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Abstract: Environmental DNA (eDNA) is short DNA fragments left behind by organisms into the
nonliving elements of environment and have become a foremost tool of life and environmental
sciences to develop models for future, detect current level of ecosystems, get info from past
situations since 1980’s. The early use of eDNA to detect microorganisms in water, sediment and
soil followed by macroorganisms detection in seas and freshwater in the beginning of the 21
centuary. Today it is possible to detect non-living pollutants in various environments. eDNA
barcoding and metabarcoding has opened new horizons. Combining traditional methods or newest
ones such as environmental RNA and using apps on site, modelling approach, and new generation
sequencing and bioenformatics enabled getting more preciese results. eDNA has been used in plant
sciences and agriculture but its use in weed science is not common. Introducing eDNA with other
related innovations into weed science and invasive alien plants strategies to detect alien
introductions and current soil seed bank can make ecological approach more applicable.
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INTRODUCTION

Humanity faces unprecedented challenges in protecting the environment, sustaining
ecosystems, and preserving life amid climate change, biodiversity loss, population growth,
and resource exploitation issues largely stemming from the industrialization era.
Agriculture both contributes to and suffers from these problems: it must produce sufficient
food and resources at affordable costs while ensuring safety for producers and consumers.
Consequently, agronomists and farmers should prioritize reducing synthetic
agrochemicals, fossil fuel use, soil disturbance, and irrigation, alongside conserving
biodiversity. However, weed control has become increasingly reliant on chemicals.

Frequent use of herbicides, especially in developed countries from mid-1990’s led to side
effects on the environment and non-target organisms, followed by herbicide resistance
issues toward 20™ century's end. This shift prompted a focus on ecological approaches and
integrated weed management (Forcella et al., 1993; Jones and Medd, 2000). Understanding
weed seed banks, including seed longevity, has been central to ecological research mainly
on annual weeds (Uremis et al., 2003; Schwartz-Lazaro and Copes, 2019; Sikuljak et al.,
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2024; Asav et al., 2025). Seed bank studies extend beyond agricultural weeds to forest
weeds, pasture weeds, invasive alien plants, wildlife relationships, and habitat dynamics
(Mahé et al., 2021; Warrier and Kunhikannan, 2022; Fabsic¢ova et al., 2024; Kushbokov et
al., 2025). Extending seed bank analysis to natural and semi-natural areas reveals
methodological challenges, such as time consumption and the need for deep botanical
knowledge, necessitating novel methods like environmental DNA (eDNA) (Mahé et al.,
2021; Kestel et al., 2022). This review summarizes eDNA applications for detecting weeds
and plants across environments and highlights recent advances beyond eDNA.

Brief History of eDNA

eDNA refers to short DNA fragments left behind by organisms into the nonliving elements
of environment detectable in soil, air, freshwater, seawater, mud, silt, ice, feces, and
permafrost. It comprises DNA from diverse organisms in a given area. However, DNA
extracted from isolated microorganisms from environment does not qualify as eDNA
(Bohmann et al., 2014).

Although the term "environmental DNA" was first used by Lakay et al. (2007), nucleic acid
studies in organic soils date back to 1913 (Ogram, 1988; Banerjee et al., 2022). Early
research focused on microbial DNA extraction methods (Catlin, 1956; Torsvik, 1980;
Ogram et al., 1987). Detecting Escherichia coli in water samples marked as one of the early
eDNA applications followed by soil and estuarine studies (Echeverria et al., 1982;
Nannipieri et al., 1986; Paul et al., 1988). In the early 1990s, eDNA identified microbes in
marine sediments and phytoplankton in saline water, often termed "DNA particles" (Rishan
et al., 2023).

DNA-DNA colony hybridization advanced quantification of anabolic and catabolic
plasmids, and monitoring of recombinant DNA in environments (Sayler et al., 1985).
Detection of aquatic invasive species by using eDNA by Ficetola et al. (2008) was a
pioneering work for macroorganism detection (Banerjee et al., 2022). So far, eDNA has
been used in many different environments from sea to air, from soil to freshwater to detect
macrorganisms for varying aims from species detection to trophic relations, to find out
current situation to get information about past, which can be seen in several reviews
(Pedersen et al., 2015; Banerjee et al., 2022; Rishan et al., 2023). Species-specific eDNA
assays have detected invasive aquatic plants like Limnobium laevigatum (Zhu et al., 2024).

eDNA applications include wildlife forensics, low-density population detection, invasive
species monitoring, biodiversity assessment, population dynamics, community structures,
ecosystem health, trophic interactions, and historical distributions (Willerslev et al., 2003;
Diaz-Ferguson and Moyer, 2014). Beyond these environmental uses of eDNA, it has been
used in agriculture sector because agriculture has very large diversity at microorganism and
macroorganism levels which many mutualistic and antagonistic species are interconnected
with the cultivation of crops and livestock (Kestel et al., 2022). eDNA can be used to
identify pests (insects, pathogens other pests), to get information on ecosystem health (soil,
microbes and pollinator diversity), and to decide management practices such as fertilizer
and pesticide applications (Kestel et al., 2022).
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Despite studies on crop pests and diseases, weed research (including environmental weeds)
remains limited. Plant eDNA from mud, soil, or sediment approximates seed bank studies,
though samples may include remains beyond seeds, organic matter, or extracellular DNA
bound to particles (Foucher et al., 2020). Crop DNA persisted up to eight years post-
cultivation, peaking in the first three (Yoccoz et al., 2012; Foucher et al., 2020). Grapevine
eDNA lingered 65 years post-cultivation, which shows woody plant parts stay longer. Some
species (e.g., mustard, rape) are indistinguishable, while dominant weeds like bindweed,
knotweed, and ryegrass were prevalent (Foucher et al., 2020). These findings suggest
eDNA's potential for weed science: early warning, decision support, herbicide resistance
detection so on.

