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Abstract

Highly sensitive and non-invasive detection of macroorganisms using environmental nu-
cleic acids (eNA) has transformed biosecurity surveillance. However, the persistence of
legacy DNA compromises the spatiotemporal accuracy of environmental DNA (eDNA)-
based detection, leading to false indications of contemporary species presence. This review
critically evaluates emerging molecular approaches aimed at improving the temporal
resolution of eNA signals and distinguishing living organisms from historical residues.
We examine environmental RNA (eRNA), long-fragment eDNA (LFeDNA), propidium
monoazide (PMA) treatment, and organelle-to-nuclear DNA ratios as indicators of eDNA
age, assessing their principles, technical challenges, and practical potential. While eRNA
offers the strongest theoretical link to organism viability, its application is constrained by
rapid decay and stringent handling requirements. LFEeDNA presents a more practical alter-
native but requires careful assay design. PMA treatment has shown limited effectiveness in
excluding legacy DNA, whereas organelle-to-nuclear DNA ratios remain promising but
underexplored. We identify key research priorities needed to transition these approaches
from experimental studies to operational biosecurity tools. Addressing these gaps will
improve interpretation of eNA signals, enabling more accurate detection of living invasive
organisms and enhancing the reliability of biosecurity surveillance.

Keywords: environmental RNA; environmental DNA; quantitative PCR; biosecurity;
molecular surveillance

1. Introduction

Biological invasions pose growing pressure on agricultural production and natural
ecosystems, necessitating increased efforts in biosecurity and invasive species management.
The total cost of global biological invasions since 1960 has been estimated at USD 95.3 billion
for management and USD 1130.6 billion for damage [1]. Effective management of invasive
species depends on early detection and rapid response to disrupt the invasion curve [2].
Advanced monitoring technologies such as detection of environmental DNA (eDNA) and
environmental RNA (eRNA) are increasingly being investigated and applied to assist in
early detection of invasive species.

Environmental nucleic acids (eNA), including eDNA and eRNA, are residual genetic
materials shed by organisms and obtained directly from environmental samples. They

Environments 2026, 13, 281

https://doi.org/10.3390/environments13050281


https://crossmark.crossref.org/dialog?doi=10.3390/environments13050281&domain=pdf&date_stamp=2026-05-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/environments
https://www.mdpi.com
https://orcid.org/0000-0003-4468-1090
https://orcid.org/0000-0002-4445-4026
https://doi.org/10.3390/environments13050281

Environments 2026, 13, 281

2 of 15

can provide a range of demographic and ecological information about target species
within a given habitat [3]. eDNA sampling in conjunction with metabarcode or similar
broad assay sequencing approaches has long been used for detection and classification of
microorganisms [4] and has, over the past decade, been widely applied for macro-organism
surveillance, especially in aquatic environments for both biosecurity [3] and biodiversity
studies [5].

However, the use of eDNA differs fundamentally between biodiversity research and
biosecurity surveillance. In biodiversity and ecological studies, eDNA is commonly used
to characterise community composition, typically through «- and -diversity patterns.
Analytical outcomes in these contexts are therefore often dominated by taxa that contribute
the largest proportion of sequence reads, which are frequently interpreted as reflecting
relatively abundant species [6,7]. Sites yielding strong signals from threatened or ecolog-
ically important taxa are commonly prioritised, as these are assumed to indicate larger
populations [8]. Consequently, when trade-offs must be made, accuracy (i.e., minimising
false positives) is often favoured over sensitivity to support efficient resource allocation.

In contrast, biosecurity surveillance typically prioritises sensitivity, as the primary
objective is the early detection of rare, newly introduced non-indigenous species (NIS),
which may only leave trace genetic signatures in the environment. Any confirmed de-
tection, regardless of signal strength, can trigger management responses aimed at rapid
containment or eradication [9,10]. Accordingly, the ability to detect NIS at trace levels early
along the invasion curve is crucial for effective intervention [3].

