive bacteria 
often exhibit markedly less recovery than living Gram-negative bacteria. (Stage 3) Even under a consistent extraction protocol and molecular analy-
sis, these biases can cause divergence between the actual microbial community present, and the measured community composition. Adapted from 
Browne et al. (2024).
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(PMA) (Faulwetter et al. 2013) or nucleases (Wang et al. 2024). 
However, this approach is limited by the incomplete efficiency 
of the treatment, particularly in inhibitor-rich matrices or 
when substantial amounts of nucleic acids are bound to mate-
rials within the specimen (Seinige et al. 2014; Taylor et al. 2014; 
Kaur et  al.  2025). Further complicating recovery, interspecies 
nucleic acid structural differences affect their relative stability 
and binding affinities (Weiß et  al.  2016; Wang and Liu  2022; 
Bhoyar et al. 2024), and nucleic acids in different states exhibit 

species- and specimen-specific degradation kinetics (Browne 
et al. 2024).

Microbial cell biology strongly influences extraction efficiency 
when recovering nucleic acids from intact cells. Biology depen-
dent extraction efficiency (Figure  2: Stage 2) generally arises 
from the inherent structural differences between microbial spe-
cies that determine the species susceptibility to lysis (de Bruin 
and Birnboim  2016), including membrane composition (e.g., 

TABLE 1    |    Selected studies demonstrating differential nucleic acid extraction efficiencies across microbial species, nucleic acid states, and 
specimen types.

Study Specimen Experiment Findings

Albertsen et al. (2015) Activated Sludge (Sewage) Evaluated several 
commercially available 

and optimized DNA 
extraction protocols

An effect on the observed 
community was found 

on all parameters tested

Browne et al. (2024) Fresh and Marine water Bacterial eDNA and 
eRNA degradation were 

tracked over time

Species-specific 
degradation was 

observed

Child et al. (2024) Soil Compared five commercial 
DNA extraction kits, 

across soil types

The bacterial community 
composition varied 
greatly between kits 

and soil types

Cronin et al. (2024) Peat soil Three preservation and five 
commercial extraction kits 
were compared across sites

Preservation and 
extraction method 
influenced alpha 
and beta diversity

Du et al. (2025) Soil Compared five methods 
including: DNase and PMA 

pretreatment to extract DNA

The bacterial community 
composition varied 

greatly between methods

Finn et al. (2023) Cropland and forest soils Tested six pre-treatments, 
including: freezing, 

drying, fresh analyses

Pre-treatment affected 
community composition, 

more in fungi

Galla et al. (2024) Soil, rhizosphere, 
invertebrates, feces

Tested five commercial 
DNA extraction kits

Microbiota alpha and 
beta diversity estimates 

varied greatly by kit

Iturbe-Espinoza et al. (2021) Soil Compared commercial 
extraction kits

Kit-specific 
underrepresentation of 
Gram-positive bacteria 

were observed

McCarthy et al. (2015) Freshwater Evaluated several 
commercially available 
and optimized protocols

Strong extraction 
protocol-dependent 
biases observed for 

specific phyla

Reynolds and 
Cadillo-Quiroz (2024)

Peatlands Specimen preservation 
buffers were compared

Preservation buffers 
caused bacterial 

community shifts 
after 3 days

Shi et al. (2022) Freshwater sediments Tested three commercial 
extraction kits

Kit choice impacted 
eukaryotic diversity

Sirois and Buckley (2019) Soil Synthetic eDNA decay 
was tracked over time

Relic DNA skewed 
the microbial 

community profiles
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sterol content (Shehadul Islam et  al.  2017), cross-linked pro-
teins (Sun et al. 2022)), cell wall structure (e.g., peptidoglycan 
thickness (Kim et al. 2015)), and extracellular protective layers 
(e.g., biofilms (Mandakhalikar et  al.  2018), spores or capsules 
(Encheva et al. 2006)). For example, the thick peptidoglycan lay-
ers of Gram-positive bacteria (Li et al. 2020), fungal cell walls 
(Karakousis et al. 2006), and helminth eggs (Doyle et al. 2019) 
are well-recognized barriers to nucleic acid extraction proto-
cols. In parallel, specimen-specific factors influence nucleic 
acid recovery when the chemistry or contaminants of the spec-
imen alter extraction performance. Environmental microbi-
ome specimens may include water, soil, sediment, sand, air, or 
other substrates. Influential conditions include pH (Uyttendaele 
et  al.  1996), turbidity (Williams et  al.  2017), salinity (Browne 
et al. 2024), soil-type (Zhou et al. 1996) or other variable sam-
ple matrices (Galla et al. 2024), and the presence of inhibitory 
or facilitating compounds such as solvents (Arcella et al. 2014), 
disinfectants (Acharya et  al.  2020), antibiotics (Larsson and 
Flach  2022), heavy metals (Huang et  al.  2021), and thermal 
stressors (Foysal and Salgar-Chaparro 2024) (Figure 2: Stage 1 
and 2). These specimen-specific conditions interact with micro-
bial biology to modify lysis effectiveness, DNA persistence, and 
nucleic acid binding, thereby altering the apparent composition 
of the recovered microbial community. The combined influence 
of nucleic acid state, microbial biology, and specimen-specific 
conditions generates a protocol-dependent extraction efficiency 
for each species, resulting in a systematic distortion of the mea-
sured microbiome.

3   |   The Great Microbiome Extraction Anomaly

To address this challenge, researchers commonly adopt a stan-
dardized protocol within a given study and report methods in 
accordance with reporting guidelines (Thompson et  al.  2017; 
Mirzayi et al. 2021) which are intended to improve transparency 
and reproducibility rather than enforce uniform methodolog-
ical standardization across the field. However, this presents a 
paradox: while standardization within a study improves com-
parability across samples, it may introduce protocol-specific 
systematic bias by favoring the recovery of nucleic acids from 
specific nucleic acid states, microbes with a certain cell biology, 
or specimens of a certain chemistry and composition that are 
more amenable to the selected protocol. This review defines this 
phenomenon as The Great Microbiome Extraction Anomaly: a 
systemic and pervasive distortion of observed microbial com-
munity profiles caused by differential nucleic acid extraction 
efficiencies. Like other bias-inducing phenomena, such as PCR 
amplification efficiency, this bias can be reduced through opti-
mization but cannot be entirely eliminated. It mirrors the earlier 
Great Plate Count Anomaly by revealing a persistent method-
ological bias in microbial observation.

The human molecular diagnostic field provides one of the most 
intensively studied models of microbial nucleic acid extraction 
optimization and therefore serves as a useful case study for 
understanding the technical limits of unbiased DNA recov-
ery. Although this review focuses on environmental eDNA 
and eRNA workflows, these studies provide strong evidence 
that the challenge of uniformly extracting nucleic acids across 
nucleic acid states, species, and specimen types is unlikely to 