Pros and Cons of eDNA

eDNA's power is evident across life and environmental sciences, yet it is underutilized in
agriculture, especially weed science possibly due to protocol gaps or methodological
issues. For instance, post-Cabomba eradication, eDNA could not distinguish viable from
dead plants, indicating persistence years after death (Collins et al., 2022).

Strengths (adapted from Matsuhashi, 2016; Kestel et al., 2022; Vasar et al., 2023; Rishan
et al., 2024; Martins et al., 2025):
Detects specific organisms and assemblages in substrates from soil to air.
Monitors beneficial/harmful organisms in food systems.
In silico, in vitro, in vivo approaches mitigate limitations.
Complements traditional methods for improved agricultural monitoring.
Metabarcoding is simple, cost-effective, sensitive, scalable, avoiding microscopy.
e Minimally destructive (small environmental samples).
Weaknesses (from Banerjee et al., 2022, 2024; Hernandez Martinez de la Riva et al.,
2025):
e Poor understanding of eDNA ecology/interactions.
Degradation in environment and false positives/negatives.
Quantification challenges.
Lack of standardized protocols (especially for plants), practitioner adoption.
Need for reference databases, group-specific primers.
Bioinformatics pipeline improvements.
High-throughput instrument availability.

Beyond eDNA

DNA barcoding/metabarcoding uses degraded environmental DNA for high-throughput
taxa identification via short fragments, enabling large-scale biodiversity studies (Yoccoz et
al., 2012; Espinosa Prieto et al., 2023). Universal markers (chloroplast rbcL, trnH-psbA,
matK; nuclear ITS etc.) standardize approaches and ITS within the nucleus led to universal
barcoding system, which made use of DNA barcoding and metabarcoding (Kress, 2017).
Sequencing the chloroplast trnL P6 loop from 325 global soil samples advanced vegetation
metabarcoding (Vasar et al., 2023). Consistent markers/primers will build libraries for
comparable results and ITS within the nucleus led to universal barcoding system, which
made use of DNA barcoding and metabarcoding (Espinosa Prieto et al., 2024, 2025).
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Not only improving barcoding and metabarcoding methods, but also some other studies
have been conducted to use eDNA efficiently. For instance, different PCR methods have
been developped to provide rapid preciese on-site eDNA detection for fish and suggested
to be used in varying taxa and environmnets including terrestreial ones (Doi et al., 2021;
Wei et al., 2024). As mentioned above, eDNA has some drawbacks compared to classical
methods as well as viceversa is true as it has been mentioned in the literature related to
plant biomonitoring (Banerjee et al., 2022). Coupling eDNA use with classical monitoring
methods improved mostly plant biomonitoring as well as other taxa (Johnson et al., 2021;
Pont et al., 2022; Martins et al., 2025).

Environmental RNA (eRNA) has gained atraction, building on early microbial RNA work
that had focused on microbial RNA and use of RNA in evolution studies (Nannipieri et al.,
1986; Olsen et al.,, 1986; Kagzi et al., 2023). eRNA outperforms eDNA for
pollution/ecotoxicology (e.g., microplastics, metals) studies (Greco et al., 2022; Giroux et
al., 2023). eRNA suits vertebrates; eDNA, invertebrates although the research question
might determine methods selection (Macher et al., 2024). In ponds, eDNA detected higher
biodiversity (plants, algae, fungi) than eRNA (Janik-Superson et al., 2025), though results
vary (Miyata et al., 2022). Plant eRNA lags other taxa. eRNA degrades faster, originates
from living organisms (unlike eDNA from live/dead) (Deiner et al., 2021; Ahi and
Schenekar, 2025), but it can be better to detect the recent elements of soil seed bank.

Concluding Remarks

Seed bank analysis is vital for weed management and modeling, but traditional methods
are labor-intensive. eDNA offers new avenues for seed bank estimation and weed
management. Its use in life/environmental sciences has grown since the 1980s, though
bryophytes, pteridophytes, and gymnosperms need more studies (Banerjee et al., 2022).
Applications now include pollution assessment, especially estimation of nonliving things.
In addition, eDNA techniques have been used in plant science and crop production but not
much studies related to weed science and invasive alien plants.

Integrating eDNA with traditional methods and/or eRNA methods improves accuracy.
Regional biases (e.g., understudied tropics) must be addressed (Banerjee et al., 2022).
Technique/gadget advances are needed (Vasar et al.,, 2023). Metabarcoding and
bioinformatic strategies require focus (Abdelfattah et al., 2018).

Future priorities: global plant eDNA libraries, genomic sequencing, hybrid techniques, big
data. Complementary technologies (sequencing, apps, modeling) enable precision,
automation, scalability (Clement et al., 2025; Javed et al., 2025).
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