The presence of legacy DNA can significantly confound the interpretation of eDNA
analyses, especially for biosecurity purposes. Legacy DNA is the residual DNA that
persists at a location after an organism has died or relocated. If detected during surveillance
sampling, legacy DNA can lead to a false positive alert of the contemporary presence of a
target organism that has long been extirpated from a specific area [11,12]. It can persist in
the environment for days after an organism is no longer present [13] and potentially for
months and years when the decaying remains of a deceased organism are present, under
favourable environmental conditions [14]. Legacy DNA can be transported by processes
in the environment and detected far from its original source [15]. To enhance biosecurity
surveillance of invasive macro-organisms, it is essential to differentiate between legacy
and contemporary eNA signals. This differentiation will enable accurate inference of the
presence of living organisms, thereby improving the evaluation of eradication initiatives
and preventing resource misallocation caused by false detections.

To minimise the impact of legacy DNA and improve the reliability of eNA analysis for
the detection of living organisms, researchers have explored several emerging approaches,
including the use of eRNA [16], long fragment eDNA (LFeDNA) [15], genomic ratios [17]
for estimating DNA age, and chemical treatments such as propidium monoazide (PMA) to
inhibit amplification of extracellular templates [18].

These approaches hold promise for improving the spatiotemporal resolution of eNA
detection. However, their capacity to overcome the confounding effects of legacy DNA
remains underexplored, particularly in the context of biosecurity applications. This review
examines the current state of these eNA-based methods, evaluates their effectiveness
in identifying living organisms, and assesses their potential for improving biosecurity
surveillance and invasive species management.

2. eRNA

As a spatiotemporally more precise approach, eRNA benefits from its lower persistence
in the environment compared with eDNA [19-23]. This characteristic of rapid decay
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minimises the legacy signals, allowing eRNA to serve as a reliable indicator of the recent
presence of living organisms (Table 1).

eRNA sampling and analyses have been used for over two decades to investigate
microorganism communities [24,25], but their application to macroorganisms is more
recent [26,27]. eRNA is present in the environment as free molecules, bound to proteins,
enclosed within extracellular vesicles, or contained within intact cells [16]. Although
eRNA can be obtained from all environments, aquatic systems offer unique advantages
for representative, replicable, and relatively homogenised sampling. The natural mixing
of water facilitates the dispersal of genetic material, making it easier to detect eRNA
from a broader area and reducing localised variability compared to more heterogeneous
environments such as soil or air [28-30].

eRNA workflows share many similarities with eDNA workflows, including sample
collection and filtration. However, due to RNA'’s inherent instability and rapid decay,
additional steps are required to incorporate RNA preservatives during sample collec-
tion and use of reverse transcription reactions following RNA extraction. Preservatives
like RNAlater [31,32] or RNA extraction buffers [33] are commonly used, especially in
samples from aquatic environments, while terrestrial applications remain underexplored.
The requirement of simultaneous RNA preservation during sample collection hinders the
application of long-term eNA sampling systems, such as the Big Spring Number Eight
dust sampler [34]. Primer selection for reverse transcription is also critical, with random
hexamers and specific primers generally preferred over oligo-dT primers due to the frag-
mented nature of environmental RNA [35]. Many of these aspects of eRNA application
and longevity have been reviewed previously [36,37]. Here, we focus on reported targeted
(i.e., species-specific) and non-targeted approaches for eRNA detection and their potential
to distinguish signals from live versus dead organisms, with implications for biosecurity.

2.1. Non-Targeted eRNA Research

The majority of eRNA research has adopted a non-targeted approach, such as metabar-
code sequencing, for biodiversity assessment [29,30]. It offers a much broader spectrum
of detection compared to approaches targeted to one or few selected organisms. eRNA
metabarcoding has been successfully used for the identification of microscopic-scale eu-
karyotes and bacteria [38—41]. This is not surprising, given that intact microorganisms
containing undegraded intracellular RNA can be readily obtained during sampling. In
contrast, RNA of macroorganisms released into the environment is generally subject to
rapid degradation due to the widespread presence of highly stable RNase.