be overcome with currently available technologies. Numerous 
studies, particularly within human molecular diagnostics, have 
sought to optimize extraction protocols for unbiased microbial 
DNA recovery (Na et al. 2025; Dalla-Costa et al. 2017; Loonen 
et al. 2013). Much of this research has focused on replacing tra-
ditional blood culture for sepsis diagnosis with molecular tools, 
which, in theory, offer the sensitivity and specificity required for 
the rapid and accurate detection of a broad range of pathogenic 
microorganisms (Peri et al. 2022). However, whole-blood spec-
imens pose a major technical barrier due to the overwhelming 
abundance of host DNA (Islam Sajib et al. 2024), and the pres-
ence of potent PCR inhibitors such as heme and immunoglob-
ulins (Sidstedt et  al.  2018), which interfere with downstream 
molecular workflows. Another significant hurdle for human 
molecular diagnostics lies in achieving equal DNA recovery, 
and therefore equivalent diagnostic sensitivity from all poten-
tial microbial pathogens (Gosiewski, Flis, et al. 2014; Gosiewski, 
Szała, et al. 2014; Gosiewski et al. 2017). In response, some re-
searchers have developed highly optimized sepsis diagnostic 
extraction protocols that systematically refine each step to im-
prove recovery across the various pathogenic microbial species 
(Dalla-Costa et al. 2017; Loonen et al. 2013; Liborio et al. 2024). 
While these efforts have contributed important advances, they 
have focused on a narrow set of clinically relevant species, and 
no single protocol has demonstrated consistent recovery from 
all microbial pathogens (Gosiewski et al. 2017; Sinha et al. 2018). 
Consequently, no molecular diagnostic has demonstrated the di-
agnostic sensitivity or specificity required to replace traditional 
blood culture (Moragues-Solanas et al. 2021; Browne et al. 2022; 
Kumar and Srivastava  2025). In contrast, microbiome studies 
often aim to recover nucleic acids from potentially thousands 
of microbial species across a range of variable specimen types. 
Collectively, these studies from sepsis diagnostics highlight that, 
due to the vast biological and structural variety of target organ-
isms, it remains technically unfeasible to achieve uniform nu-
cleic acid extraction using a single method.

4   |   Analytical Controls as Essential Tools for 
Reliable Microbiome Data

As no optimization strategy using current technology is likely 
to fully mitigate the bias of The Great Microbiome Extraction 
Anomaly or other sources of error, microbiome research must 
incorporate comprehensive analytical controls at every stage of 
the workflow (Table  2). During specimen collection, culture-
independent profiling partially addresses The Great Plate Count 
Anomaly by enabling detection of non-cultivable species; how-
ever, taxonomic annotation remains constrained by reference 
databases that are biased toward cultured and genomically 
characterized organisms, while DNA-free negative controls de-
tect contamination by exogenous DNA sequences. Because mi-
croorganisms are ubiquitous, even DNA-free negative controls 
are likely to contain trace levels of background contamination 
(Salter et  al.  2014; Eisenhofer et  al.  2019; Liang et  al.  2018). 
During nucleic acid purification, extraction positive controls are 
essential for identifying protocol-dependent distortions caused 
by The Great Microbiome Extraction Anomaly. These positive 
controls should be absent from the native sample, representative 
of the study's target organisms, account for all relevant nucleic 
acid states and specimen compositions and be transparently 
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reported. Importantly, transparent reporting should emphasize 
that every protocol introduces some degree of bias. Researchers 
should not be discouraged from presenting microbiome data 
when analytical positive controls reveal substantial distortion. 
Peer review should recognize that such biases are inevitable and 
evaluate studies on the basis of methodological transparency and 
rigor. In the molecular analysis stage PCR or sequencing posi-
tive controls enable detection of platform- or chemistry-specific 
biases, and in the bioinformatics stage, standardized pipelines, 
shared code, and full disclosure of control-derived data mini-
mize algorithmic misclassification and database-related bias. 
Without this suite of negative and positive analytical controls, 
microbiome data cannot be meaningfully interpreted, as true 
biological variation cannot be distinguished from artifacts in-
troduced at any stage of the analysis.

The actual composition of analytical controls will vary accord-
ing to the strategic goals of each study. Importantly, a distinc-
tion should be made between standalone mock community 
controls processed in a DNA-free matrix and mock community 
spike-in controls added directly to environmental specimens, as 
these approaches address different methodological questions. 
Standalone mock communities assess protocol-dependent ex-
traction efficiency, whereas spike-in controls additionally eval-
uate specimen-specific effects on microbial recovery. As an 
illustrative example, consider a metabarcoding survey of the vi-
able microbiome in freshwater eDNA comparing two sites along 
a river system: one upstream of anthropogenic activity and one 
downstream of an industrial discharge point (Figure 3A). Water 
specimens, collected in bleach-treated, DNA-free Scott bottles, 
would be vacuum-filtered through sterile 0.22 μm mixed cel-
lulose ester membranes. To remove relic DNA, filters could be 
subjected to PMA treatment applied directly to the membrane 
surface (on-filter method). DNA would then be isolated using 
silica-column-based DNA isolation following established proto-
cols (Browne et al. 2024). Whole genome shotgun metagenomic 
sequencing would subsequently characterize both bacterial and 
fungal communities present in the viable fraction of the micro-
biome. In this example, the analytical control set would com-
prise: (i) DNA-free water (negative control), (ii) DNA-free water 
with a mock community (positive control without PMA), (iii) 
DNA-free water with a mock community and PMA treatment 
(positive control with PMA), and (iv) an environmental speci-
men with a mock community and PMA treatment (Figure 3). In 
this example, controls ii and iii represent standalone extraction 
positive controls, and control iv represents a specimen spike-in 
positive control.

The concentration of specimen-spiked mock community con-
trols in microbiome metagenomic workflows should be suffi-
cient to ensure reliable detection while remaining low enough to 
avoid overwhelming the native microbial signal. Analysis of the 
commercially available ZymoBIOMICS Microbial Community 
Standard, which includes three easy-to-lyse Gram-negative bac-
teria (e.g., Escherichia coli), five tough-to-lyse Gram-positive 
bacteria (e.g., Listeria monocytogenes), and two tough-to-lyse 
yeasts (e.g., Saccharomyces cerevisiae), found the mock commu-
nity had no impact on host alpha and beta diversity estimates 
when its contribution to total sequencing reads remained below 
10% (Galla et  al.  2023). If the expected sequencing depth of a 
specimen is unknown, an initial uncontrolled investigation T
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should be performed. Commercial mock microbial community 
standards are limited in scope by fixed species lists and may not 
be appropriate for all microbiome studies. Therefore, the pres-
ence or absence of their constituent species should be verified 
by PCR prior to use. In the illustrative study above, the mock 
community would ideally include several Gram-positive and 
Gram-negative bacterial species, together with a fungal mock 
microbiome (Table 3). Species should be incorporated both cell-
based mock communities (colony-forming units; CFU/500 mL) 
derived from cultured isolates and DNA-based mock commu-
nities (purified genomic DNA spikes; gDNA copies/500 mL), 

comprising different species in each format to permit inclusion 
within a single composite spike-in control, thereby enabling 
quantification of both cell-associated and free-DNA recovery, 
and the efficiency of PMA treatment.