Currently, eRNA metabarcoding of macroorganisms remains largely at the proof-
of-concept stage, with studies conducted either under controlled conditions or in the
field to evaluate its reliability for species detection. Among the limited number of eRNA
studies targeting meso- or macro-organisms, many were conducted in parallel with eDNA
metabarcoding efforts [29,33,42-45]. Interestingly, parallel eRNA and eDNA metabarcoding
surveys have frequently identified non-overlapping subsets of species, with some taxa
detected exclusively by eRNA and others detected only by eDNA [42,43]. This may reflect
the facility of using eRNA to only signal the presence of live organisms as opposed to legacy
DNA. Alternatively, it may reflect methodological differences between the assay of eRNA
and eDNA. For example, high expression levels of target transcripts, especially ribosomal
RNA (rRNA), and/or biases introduced during reverse transcription may enhance the
signal of some low-abundance species in eRNA analysis that remain undetected in eDNA
analysis. In some studies, the actual species present in the sampled environments were
unknown, making it impossible to determine whether the species detected by the eRNA
approaches were true or false positives [42,43].
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Table 1. Comparison of eNA-based approaches for enhancing spatiotemporal resolution in macro-organism surveillance. Comparisons are qualitative, as

performance metrics depend strongly on assay design, sequencing depth, and environmental context rather than being intrinsic properties of each approach.

. . Technical Suitability for N . A
Method Spatiotemporal Resolution Decay Rate Complexity Field Conditions Cost per Sample Key Limitations and Potential Applications
Weksatercrgansm emoval LoverSpaioemporroluon, el sued o
SFeDNA potentially up to several years if Slow Low well-established for field Low y ael 4
deceased targets persist [14] applications confirming recent presence or
demonstrating eradication.
Limited; challenges in rRNA sequences are highly conserved, limiting
Up to three days after organism sample preservation, species-level resolution and increasing the risk of
orRNA removal [23,46]; persistence in the Fast Medium storage, and transport; Low cross-reactivity with non-target taxa. Assays may
presence of deceased targets long-term autonomous also be affected by the presence of abundant and
remains uncertain sampling currently high-integrity microbial RNA in environmental
unavailable. samples (Supplementary Table S1).
Detectable up to 24 h after i‘;ﬁltlej; igsaéiir;%ieosnm
organism removal [23,46]; storf o pan d trans o,r " Provides very high spatiotemporal resolution, but
emRNA persistence in the presence of Fastest Medium lon —%ell'm autono 111)1 ouls Low transcripts are typically low in abundance and
deceased targets remains ¢ degrade rapidly compared with erRNA.
uncertain sampling currently
unavailable.
. . Offers a balance between spatiotemporal resolution
Moderate; similar collection X . r K
. and technical complexity, with improved species
Up to three days after organism Generally faster than and storage workflows to discrimination [47,48]. However, applications are
removal; persistence in the y SFeDNA, but maintaining L. A »app
LFeDNA SeDNA but slower Low - . Low limited by the availability of long-fragment reference
presence of deceased targets integrity of long fragments . (R .
. . than erRNA [46] ; sequences and incompatibility with short-read
remains uncertain can be challenging under . . -
- 2 sequencing platforms. Designing efficient targeted
ambient conditions ' .
assays remains challenging.
Effectiveness depends on complete suppression of
extracellular DNA, which has not yet been
Intracellular vs consistently demonstrated for macro-organisms in
PMA Uncertain extracellular eD"N A Under development uncertain Low complex environmental matrices [18,49]. Current
applications require substantial optimisation and
validation before reliable interpretation of results
is possible.
Provides unbiased sequencing data and may
Potentially suitable if correlate with biomass but typically requires higher
Mt:nu ratio Uncertain Mt vs. Nu eDNA High nanopore sequencing High sequencing depth compared with standard

pipelines are
well-developed

metabarcoding workflow, reducing throughput.
Applications are currently limited by incomplete
whole-genome reference databases.
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To address this issue, traditional field survey (TFS) has been incorporated into recent
studies [31,33,44,50]. When comparing eRNA surveillance data, TFS provides a form of
quality control to distinguish true positives from false positives and evaluate the perfor-
mance of eRNA metabarcoding (as well as eDNA metabarcoding). For example, sensitivity
is defined as the proportion of true positives detected relative to the number of positives
observed in TFS [51]. Interestingly, eRNA surveillance data rarely show complete agree-
ment with the results of TFS. In several reports, over 50% of the species recorded in TFS
were not detected by eRNA approaches [33,50], and in one study, the detection rate was
less than 10% [51]. Miyata, et al. [31] have reported 100% recovery of TFS fish species using
eRNA metabarcoding at one of their sampling sites. The contrasting outcomes across sites
highlight an important caveat: eRNA metabarcoding can achieve complete target recovery,
but only under specific environmental and methodological conditions. Promisingly, follow-
up research by Miyata, et al. [52] with more detailed TFS data suggested that an additional
eight species detected by eRNA metabarcoding were actually true positives but undetected
in the initial TFS [52]. Incorporation of these additional detections increased the positive
predictive value of eRNA metabarcoding from 43.6% to 57.7% [52]. This example high-
lights the potential benefit to be obtained from the procedure, where species detected by
eRNA metabarcoding in some cases may go overlooked during standard TFS. Conversely,
species recorded in TFS but undetected by eRNA metabarcoding in some cases may reflect
differences in the timing of organism presence relative to the sampling windows of the two
methods [33,50]. In these cases, it remains unclear whether these species were genuinely
absent at the time of eRNA sampling (i.e., true negatives) or present but not detected due
to limitations in non-targeted eRNA metabarcoding sensitivity (i.e., false negatives).

As discussed above, non-targeted eRNA research needs to address the issues of
low sensitivity and high false positive and false negative rates. High false positive rates
may result from a poor-quality reference database or low read count thresholds. This
complicates the interpretation of eRNA metabarcoding results, as positive detections of NIS
will require further validation, especially for biosecurity purposes. Too many false positives
will potentially lead to unnecessary management actions, misallocation of resources, and
erosion of stakeholder trust in biosecurity programmes.

Conversely, false negatives are typically a sensitivity issue. For example, eRNA
metabarcoding was less sensitive than digital PCR and failed to detect the presence of the
target species Sabella spallanzanii (Gmelin, 1791) [42]. While increasing sequencing depth
and reducing the read count threshold may improve metabarcoding sensitivity, this comes
at the cost of higher expenses and increased false positive detections. Increasing the number
of samples, sampling sites, and sampling events over time can also improve sensitivity but
is usually limited by available resources.

Overall, rather than immediately applying eRNA metabarcoding in real-world biose-
curity scenarios, eRNA metabarcoding deserves more rigorous evaluation using mock
communities, which is a common practice in eDNA metabarcoding research [53]. A wa-
terbody with a well-documented species inventory, for example, a commercial aquarium,
would be an ideal starting point to confirm the sensitivity and reliability of a non-targeted
eRNA approach for the detection of an organism’s living presence.

2.2. Targeted eRNA Research

Targeted eRNA research generally uses probe-based qPCR or digital PCR (dPCR)
approaches. Although detection is usually limited to one or few species due to constraints
of current detection platforms and the prerequisite development of specific assays for each
target taxon, targeted eRNA analysis offers greater sensitivity than metabarcoding [42].
This has already been widely reported in eDNA research [54,55]. In addition, false positives
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in qPCR or digital PCR-based targeted analysis can be ruled out much more easily using
negative controls, robust assay design and Sanger sequencing of the amplified products.
To date, targeted eRNA approaches have not been validated in field-based biosecurity
settings to demonstrate that a positive eRNA signal reliably indicates the presence of living
target organisms.

The first targeted eRNA research of macroorganisms was conducted on grass carp, where
only a trace amount of eRNA was detected using a generic 185 rRNA SYBR green assay,
while a specific cytochrome oxidase B (CytB) assay failed to detect any signal [26]. Subsequent
studies on fanworm, club tunicate [19], molluscs [56], and fish, including Darnio rerio (Hamil-
ton, 1822) [22,57-59], Plecoglossus altivelis (Temminck & Schlegel, 1846) [32,60], Oryzias latipes
(Temminck & Schlegel, 1846) [61], and Anguilla species [62], detected more abundant eRNA.
However, studies on the aquatic weed Hydrocharis laevigatum (Humb. & Bonpl. ex Willd.)
Heine, 1982 [63], and amphibians [28] only detected very limited or no eRNA signal.

The choice of genes to assay is critical to the success of eRNA detection. Species-
informative genes used in faunal studies typically include rRNA targets, mitochondrial
cytochrome c oxidase subunit I (COI) and cytB genes, while plant eRNA research has so
far been limited to chloroplast-encoded targets, with rpoB being the only gene tested to
date. Nuclear and mitochondrial rRNA genes have consistently yielded large quantities of
eRNA across various studies [56,58,60,62], whereas messenger RNA (mRNA) targets have
generally produced much lower and only marginally detectable signals [28,62—64]. The
only reported exception was in fanworm and club tunicate, where up to 27,192 copies/mL
of COI eRNA were detected [19]. Based on these results, researchers have concluded that
rRNA genes are more suitable eRNA targets than mRNA [56].