The inclusion of controls is recommended by major human 
(Proctor et al. 2019; Qin et al. 2010; Sinha et al. 2015) and envi-
ronmental (Thompson et al. 2017) microbiome consortia as part 
of their standardized protocols. However, despite the recognized 
importance of controls, their use remains rarely reported in mi-
crobiome research (Sinha et al. 2015; Welsh and Eisenhofer 2024; 

FIGURE 3    |    Illustrative experimental design demonstrating the analytical controls required for a metabarcoding survey of the viable microbiome 
in freshwater. (A) Schematic of specimen collection sites, including a relatively pristine upstream environment (Site 1) and a downstream site impact-
ed by industrial activity (Site 2). (B) Workflow for analytical controls, with specimens collected in 500 mL Scott bottles (Specimen Collection Bottles) 
with a mock microbial community inclusive of microbes and gDNA (Analytical Positive Controls), then filtered through 0.22 μm mixed cellulose 
ester membranes (circle filters). Pre-filtration propidium monoazide (PMA) treatment is represented in the figure as an Erlenmeyer flask over the 
circle filters. DNA-free water collected in sterile 500 mL bottles is used to establish the following control set: (i) DNA-free water (negative control), 
(ii) DNA-free water with a mock community (positive control without PMA) and (iii) DNA-free water with a mock community and PMA treatment 
(positive control with PMA). Environmental specimens from each site are spiked with a mock community and subjected to PMA treatment.
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Hornung et al. 2019). Based on a Lens.​org (Jefferson et al. 2019) 
keyword search, of the 476,140 primary research publications 
between 2000 and 2024 which contained a reference to the mi-
crobiome, only 67,194 (14.11%) and 49,211 (10.33%) referenced 
negative and positive controls respectively. This rate of describing 
microbiome negative and positive controls has remained rela-
tively consistent since 2000 (Figure 1; Right Panel). These figures 
reflect keyword presence and do not capture all instances where 
control strategies were used but not explicitly described, or where 
controls were discussed but not implemented. Nevertheless, it is 
clear that as microbiome research output grew the relative report-
ing of controls in both general and environmental microbiome 

research has remained consistently low. As the microbiome field 
continues to expand, especially in environmental applications, 
the routine implementation of well-designed analytical controls 
will be critical to improving data reliability, reproducibility, and 
interpretability.

5   |   Overcoming the Bias of The Great Microbiome 
Extraction Anomaly

Current research to overcome the bias of The Great Microbiome 
Extraction Anomaly is largely focused on improving nucleic 

TABLE 3    |    Candidate analytical positive control species for a freshwater mock community or spike-in controls.

Species
ATCC 

number Natural habitat
Growth strategy in a 

standarda PC2 Lab Why absent from freshwater

Gram positive bacteria

Staphylococcus 
epidermidis

14,990 Human skin 
microbiota

Aerobic, 37°C, Tryptic 
Soy Agar/Broth

Human commensal; not 
free-living in freshwater

Bacillus subtilis 6051 Soil Aerobic, 30°C, Standard 
Nutrient Broth

Terrestrial; survives in 
water only transiently

Geobacillus 
stearothermophilus

7953 Geothermal 
Springs

Aerobic, 55°C, Standard 
Nutrient Agar/Broth

Thermophilic; cannot survive 
ambient stream temps

Listeria innocua 33,090 Soil Aerobic, 37°C, Brain Heart 
Infusion Agar/Broth

Not adapted to freshwater 
ecosystems

Micrococcus luteus 4698 Skin, dust, air Aerobic, 30°C, Tryptic 
Soy Agar/Broth

Primarily airborne or surface-
associated, not aquatic

Gram negative bacteria

Thermus 
thermophilus

27,634 Geothermal 
springs

Aerobic, 70°C, Thermus medium Thermophilic; can't survive 
ambient stream temps

Halomonas elongata 33,173 Marine Aerobic, 30°C, 
Halomonas Medium

Requires elevated salinity; 
freshwater lethal

Vibrio natriegens 14,048 Marine Aerobic, 26°C, Nutrient Agar 
with 1.5% added NaCl

Requires elevated salinity; 
freshwater lethal

Pseudoalteromonas 
haloplanktis

14,393 Marine Aerobic, 26°C, Marine 
Medium 2216

Requires elevated salinity; 
freshwater lethal

Aliivibrio fischeri 7744 Marine Aerobic, 26°C, 
Photobacterium Broth

Requires elevated salinity; 
freshwater lethal

Fungi

Saccharomyces 
cerevisiae

9763 Baker's yeast Aerobic, 30°C, YPD Agar/Broth Domesticated yeast; non-aquatic

Schizosaccharomyces 
pombe

24,843 Fermented 
beverages

Aerobic, 30°C, YPD Agar/Broth Found in fermentations; not 
a natural freshwater species

Aspergillus niger 6275 Soil Aerobic, 24°C–26°C, Potato 
Dextrose Agar/Broth

Primarily terrestrial; survives 
poorly in freshwater

Neurospora crassa 10,815 Soil Aerobic, 24°C–26°C, Potato 
Dextrose Agar/Broth

Terrestrial; requires plant 
debris, not aquatic

Candida utilis 9226 Industrial Aerobic, 24°C, YM Agar/Broth Domesticated, industrial strain; 
not freshwater-associated

Abbreviations: ATCC, American Type Culture Collection; PC2, Physical Containment Level 2; YM, yeast and mold; YPD, yeast extract-peptone-dextrose.
aStandard: without specialist microbiological containment and growing equipment.
Source: www.​atcc.​org.
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acid extraction efficiency through incremental methodological 
refinements. These include strategies such as positive-selection 
of microbes from specimens using magnetic nanoparticles (Cai 
et al. 2023; Xu et al. 2025; Quintana-Sánchez et al. 2022), high-
efficiency colloid flocculation (Pinaev et al. 2022) or filtration 
(Turner et  al.  2014), blocking DNA adsorption to particles 
(Lever et al. 2015; Sakai 2021), various combinations of enzy-
matic and mechanical lysis (Govil et al. 2019), or DNA stabiliza-
tion (Browne et al. 2024; Matange et al. 2021). While it remains 
possible that synergistic combinations of these approaches 
could achieve substantially improved recovery efficiencies, de-
veloping a protocol with truly microbiome-wide, near-uniform 
extraction efficiency will likely require novel technological 
innovation. In principle, extraction-associated bias may be 
circumvented by employing direct non-nucleic-acid-based de-
tection platforms that identify intact microorganisms such 
as colorimetric sensors (Yang et  al.  2023), bacteriophage and 
antibody-based immunodetection (Roth et  al.  2021), or laser-
based fingerprinting spectroscopy (Su et  al.  2024). However, 
these PCR- and nucleic-acid-free technologies each introduce 
distinct biases and are particularly limited for eDNA micro-
biome analysis where the composition of species is generally 
highly heterogeneous and largely unknown. Bioinformatic 
mitigation of bias, wherein measured abundance is corrected 
to actual abundance as the product of the protocol-dependent 
detection efficiency, is another strategy which has received con-
siderable attention (Nearing et al. 2021; Przymus et al. 2024). 
These approaches assume detection bias is systematic and re-
producible within a defined protocol and specimen (McLaren 
et  al.  2019), allowing computational correction, particularly 
when supported by appropriate spike-in controls (Brooks 
et al. 2015; Rauer et al. 2025). However, substantial uncertainty 
remains regarding how species-specific biology interacts with 
specimen composition, nucleic acid states, and downstream 
amplification or sequencing biases. Future research providing 
careful curation of reference databases containing such in-
formation could enhance the interpretation of these models. 
Regardless of the technological advances, internal positive ana-
lytical controls will remain essential to directly quantify recov-
ery efficiency and transparently report residual bias.

6   |   Conclusions

This review defines The Great Microbiome Extraction 
Anomaly as an under-recognized source of bias in microbiome 
research resulting from variable species-specific nucleic acid 
extraction efficiencies favoring the recovery of nucleic acids 
from specific nucleic acid states, microbes with a certain cell 
biology, or specimens of a certain chemistry and composition. 
Drawing primarily on evidence from human molecular diag-
nostic studies, where substantial efforts have been made to 
optimize extraction protocols, this review has demonstrated 
that no existing method achieves complete and uniform re-
covery of nucleic acids across all pathogenic microbial species. 
Given this limitation, it is unlikely that current technologies 
can produce an unbiased representation of environmental 
microbial communities from a complex specimen. While The 
Great Microbiome Extraction Anomaly focuses on biases intro-
duced during nucleic acid extraction, each stage of the micro-
biome workflow including specimen collection and molecular 

analysis can contribute to systemic bias. Therefore, bias from 
The Great Microbiome Extraction Anomaly is likely to often be 
convoluted with further biases arising from specimen collec-
tion and molecular analysis and must be appropriately con-
trolled. Based on keyword trends in the published literature, 
the adoption of negative and positive controls remains mini-
mal across microbiome studies. Broader and more consistent 
implementation of well-designed analytical positive controls 
in eDNA and eRNA workflows will be critical to ensuring the 
continued advancement and credibility of environmental mi-
crobiome research.