However, this conclusion should be interpreted with caution. rRNA genes are highly
conserved across taxa, meaning that assays targeting rRNA require rigorous validation to
ensure specificity before field application. In particular, some regions of rRNA genes are so
conserved that they closely match sequences from unexpected non-target microorganisms.
For example, many published rRNA assays show high similarity of primers and probes
to a wide range of bacterial taxa [23,46,58,60,62], some of which are highly abundant in
various environments (Supplementary Table S1).

Although individual non-target species may not contain all primer and probe binding
sites to generate a qPCR signal, abundant non-target DNA and cDNA, such as bacterial
sequences with high similarity, can still compete for primers and probes during PCR.
This competition can reduce amplification efficiency and compromise the reliability of
quantitative results. Therefore, when using rRNA sequences for targeted analysis, it is
critical to check for potential mismatches arising from co-occurring microorganisms in the
sampling environment.

As living microorganisms are inevitably collected during eRNA sampling, the highly
fragmented RNA from target macroorganisms will have to compete with high-quality RNA
from these microorganisms for primers and probes. Such impacts on assay performance
may go unnoticed during assay development and optimisation where synthetic DNA
is used. However, when the assay is applied to environmental samples, especially for
biosecurity purposes, low-abundance NIS RNA might become undetectable due to the
competition of highly abundant microbial RNA.

To reduce the risk of cross-reactivity and assay competition from abundant bacterial
rRNA, targeted eRNA surveillance could adopt multi-marker strategies, where detections
are supported by signals from more than one independent locus to increase confidence
and reduce single-marker artefacts. In practice, this may include supplementing rRNA
targets with additional markers that are less prone to bacterial cross-amplification, such
as eukaryote mitochondrial loci (e.g., COI, cytB) or other validated taxon-specific targets.
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In addition, selective reduction of bacterial rRNA (e.g., TRNA depletion prior to reverse
transcription) or blocking strategies during amplification (e.g., sequence-specific blocking
oligonucleotides or PNA clamps) may help improve macroorganism eRNA detectability in
microbe-rich environmental samples, although these approaches require further optimisa-
tion and validation. Any depletion or blocking approaches must be carefully designed and
empirically validated to avoid unintended suppression of the target organism signal.

Other than qPCR or dPCR, recombinase polymerase amplification (RPA) has recently
been used for eNA detection in fish species, such as common carp (Cyprinus carpio Linnaeus,
1758) and medaka (Oryzias latipes) [65]. The target sequences were amplified using RPA,
followed by CRISPR-Cas13 detection. Both RPA and Cas13 (or other Cas enzyme) reactions
are isothermal, making this method highly promising for field-based applications, without
the need for expensive laboratory equipment. Although the authors did not specifically test
this approach on eRNA, a similar workflow may be feasible, as enzymatic DNA removal,
reverse transcription, RPA, and Cas13 detection can all be performed isothermally at ~37 °C.
In principle, this could enable in-field processing and reduce or eliminate the need for RNA
stabilisation during transport and storage.

In summary, environmental mRNA (emRNA) is only detectable for a few hours after
the removal of the targeted organism [23,46]. While this short lifespan may support a
strong correlation between eRNA detection and the presence of living organisms, suc-
cessful emRNA detection has often required high target organism densities [28,62—64].
This raises questions about the practicality of emRNA detection in real-world biosecurity
scenarios, where visual detection or remote sensing may be sufficient when target species
are abundant. In contrast, environmental rRNA (erRNA) can persist up to three days under
laboratory conditions and is typically more abundant [23,46], making it a more promising
target for detecting low abundance NIS in biosecurity applications compared with emRNA.
However, assay development for erRNA requires careful validation to avoid cross-reactivity
with not only the closely related species but also with highly abundant non-target species
such as bacteria (Table 1). In addition, the persistence of macroorganism eRNA in substrates
such as biofilm [19] and sediment is poorly understood. It is also unclear how long eRNA
signals persist after organism death, particularly when carcasses or plant residues remain
in the environment. Understanding these dynamics is crucial for evaluating the success of
management interventions such as pesticide or herbicide applications.