7   |   Methods

Publication data were retrieved from The Lens.org platform con-
sistent with the metadata framework as previously described 
(Jefferson et al. 2019), using the Scholarly Works search interface 
for the period from January 1, 2000, to December 31, 2024. Four 
search queries were applied: (i) “microbiome” OR “microbiota” 
(476,140 publications); (ii) (“microbiome” OR “microbiota”) AND 
“human” (336,517 publications); (iii) (“microbiome” OR “mi-
crobiota”) AND (“negative control” OR “blank control” OR “no 
template control*” OR “no-template control*” OR “no-template 
control*” OR NTC OR “N T C” OR NC)** (67,194 publications); 
and (iv) (“microbiome” OR “microbiota”) AND (“positive con-
trol” OR “mock community” OR “mock sample” OR “spike-in*” 
OR “reference standard*”)** (49,211 publications). Searches were 
refined to original research articles only. Publication counts were 
grouped by year and visualized using GraphPad Prism version 
10.4.1.

Author Contributions

D.J.B. conceived, researched, and wrote the manuscript.

Acknowledgments

I acknowledge James Cook University for providing publication costs 
and salary support. Figures 2 and 3 were created with BioRe​nder.​com. 
Open access publishing facilitated by James Cook University, as part 
of the Wiley - James Cook University agreement via the Council of 
Australasian University Librarians.

Funding

This research received no external funding. Publication costs and the 
author's salary were supported by James Cook University.

Conflicts of Interest

The author declares no conflicts of interest.

Data Availability Statement

All datasets for this study are presented in this publication.

References

Abreu, A., E. Bourgois, A. Gristwood, et al. 2022. “Priorities for Ocean 
Microbiome Research.” Nature Microbiology 7: 937–947.

Acharya, K., F. F. Halla, S. M. Massawa, et  al. 2020. “Chlorination 
Effects on DNA Based Characterization of Water Microbiomes and 

 26374943, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.70276 by D

aniel B
row

ne - Jam
es C

ook U
niversity , W

iley O
nline L

ibrary on [11/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 13 Environmental DNA, 2026

Implications for the Interpretation of Data From Disinfected Systems.” 
Journal of Environmental Management 276: 111319.

Albertsen, M., S. M. Karst, A. S. Ziegler, R. H. Kirkegaard, and P. H. 
Nielsen. 2015. “The Influence of DNA Extraction and Primer Choice 
on Phylogenetic Analysis of Activated Sludge Communities.” PLoS One 
10: e0132783.

Alexander, J. B., M. J. Marnane, J. I. McDonald, et al. 2023. “Comparing 
Environmental DNA Collection Methods for Sampling Community 
Composition on Marine Infrastructure.” Estuarine, Coastal and Shelf 
Science 283: 108283.

Alves, L. F., C. A. Westmann, G. L. Lovate, G. M. V. de Siqueira, T. C. 
Borelli, and M. E. Guazzaroni. 2018. “Metagenomic Approaches for 
Understanding New Concepts in Microbial Science.” International 
Journal of Genomics 2018: 2312987.

Arcella, A., G. Portella, R. Collepardo-Guevara, D. Chakraborty, D. 
J. Wales, and M. Orozco. 2014. “Structure and Properties of DNA in 
Apolar Solvents.” Journal of Physical Chemistry B 118: 8540–8548.

Bass, D., K. W. Christison, G. D. Stentiford, L. S. J. Cook, and H. 
Hartikainen. 2023. “Environmental DNA/RNA for Pathogen and 
Parasite Detection, Surveillance, and Ecology.” Trends in Parasitology 
39: 285–304.

Berg, G., D. Rybakova, D. Fischer, et al. 2020. “Microbiome Definition 
Re-Visited: Old Concepts and New Challenges.” Microbiome 8: 103.

Bhoyar, L., P. Mehar, and K. Chavali. 2024. “An Overview of DNA 
Degradation and Its Implications in Forensic Caseworks.” Egyptian 
Journal of Forensic Sciences 14: 15.

Brooks, J. P., D. J. Edwards, M. D. Harwich, et  al. 2015. “The Truth 
About Metagenomics: Quantifying and Counteracting Bias in 16S 
rRNA Studies.” BMC Microbiology 15: 66.

Browne, D. J., F. Liang, K. H. Gartlan, et al. 2022. “Multiplex Microsphere 
PCR (mmPCR) Allows Simultaneous Gram Typing, Detection of Fungal 
DNA, and Antibiotic Resistance Genes.” Laboratory Medicine 53: 459–464.

Browne, D. J., C. M. Miller, E. P. O'Hara, et al. 2024. “Optimization and 
Application of Bacterial Environmental DNA and RNA Isolation for 
Qualitative and Quantitative Studies.” Environmental DNA 6: e589.

Bustin, S. A., J. M. Ruijter, M. J. B. van den Hoff, et al. 2025. “MIQE 2.0: 
Revision of the Minimum Information for Publication of Quantitative 
Real-Time PCR Experiments Guidelines.” Clinical Chemistry 71: 
634–651.

Cai, G., Z. Yang, Y. C. Chen, et al. 2023. “Magnetic Bead Manipulation 
in Microfluidic Chips for Biological Application.” Cyborg and Bionic 
Systems 4: 0023.

Cao, Y., H. Xia, X. Tan, et al. 2024. “Intratumoural Microbiota: A New 
Frontier in Cancer Development and Therapy.” Signal Transduction 
and Targeted Therapy 9: 15.

Carini, P., P. J. Marsden, J. W. Leff, et al. 2016. “Relic DNA Is Abundant 
in Soil and Obscures Estimates of Soil Microbial Diversity.” Nature 
Microbiology 2: 16242.

Caviedes, L., T. S. Lee, R. H. Gilman, et  al. 2000. “Rapid, Efficient 
Detection and Drug Susceptibility Testing of Mycobacterium tuberculo-
sis in Sputum by Microscopic Observation of Broth Cultures.” Journal of 
Clinical Microbiology 38: 1203–1208.

Child, H. T., L. Wierzbicki, G. R. Joslin, and R. K. Tennant. 2024. 
“Comparative Evaluation of Soil DNA Extraction Kits for Long Read 
Metagenomic Sequencing.” Access Microbiology 6: 000868.v3.

Cockell, C. S. 2025. “Where the Microbes Aren't.” FEMS Microbiology 
Reviews 49: 1–24.

Compant, S., M. C. Cambon, C. Vacher, B. Mitter, A. Samad, and A. 
Sessitsch. 2021. “The Plant Endosphere World—Bacterial Life Within 
Plants.” Environmental Microbiology 23: 1812–1829.

Costea, P. I., G. Zeller, S. Sunagawa, et  al. 2017. “Towards Standards 
for Human Fecal Sample Processing in Metagenomic Studies.” Nature 
Biotechnology 35: 1069–1076.

Cronin, D., Y. F. Li, P. Evans, et  al. 2024. “Impact of Storage and 
Extraction Methods on Peat Soil Microbiomes.” PeerJ 12: e18745.

Curtis, T. P., and W. T. Sloan. 2004. “Prokaryotic Diversity and Its 
Limits: Microbial Community Structure in Nature and Implications for 
Microbial Ecology.” Current Opinion in Microbiology 7: 221–226.