3. Long Fragment eDNA (LFeDNA)

LFeDNA is an emerging research area in eDNA studies. Currently, there is no agreed
definition of “long fragment”, with reported sizes ranging from 400 bp to 3000 bp across
studies [15,18,46,66]. Like eRNA, LFeDNA decays faster than typical short-fragment eDNA
(SFeDNA, typically < 200 bp). This rapid decay provides better spatiotemporal resolution,
as confirmed in multiple studies [15,46,66]. Importantly, LFeDNA is more stable than
eRNA [46], making it easier to collect, store, extract and detect (Table 1).

3.1. LFeDNA Decay

Studies in marine systems consistently show that LFeDNA decays faster than
SFeDNA [46,66]. For example, Brandao-Dias, et al. [46] evaluated the degradation of
four mitochondrial DNA fragments (79, 146, 390, and 2746 bp) from the bottlenose dolphin
(Tursiops truncatus (Montagu, 1821)). The results demonstrated a clear inverse relationship
between fragment length and persistence: the longest fragment (2746 bp) fell below the de-
tection limit within three days, whereas the shortest fragment (79 bp) remained detectable
for over eight days following animal removal. The same study also compared the persis-
tence of eDNA with erRNA and emRNA, showing that both emRNA and erRNA had much
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higher decay rates compared with the 2746 bp LFeDNA fragment. Though unreported,
similar patterns in freshwater systems may be expected: LFeDNA likely degrades faster
than SFeDNA but slower than eRNA, as observed in marine systems.

3.2. Detection Approaches for LFeDNA

Research on LFeDNA often uses targeted detection approaches such as gPCR [15,66]
or dPCR [46]. For example, Jo, et al. [66] reported that LFeDNA (719 bp) outperformed
SFeDNA (127 bp) by reducing signals from carcasses and wastewater from upstream fish
markets, providing a more accurate reflection of fish biomass. Instead of relying solely on
LFeDNA concentration, the ratio of SFeDNA (126 bp) to LFeDNA (412 bp) has also been
used to infer the age of eDNA for Antarctica krill [15].

Non-targeted approaches like metabarcoding are less common for LFeDNA, mainly
because of the read-length limitations of short-read sequencing platforms. Bista et al. [48] used
full-length (658 bp) and short (235 bp) COI eDNA fragments to investigate Chironomidae species
diversity. LFeDNA detected fewer OTUs than SFeDNA but showed a significant correlation
with time in the initial analysis. However, due to low sequence coverage, the LFeDNA data did
not pass stringent filtering criteria and were excluded from the final metabarcoding dataset [48].
This highlights a key dilemma in metabarcoding of LFeDNA and other nucleic acid targets:
lowering sequence filtering thresholds boosts sensitivity for detecting low-copy sequence
variants from rare species, but it also increases the chance of including false variants. On the
other hand, stricter thresholds that eliminate low sequence copies for better accuracy may lead
to the exclusion of sequences from rare species. This trade-off between accuracy and sensitivity
is particularly problematic for biosecurity purposes, where there is often a greater need to
confidently detect rare exotic taxa during early stages of bio-invasion.

Long-read sequencing platforms like Oxford Nanopore are increasingly used for eDNA
studies, often as a cost-effective alternative to short-read metabarcoding [67-73]. LFeDNA
has only recently been investigated using nanopore sequencing through long-read metabar-
coding [47,74,75] and long-read shotgun sequencing [76-78]. Longer amplicons provide
more informative alleles and offer improved species-level resolution compared with shorter
amplicons [47,74]. Therefore, in some cases, LFEeDNA detects more species and produces
fewer false positives than SFeDNA—not because of higher sensitivity, but because longer
fragments enable more accurate species assignment to reference databases [47]. However,
LFeDNA detected fewer species in real environmental samples compared with the 170 bp
MiFish amplicon [47]. Similar sensitivity issues occurred in “catch water” (holding tank
water), where LFeDNA failed to detect low-abundance species detected by SFeDNA [74].

Another significant point is that these two LFeDNA studies had sampled from water
bodies (aquariums and catch water) where all species present were visually documented
during eDNA sampling [47,74]. This resolves the issue of using historical TFS data which
may not reflect real-time species composition. Therefore, these experiments enable a clear
indication of false negatives. Both studies failed to detect documented low-abundance
species, and the absences were attributed to the low sensitivity of the metabarcoding
analyses. Therefore, similar to eRNA metabarcoding, LFeDNA metabarcoding also needs
to address the sensitivity issue before being applied to the detection of low abundance
NIS in biosecurity applications. Interestingly, in a controlled aquarium study, Scomber
scombrus Linnaeus, 1758, a fish species used as feed, was observed at high coverage [47],
demonstrating that legacy DNA can remain detectable under certain conditions using
LFeDNA metabarcoding. This situation is similar to the scenario where NIS have been
managed with dead tissue remaining in the environment. Therefore, it is important to
conduct follow-up research on how long the LFeDNA signal persists after an organism has
deceased and during the decomposition process in the environment.
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In addition to the long-read metabarcoding, long-read shotgun sequencing has recently
been applied to macroorganism eDNA [76-79]. This metagenomic approach avoids PCR-
based target enrichment, speeding up workflows and eliminating amplification bias. The
eDNA of the species of interest is, therefore, quantifiable with a metagenomic approach [77].
Long-read shotgun sequencing has been successfully applied on nanopore platforms for
broad-spectrum species detection across water, air, sand, and soil samples [76-79]. It
was able to achieve similar species compositions compared with short-read shotgun se-
quencing [78]. Long-read shotgun sequencing also enables population genetics analysis,
extending eDNA research beyond species detection [76]. As the ratio between LFeDNA
and SFeDNA can indicate the age of eDNA [15], future work could calculate the quan-
tity and ratio of short and long sequences generated from long-read metagenomics to
determine the potential association between fragment-length profiles and the recent (live)
presence/absence of various species. However, long-read shotgun sequencing requires ex-
isting reference genomes for species identification, which is not always available, especially
for pest species. In addition, shotgun sequencing typically requires much greater total se-
quencing depth per sample than metabarcoding, resulting in lower sample throughput and
higher per-sample cost. If similar sequencing depth was applied, LFeDNA metabarcoding
might eventually achieve the desired sensitivity for rare NIS detection.

In summary, LFeDNA demonstrates better spatiotemporal precision than SFeDNA [66].
Targeted analysis has exhibited strong associations between LFeDNA quantity and recent
species presence [66]. However, it is worth pointing out that the LFeDNA qPCR assays
in these studies had very high efficiency and a low limit of detection (LOD), which is
difficult to achieve for long-amplicon qPCR. dPCR, which provides absolute quantification
without standard curves (therefore less reliant on amplification efficiency), may be more
suitable for LFeDNA detection. In addition, long-read metabarcoding and metagenomics
for eDNA are still in their infancy. LFeDNA metabarcoding typically faces sensitivity
issues for low-abundance species [47,48,74], compounded by strong sequencing biases [75].
Increasing sequencing depth can improve sensitivity but comes with extra cost. Long-read
metagenomics shows promise in species detection, with the ability to detect population-
level genetic diversity [78]. Further research is urged to build comprehensive reference
genomes, especially for pest species, to allow reliable species assignment for biosecurity
purposes. Further research should also explore using unbiased metagenomic data to model
LFeDNA /SFeDNA ratios as indicators of eDNA age, improving spatiotemporal resolution
in biosecurity monitoring.

4. Other Technology for Recent eDNA Signal Detection

Propidium monoazide (PMA) is a chemical that binds to dsDNA and prevents its
amplification during PCR [80]. If cells or organelles remain intact, their DNA is protected
by membranes from binding to PMA. Theoretically, this means that DNA from intact cells,
representing recently released material, can still be amplified, whereas older extracellular
DNA (e.g., free or particle-bound legacy DNA) will be bound and inhibited during PCR.
PMA has been widely used in bacterial and phytoplankton studies for selective analysis of
viable bacterial communities [80], accurate enumeration of live bacteria [81] and revealing
viable microbiomes [82]. However, PMA has rarely been applied to eNA detection of
macro-organisms [18,49]. Hirohara, et al. [18] tested PMA for Danio rerio eDNA and
found that while PMA significantly reduced signals from extracellular and disrupted cell-
derived DNA, it did not completely eliminate them. Similar inconclusive results were
reported for zebra mussels (Dreissena polymorpha (Pallas, 1771)), where PMA treatment
yielded inconsistent outcomes, including amplification in some treated samples while
corresponding untreated controls failed to amplify [49]. The activity of PMA is influenced
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by factors such as PMA concentration, photoactivation duration [83], sample turbidity,
ionic strength and pH [84]. Notably, even in bacterial systems, where PMA application is
relatively well established, studies have reported nonspecific inhibition of amplification
from live cells as well as incomplete suppression of amplification from dead cells [85-87].
Together, these observations indicate that substantial methodological uncertainty remains
and that further optimisation and validation are required before PMA can be reliably
applied in macro-organism biosecurity contexts (Table 1).