Dalla-Costa, L. M., L. G. Morello, D. Conte, et al. 2017. “Comparison of 
DNA Extraction Methods Used to Detect Bacterial and Yeast DNA From 
Spiked Whole Blood by Real-Time PCR.” Journal of Microbiological 
Methods 140: 61–66.

de Bruin, O. M., and H. C. Birnboim. 2016. “A Method for Assessing 
Efficiency of Bacterial Cell Disruption and DNA Release.” BMC 
Microbiology 16: 197.

De Filippis, F., V. Valentino, A. Alvarez-Ordóñez, P. D. Cotter, and D. 
Ercolini. 2021. “Environmental Microbiome Mapping as a Strategy to 
Improve Quality and Safety in the Food Industry.” Current Opinion in 
Food Science 38: 168–176.

Doyle, S. R., G. Sankaranarayanan, F. Allan, et  al. 2019. “Evaluation 
of DNA Extraction Methods on Individual Helminth Egg and Larval 
Stages for Whole-Genome Sequencing.” Frontiers in Genetics 10: 826.

Du, Y., Z. Wang, K. Liu, et  al. 2025. “The Performance of Different 
Methods in Characterizing Soil Live Prokaryotic Diversity and 
Abundance Is Highly Variable.” iMetaOmics 2: e70011.

Eisenhofer, R., J. J. Minich, C. Marotz, A. Cooper, R. Knight, and L. S. 
Weyrich. 2019. “Contamination in Low Microbial Biomass Microbiome 
Studies: Issues and Recommendations.” Trends in Microbiology 27: 
105–117.

Encheva, V., S. E. Gharbia, R. Wait, S. Begum, and H. N. Shah. 2006. 
“Comparison of Extraction Procedures for Proteome Analysis of 
Streptococcus pneumoniae and a Basic Reference Map.” Proteomics 6: 
3306–3317.

Faulwetter, J. L., M. D. Burr, A. E. Parker, O. R. Stein, and A. K. Camper. 
2013. “Influence of Season and Plant Species on the Abundance and 
Diversity of Sulfate Reducing Bacteria and Ammonia Oxidizing Bacteria 
in Constructed Wetland Microcosms.” Microbial Ecology 65: 111–127.

Feng, W., X. Wan, Y. Zhang, et  al. 2025. “Diversification, Niche 
Adaptation, and Evolution of a Candidate Phylum Thriving in the Deep 
Critical Zone.” Proceedings of the National Academy of Sciences of the 
United States of America 122: e2424463122.

Finn, D. R., J. Schroeder, M. S. Samad, C. Poeplau, and C. C. Tebbe. 
2023. “Importance of Sample Pre-Treatments for the DNA-Based 
Characterization of Microbiomes in Cropland and Forest Soils.” Soil 
Biology and Biochemistry 184: 109077.

Forootan, A., R. Sjöback, J. Björkman, B. Sjögreen, L. Linz, and M. 
Kubista. 2017. “Methods to Determine Limit of Detection and Limit of 
Quantification in Quantitative Real-Time PCR (qPCR).” Biomolecular 
Detection and Quantification 12: 1–6.

Foysal, M. J., and S. J. Salgar-Chaparro. 2024. “Improving the Efficiency 
of DNA Extraction From Iron Incrustations and Oilfield-Produced 
Water.” Scientific Reports 14: 2954.

Galla, G., N. Praeg, F. Colla, et al. 2023. “Mock Community as an In Situ 
Positive Control for Amplicon Sequencing of Microbiotas From the 
Same Ecosystem.” Scientific Reports 13: 4056.

Galla, G., N. Praeg, T. Rzehak, et  al. 2024. “Comparison of DNA 
Extraction Methods on Different Sample Matrices Within the Same 
Terrestrial Ecosystem.” Scientific Reports 14: 8715.

Gosiewski, T., A. Flis, A. Sroka, et  al. 2014. “Comparison of Nested, 
Multiplex, qPCR; FISH; SeptiFast and Blood Culture Methods in 

 26374943, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.70276 by D

aniel B
row

ne - Jam
es C

ook U
niversity , W

iley O
nline L

ibrary on [11/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



11 of 13Environmental DNA, 2026

Detection and Identification of Bacteria and Fungi in Blood of Patients 
With Sepsis.” BMC Microbiology 14: 313.

Gosiewski, T., A. H. Ludwig-Galezowska, K. Huminska, et  al. 2017. 
“Comprehensive Detection and Identification of Bacterial DNA in the 
Blood of Patients With Sepsis and Healthy Volunteers Using Next-
Generation Sequencing Method—The Observation of DNAemia.” 
European Journal of Clinical Microbiology & Infectious Diseases 36: 
329–336.

Gosiewski, T., L. Szała, A. Pietrzyk, M. Brzychczy-Włoch, P. B. Heczko, 
and M. Bulanda. 2014. “Comparison of Methods for Isolation of 
Bacterial and Fungal DNA From Human Blood.” Current Microbiology 
68: 149–155.

Govil, T., W. Sharma, N. K. Chauhan, S. Kumar, D. R. Salem, and R. K. 
Sani. 2019. ““MINES” Method for Genomic DNA Extraction From Deep 
Biosphere Biofilms.” Journal of Microbiological Methods 167: 105730.

Grisoli, P., M. Rodolfi, S. Villani, et al. 2009. “Assessment of Airborne 
Microorganism Contamination in an Industrial Area Characterized 
by an Open Composting Facility and a Wastewater Treatment Plant.” 
Environmental Research 109: 135–142.

Herrera, A., and C. S. Cockell. 2007. “Exploring Microbial Diversity 
in Volcanic Environments: A Review of Methods in DNA Extraction.” 
Journal of Microbiological Methods 70: 1–12.

Hiraoka, S., C. C. Yang, and W. Iwasaki. 2016. “Metagenomics and 
Bioinformatics in Microbial Ecology: Current Status and Beyond.” 
Microbes and Environments 31: 204–212.

Hornung, B. V. H., R. D. Zwittink, and E. J. Kuijper. 2019. “Issues 
and Current Standards of Controls in Microbiome Research.” FEMS 
Microbiology Ecology 95: fiz045.

Huang, C. C., C. M. Liang, T. I. Yang, J. L. Chen, and W. K. Wang. 2021. “Shift 
of Bacterial Communities in Heavy Metal-Contaminated Agricultural 
Land During a Remediation Process.” PLoS One 16: e0255137.

Islam Sajib, M. S., K. Brunker, K. Oravcova, P. Everest, M. E. Murphy, 
and T. Forde. 2024. “Advances in Host Depletion and Pathogen 
Enrichment Methods for Rapid Sequencing–Based Diagnosis of 
Bloodstream Infection.” Journal of Molecular Diagnostics 26: 741–753.

Iturbe-Espinoza, P., B. W. Brandt, M. Braster, M. Bonte, D. M. Brown, 
and R. J. M. van Spanning. 2021. “Effects of DNA Preservation Solution 
and DNA Extraction Methods on Microbial Community Profiling of 
Soil.” Folia Microbiologica 66: 597–606.

Jefferson, O.-A., D. Koellhofer, B. Warren, and R. Jefferson. 2019. 
“The Lens MetaRecord and LensID: An Open Identifier System for 
Aggregated Metadata and Versioning of Knowledge Artefacts.” LIS 
Scholarship Archive 10.

Jian, C., P. Luukkonen, H. Yki-Järvinen, A. Salonen, and K. Korpela. 
2020. “Quantitative PCR Provides a Simple and Accessible Method for 
Quantitative Microbiota Profiling.” PLoS One 15: e0227285.

Karakousis, A., L. Tan, D. Ellis, H. Alexiou, and P. J. Wormald. 2006. 
“An Assessment of the Efficiency of Fungal DNA Extraction Methods 
for Maximizing the Detection of Medically Important Fungi Using 
PCR.” Journal of Microbiological Methods 65: 38–48.

Kaur, S., L. Bran, G. Rudakov, J. Wang, and M. S. Verma. 2025. 
“Propidium Monoazide is Unreliable for Quantitative Live–Dead 
Molecular Assays.” Analytical Chemistry 97: 2914–2921.

Kim, N., J. Ma, W. Kim, J. Kim, P. Belenky, and I. Lee. 2024. “Genome-
Resolved Metagenomics: A Game Changer for Microbiome Medicine.” 
Experimental & Molecular Medicine 56: 1501–1512.

Kim, S. J., J. Chang, and M. Singh. 2015. “Peptidoglycan Architecture of 
Gram-Positive Bacteria by Solid-State NMR.” Biochimica et Biophysica 
Acta 1848: 350–362.

Kristjánsson, J. K., and G. O. Hreggvidsson. 1995. “Ecology and Habitats 
of Extremophiles.” World Journal of Microbiology and Biotechnology 11: 
17–25.

Kumar, P., and S. Srivastava. 2025. “Technological Advances in Sepsis 
Diagnosis.” In Innovative Advancements in Biotechnology: Technological 
Advancements in Biosciences, 251–264. Springer Nature Switzerland.

Lagier, J.-C., P. Hugon, S. Khelaifia, P. E. Fournier, B. la Scola, and D. 
Raoult. 2015. “The Rebirth of Culture in Microbiology Through the 
Example of Culturomics to Study Human Gut Microbiota.” Clinical 
Microbiology Reviews 28: 237–264.

Larsson, D. G. J., and C. F. Flach. 2022. “Antibiotic Resistance in the 
Environment.” Nature Reviews. Microbiology 20: 257–269.

Lea-Smith, D. J., F. Hassard, F. Coulon, et al. 2025. “Engineering Biology 
Applications for Environmental Solutions: Potential and Challenges.” 
Nature Communications 16: 3538.

Lee, J. H., Y. Park, J. R. Choi, E. K. Lee, and H. S. Kim. 2010. “Comparisons 
of Three Automated Systems for Genomic DNA Extraction in a Clinical 
Diagnostic Laboratory.” Yonsei Medical Journal 51: 104–110.

Lever, M. A., A. Torti, P. Eickenbusch, A. B. Michaud, T. Šantl-Temkiv, 
and B. B. Jørgensen. 2015. “A Modular Method for the Extraction 
of DNA and RNA, and the Separation of DNA Pools From Diverse 
Environmental Sample Types.” Frontiers in Microbiology 6: 476.

Lewis, W. H., G. Tahon, P. Geesink, D. Z. Sousa, and T. J. G. Ettema. 
2021. “Innovations to Culturing the Uncultured Microbial Majority.” 
Nature Reviews. Microbiology 19: 225–240.

Li, X., C. J. Bosch-Tijhof, X. Wei, et al. 2020. “Efficiency of Chemical 
Versus Mechanical Disruption Methods of DNA Extraction for the 
Identification of Oral Gram-Positive and Gram-Negative Bacteria.” 
Journal of International Medical Research 48: 0300060520925594.

Liang, F., D. J. Browne, M. J. Gray, et  al. 2018. “Development of a 
Multiplexed Microsphere PCR for Culture-Free Detection and Gram-
Typing of Bacteria in Human Blood Samples.” ACS Infectious Diseases 
4: 837–844.

Liborio, M. P., P. N. A. Harris, C. Ravi, and A. D. Irwin. 2024. “Getting 
up to Speed: Rapid Pathogen and Antimicrobial Resistance Diagnostics 
in Sepsis.” Microorganisms 12: 1824.

Liddicoat, C., S. L. Krauss, A. Bissett, et  al. 2022. “Next Generation 
Restoration Metrics: Using Soil eDNA Bacterial Community Data 
to Measure Trajectories Towards Rehabilitation Targets.” Journal of 
Environmental Management 310: 114748.

Lin, Y., W. Zhong, X. Zhang, et  al. 2023. “Environmental DNA 
Metabarcoding Revealed the Impacts of Anthropogenic Activities on 
Phytoplankton Diversity in Dianchi Lake and Its Three Inflow Rivers.” 
Ecology and Evolution 13: e10088.

Loh, J. S., W. Q. Mak, L. K. S. Tan, et al. 2024. “Microbiota–Gut–Brain 
Axis and Its Therapeutic Applications in Neurodegenerative Diseases.” 
Signal Transduction and Targeted Therapy 9: 37.

Loonen, A. J. M., M. P. Bos, B. van Meerbergen, et al. 2013. “Comparison 
of Pathogen DNA Isolation Methods From Large Volumes of Whole 
Blood to Improve Molecular Diagnosis of Bloodstream Infections.” 
PLoS One 8: e72349.

Mandakhalikar, K. D., J. N. Rahmat, E. Chiong, K. G. Neoh, L. Shen, and 
P. A. Tambyah. 2018. “Extraction and Quantification of Biofilm Bacteria: 
Method Optimized for Urinary Catheters.” Scientific Reports 8: 8069.

Matange, K., J. M. Tuck, and A. J. Keung. 2021. “DNA Stability: A 
Central Design Consideration for DNA Data Storage Systems.” Nature 
Communications 12: 1358.

Mauvisseau, Q., L. R. Harper, M. Sander, R. H. Hanner, H. Kleyer, 
and K. Deiner. 2022. “The Multiple States of Environmental DNA and 
What Is Known About Their Persistence in Aquatic Environments.” 
Environmental Science & Technology 56: 5322–5333.

McCarthy, A., E. Chiang, M. L. Schmidt, and V. J. Denef. 2015. “RNA 
Preservation Agents and Nucleic Acid Extraction Method Bias Perceived 
Bacterial Community Composition.” PLoS One 10: e0121659.

 26374943, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.70276 by D

aniel B
row

ne - Jam
es C

ook U
niversity , W

iley O
nline L

ibrary on [11/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 of 13 Environmental DNA, 2026

McLaren, M. R., A. D. Willis, and B. J. Callahan. 2019. “Consistent and 
Correctable Bias in Metagenomic Sequencing Experiments.” eLife 8: 
e46923.

Métris, K. L., and J. Métris. 2023. “Aircraft Surveys for Air eDNA: 
Probing Biodiversity in the Sky.” PeerJ 11: e15171.

Mirzayi, C., A. Renson, Genomic Standards Consortium, et  al. 2021. 
“Reporting Guidelines for Human Microbiome Research: The STORMS 
Checklist.” Nature Medicine 27: 1885–1892.

Monger, B. C., and M. R. Landry. 1993. “Flow Cytometric Analysis 
of Marine Bacteria With Hoechst 33342.” Applied and Environmental 
Microbiology 59: 905–911.

Moragues-Solanas, L., R. Scotti, and J. O'Grady. 2021. “Rapid 
Metagenomics for Diagnosis of Bloodstream and Respiratory Tract 
Nosocomial Infections: Current Status and Future Prospects.” Expert 
Review of Molecular Diagnostics 21: 371–380.

Morgan, J. L., A. E. Darling, and J. A. Eisen. 2010. “Metagenomic 
Sequencing of an In Vitro-Simulated Microbial Community.” PLoS One 
5: e10209.

Na, B., J. Park, S. Park, et al. 2025. “Comparison Evaluation of Bacterial 
DNA Extraction Methods for Improved Molecular Diagnostic Accuracy 
of Sepsis-Causing Pathogens in Clinical Whole Blood Samples.” 
Scientific Reports 15: 4167.

Navgire, G. S., N. Goel, G. Sawhney, et  al. 2022. “Analysis and 
Interpretation of Metagenomics Data: An Approach.” Biological 
Procedures Online 24: 18.

Nearing, J. T., A. M. Comeau, and M. G. I. Langille. 2021. “Identifying 
Biases and Their Potential Solutions in Human Microbiome Studies.” 
Microbiome 9: 113.

Nousias, O., M. McCauley, M. R. Stammnitz, et  al. 2025. “Shotgun 
Sequencing of Airborne eDNA Achieves Rapid Assessment of Whole 
Biomes, Population Genetics and Genomic Variation.” Nature Ecology 
& Evolution 9: 1043–1060.

Orr, R., P. G. Dennis, Y. Wong, et al. 2022. “Nitrogen Fertilizer Rate but 
Not Form Affects the Severity of Fusarium Wilt in Banana.” Frontiers 
in Plant Science 13: 907819.

Peled, J. U., A. L. C. Gomes, S. M. Devlin, et  al. 2020. “Microbiota 
as Predictor of Mortality in Allogeneic Hematopoietic-Cell 
Transplantation.” New England Journal of Medicine 382: 822–834.

Peri, A. M., P. N. A. Harris, and D. L. Paterson. 2022. “Culture-
Independent Detection Systems for Bloodstream Infection.” Clinical 
Microbiology and Infection 28: 195–201.

Pinaev, A. G., A. A. Kichko, T. S. Aksenova, V. I. Safronova, E. V. 
Kozhenkova, and E. E. Andronov. 2022. “RIAM: A Universal Accessible 
Protocol for the Isolation of High Purity DNA From Various Soils and 
Other Humic Substances.” Methods and Protocols 5: 99.

Proctor, L. M., H. H. Creasy, J. Fettweis, and J. Lloyd-Price. 2019. “The 
Integrative Human Microbiome Project.” Nature 569: 641–648.

Przymus, P., K. Rykaczewski, A. Martín-Segura, et  al. 2024. “Deep 
Learning in Microbiome Analysis: A Comprehensive Review of Neural 
Network Models.” Frontiers in Microbiology 15: 1516667.

Qin, J., R. Li, J. Raes, et  al. 2010. “A Human Gut Microbial Gene 
Catalogue Established by Metagenomic Sequencing.” Nature 464: 59–65.

Quintana-Sánchez, S., A. Barrios-Gumiel, J. Sánchez-Nieves, J. L. Copa-
Patiño, F. J. de la Mata, and R. Gómez. 2022. “Bacteria Capture With 
Magnetic Nanoparticles Modified With Cationic Carbosilane Dendritic 
Systems.” Biomaterials Advances 133: 112622.

Radjabzadeh, D., J. A. Bosch, A. G. Uitterlinden, et  al. 2022. “Gut 
Microbiome-Wide Association Study of Depressive Symptoms.” Nature 
Communications 13: 7128.

Rauer, L., A. de Tomassi, C. L. Müller, et  al. 2025. “De-Biasing 
Microbiome Sequencing Data: Bacterial Morphology-Based Correction 
of Extraction Bias and Correlates of Chimera Formation.” Microbiome 
13: 38.

Reynolds, M. C., and H. Cadillo-Quiroz. 2024. “Microbial DNA 
Sample Preservation and Possible Artifacts for Field-Based Research 
in Remote Tropical Peatlands.” Journal of Microbiological Methods 
224: 106997.

Rieder, J., E. Jemmi, M. E. Hunter, and I. Adrian-Kalchhauser. 2024. “A 
Guide to Environmental DNA Extractions for Non-Molecular Trained 
Biologists, Ecologists, and Conservation Scientists.” Environmental 
DNA 6: e70002.

Roth, K. D. R., E. V. Wenzel, M. Ruschig, et  al. 2021. “Developing 
Recombinant Antibodies by Phage Display Against Infectious Diseases 
and Toxins for Diagnostics and Therapy.” Frontiers in Cellular and 
Infection Microbiology 11: 697876.

Sakai, Y. 2021. “Improvements in Extraction Methods of High-
Molecular-Weight DNA From Soils by Modifying Cell Lysis Conditions 
and Reducing Adsorption of DNA Onto Soil Particles.” Microbes and 
Environments 36: ME21017.

Salter, S. J., M. J. Cox, E. M. Turek, et al. 2014. “Reagent and Laboratory 
Contamination Can Critically Impact Sequence-Based Microbiome 
Analyses.” BMC Biology 12: 87.

Seinige, D., C. Krischek, G. Klein, and C. Kehrenberg. 2014. 
“Comparative Analysis and Limitations of Ethidium Monoazide and 
Propidium Monoazide Treatments for the Differentiation of Viable 
and Nonviable Campylobacter Cells.” Applied and Environmental 
Microbiology 80: 2186–2192.

Shehadul Islam, M., A. Aryasomayajula, and P. R. Selvaganapathy. 
2017. “A Review on Macroscale and Microscale Cell Lysis Methods.” 
Micromachines 8: 83.

Shi, Z., Q. Kong, X. Li, et al. 2022. “The Effects of DNA Extraction Kits 
and Primers on Prokaryotic and Eukaryotic Microbial Community in 
Freshwater Sediments.” Microorganisms 10: 1213.

Sidstedt, M., J. Hedman, E. L. Romsos, et  al. 2018. “Inhibition 
Mechanisms of Hemoglobin, Immunoglobulin G, and Whole Blood in 
Digital and Real-Time PCR.” Analytical and Bioanalytical Chemistry 
410: 2569–2583.

Sinha, M., J. Jupe, H. Mack, T. P. Coleman, S. M. Lawrence, and S. I. 
Fraley. 2018. “Emerging Technologies for Molecular Diagnosis of 
Sepsis.” Clinical Microbiology Reviews 31: e00089-17. https://​doi.​org/​10.​
1128/​cmr.​00089​-​00017​.

Sinha, R., C. C. Abnet, O. White, R. Knight, and C. Huttenhower. 2015. 
“The Microbiome Quality Control Project: Baseline Study Design and 
Future Directions.” Genome Biology 16: 276.

Sirois, S. H., and D. H. Buckley. 2019. “Factors Governing Extracellular 
DNA Degradation Dynamics in Soil.” Environmental Microbiology 
Reports 11: 173–184.

Staley, J. T., and A. Konopka. 1985. “Measurement of In Situ Activities 
of Nonphotosynthetic Microorganisms in Aquatic and Terrestrial 
Habitats.” Annual Review of Microbiology 39: 321–346.

Stenger, P.-L., A. Léopold, K. Dinh, et al. 2025. “Advancing Biomonitoring 
of eDNA Studies With the Anaconda R Package: Integrating Soil and 
One Health Perspectives in the Face of Evolving Traditional Agriculture 
Practices.” PLoS One 20: e0311986.

Su, G., Y. Liu, Y. Hou, et  al. 2024. “Surface-Enhanced Raman 
Spectroscopy Sensor Integrated With Ag@ZIF-8@Au Core–Shell–Shell 
Nanowire Membrane for Enrichment, Ultrasensitive Detection, and 
Inactivation of Bacteria in the Environment.” ACS Applied Materials & 
Interfaces 16: 28080–28092.

 26374943, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.70276 by D

aniel B
row

ne - Jam
es C

ook U
niversity , W

iley O
nline L

ibrary on [11/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1128/cmr.00089-00017
https://doi.org/10.1128/cmr.00089-00017


13 of 13Environmental DNA, 2026

Sun, J., S. T. Rutherford, T. J. Silhavy, and K. C. Huang. 2022. “Physical 
Properties of the Bacterial Outer Membrane.” Nature Reviews. 
Microbiology 20: 236–248.

Sun, J., S. Song, J. Liu, F. Chen, X. Li, and G. Wu. 2025. “Gut Microbiota 
as a New Target for Anticancer Therapy: From Mechanism to Means of 
Regulation.” NPJ Biofilms and Microbiomes 11: 43.

Taylor, M. J., R. H. Bentham, and K. E. Ross. 2014. “Limitations of Using 
Propidium Monoazide With qPCR to Discriminate Between Live and 
Dead Legionella in Biofilm Samples.” Microbiology Insights 7: MBI.
S17723.

Teng, F., S. S. Darveekaran Nair, P. Zhu, et al. 2018. “Impact of DNA 
Extraction Method and Targeted 16S-rRNA Hypervariable Region on 
Oral Microbiota Profiling.” Scientific Reports 8: 16321.

Thiruppathy, D., O. Moyne, C. Marotz, et  al. 2025. “Absolute 
Quantification of the Living Skin Microbiome Overcomes Relic-DNA 
Bias and Reveals Specific Patterns Across Volunteers.” Microbiome 13: 
65.

Thompson, L. R., J. G. Sanders, D. McDonald, et al. 2017. “A Communal 
Catalogue Reveals Earth's Multiscale Microbial Diversity.” Nature 551: 
457–463.

Tkacz, A., M. Hortala, and P. S. Poole. 2018. “Absolute Quantitation of 
Microbiota Abundance in Environmental Samples.” Microbiome 6: 110.

Toto, F., M. Scanu, M. Gramegna, L. Putignani, and F. Del Chierico. 
2025. “Impact of DNA Extraction and 16S rRNA Gene Amplification 
Strategy on Microbiota Profiling of Faecal Samples.” International 
Journal of Molecular Sciences 26: 5226.

Turner, C. R., M. A. Barnes, C. C. Y. Xu, S. E. Jones, C. L. Jerde, and 
D. M. Lodge. 2014. “Particle Size Distribution and Optimal Capture 
of Aqueous Macrobial eDNA.” Methods in Ecology and Evolution 5: 
676–684.

Uyttendaele, M., R. Schukkink, B. van Gemen, and J. Debevere. 1996. 
“Influence of Bacterial Age and pH of Lysis Buffer on Type of Nucleic 
Acid Isolated.” Journal of Microbiological Methods 26: 133–138.

Vecherskii, M. V., T. A. Kuznetsova, D. R. Khayrullin, et  al. 2023. 
“Anthropogenic Neighborhood Impact on Bacterial and Fungal 
Communities in Polar Bear Feces.” Animals 13: 2067.

Vreeland, R. H., Y.-P. Sun, B.-B. Wang, J. Hou, and H.-L. Cui. 2023. 
“Halorubrum hochsteinianum sp. nov., an Ancient Haloarchaeon From 
a Natural Experiment.” Extremophiles 28: 1.

Wang, C., and H. Liu. 2022. “Factors Influencing Degradation Kinetics 
of mRNAs and Half-Lives of microRNAs, circRNAs, lncRNAs in Blood 
In Vitro Using Quantitative PCR.” Scientific Reports 12: 7259.

Wang, Y., C. Qu, H. Liao, W. Chen, and Q. Huang. 2024. “Decoding 
the Impact of Relic DNA on Soil Microbiomes: A New Soil Relic DNA 
Removal Method.” Soil Ecology Letters 7: 240263.

Weiß, C. L., V. J. Schuenemann, J. Devos, et  al. 2016. “Temporal 
Patterns of Damage and Decay Kinetics of DNA Retrieved From Plant 
Herbarium Specimens.” Royal Society Open Science 3: 160239.

Welsh, B. L., and R. Eisenhofer. 2024. “The Prevalence of Controls in 
Phyllosphere Microbiome Research: A Methodological Review.” New 
Phytologist 242: 23–29.

Wesolowska-Andersen, A., M. I. Bahl, V. Carvalho, et al. 2014. “Choice 
of Bacterial DNA Extraction Method From Fecal Material Influences 
Community Structure as Evaluated by Metagenomic Analysis.” 
Microbiome 2: 19.

Williams, K. E., K. P. Huyvaert, and A. J. Piaggio. 2017. “Clearing 
Muddied Waters: Capture of Environmental DNA From Turbid Waters.” 
PLoS One 12: e0179282.

Willner, D., J. Daly, D. Whiley, K. Grimwood, C. E. Wainwright, and 
P. Hugenholtz. 2012. “Comparison of DNA Extraction Methods for 

Microbial Community Profiling With an Application to Pediatric 
Bronchoalveolar Lavage Samples.” PLoS One 7: e34605.

Wu, G. D., J. D. Lewis, C. Hoffmann, et  al. 2010. “Sampling and 
Pyrosequencing Methods for Characterizing Bacterial Communities in 
the Human Gut Using 16S Sequence Tags.” BMC Microbiology 10: 206.

Xing, K., W. Lu, Q. Huang, et  al. 2024. “Soil eDNA Biomonitoring 
Reveals Changes in Multitrophic Biodiversity and Ecological Health of 
Agroecosystems.” Environmental Research 262: 119931.

Xu, X., A. Zhu, L. Bai, et al. 2025. “Separation and Detection of Gram-
Negative Bacteria via Vancomycin-Functionalized Magnetic Beads 
and Aminopeptidase Test Strips.” Frontiers in Bioengineering and 
Biotechnology 13: 1712799.

Yang, J., X. Wang, Y. Sun, et al. 2023. “Recent Advances in Colorimetric 
Sensors Based on Gold Nanoparticles for Pathogen Detection.” 
Biosensors 13: 29.

Yuan, J., W. Zhang, L. Dang, et  al. 2025. “Niallia tiangongensis sp. 
nov., Isolated From the China Space Station.” International Journal of 
Systematic and Evolutionary Microbiology 75: 006620.

Yuan, S., D. B. Cohen, J. Ravel, Z. Abdo, and L. J. Forney. 2012. 
“Evaluation of Methods for the Extraction and Purification of DNA 
From the Human Microbiome.” PLoS One 7: e33865.

Zhang, Y., M. Pavlovska, E. Stoica, et  al. 2020. “Holistic Pelagic 
Biodiversity Monitoring of the Black Sea via eDNA Metabarcoding 
Approach: From Bacteria to Marine Mammals.” Environment 
International 135: 105307.

Zhou, J., M. A. Bruns, and J. M. Tiedje. 1996. “DNA Recovery From 
Soils of Diverse Composition.” Applied and Environmental Microbiology 
62: 316–322.

 26374943, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.70276 by D

aniel B
row

ne - Jam
es C

ook U
niversity , W

iley O
nline L

ibrary on [11/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	The Great Microbiome Extraction Anomaly: How Extraction Bias Distorts Microbial Community Profiles
	ABSTRACT
	1   |   Introduction
	2   |   Evidence Supporting Species-Specific Protocol-Dependent Microbial Nucleic Acid Recovery
	3   |   The Great Microbiome Extraction Anomaly
	4   |   Analytical Controls as Essential Tools for Reliable Microbiome Data
	5   |   Overcoming the Bias of The Great Microbiome Extraction Anomaly
	6   |   Conclusions
	7   |   Methods
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