In addition to chemical treatments like PMA, the ratio of organellar DNA to nuclear
DNA, normalised for genome size, may serve as an indicator of eDNA age (Table 1).
McCauley, et al. [17] reported that mitochondrial (mt) DNA degrades faster than nuclear
(nu) DNA, causing the mt: nu ratio to decline over time. This trend was confirmed by
both unbiased shotgun sequencing and qPCR in human samples, where the ratio dropped
from over 5000 in tissue samples to negative (mt DNA not detected) in eDNA samples
not directly linked to a living organism. Similar patterns were observed in many other
eukaryotes—including fungi, plants, fish, and mammals—where mt: nu ratios were high in
tissue and decreased after DNA left the organism [17]. McCauley, et al. [17] hypothesised
that after release from the source organism, apoptotic pathways lead to degradation of the
mitochondrial membrane. Without the protection of the mitochondrial membrane, mtDNA
degrades faster than nuDNA. Thus, a high mt: nu ratio suggests recently released DNA,
whereas a low ratio indicates older, degraded material. Importantly, this phenomenon is
not only found in aquatic systems but is also observed in terrestrial systems such as air,
sand, soil, and ice [17], helping to address the longstanding aquatic bias in eNA research. To
apply this approach, further research should test whether mt: nu ratios can reliably predict
eDNA age under controlled conditions and develop regression models for the species of
interest. Such models could then guide field applications to estimate how long a target
species has been present in the environment.

5. Conclusions

Environmental nucleic acids (eNA) are powerful tools for early detection of invasive
species, but the persistence of legacy DNA remains a major challenge for achieving high
spatiotemporal accuracy in biosecurity surveillance. This review discussed some encourag-
ing eNA methods for distinguishing living and dead organisms, a critical requirement for
biosecurity applications.

Emerging approaches targeting eRNA and LFeDNA show strong potential to reduce
legacy DNA signals by targeting molecules that degrade rapidly or reflect cellular in-
tegrity. eRNA provides a strong theoretical link to living organisms and can even reveal
physiological states or life stages, yet its practical application is constrained by stringent
technical requirements, rapid-decay, and low abundance. In contrast, LFeDNA, as another
rapid decay molecule, is technically less demanding and closely linked with recent organ-
ism presence, but careful assay design is necessary to achieve sufficient assay efficiency.
Metabarcoding and metagenomic workflows for both molecules enable multi-species detec-
tion but require improved reference databases and strategies to address sensitivity issues.
Approaches such as PMA treatment and organelle-to-nuclear DNA ratios have also shown
potential for identifying fresher eDNA and estimating eDNA age, although both require fur-
ther optimisation and validation before they can be applied reliably in biosecurity contexts.
For high-priority biosecurity threats, integrating multiple eNA-based approaches with
TFS remains essential for increasing detection opportunities and confidence, validating
organism presence, and guiding effective management responses.

To advance methods from experimental studies to operational biosecurity applications,
further research could focus on:
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(1) Validating correlations between copy numbers of eRNA, LFeDNA, or other eNA
fragments purported to reflect living targets and organism viability under controlled
conditions that mimic real-world scenarios.

(2) Improving sensitivity and cost-efficiency of eRNA and LFeDNA metabarcoding,
including strategies to overcome amplification and sequencing biases. Sensitivity issues
are frequently reported for low-abundance species, which are often the primary targets in
biosecurity surveillance.

(3) Exploring LFeDNA /SFeDNA ratios and organelle-to-nuclear DNA ratios under
controlled mesocosm experiments to establish the regression models linking these ratios
with environmental conditions and time.

(4) Investigating the application of these tools in terrestrial environments, where
biosecurity risks are equally important but remain much less explored using eNA tech-
nology. This will require addressing unique challenges such as heterogeneous substrates,
lower nucleic acid concentrations, and the absence of standardised sampling protocols, as
highlighted in previous reviews [3].

(5) Expanding reference sequence databases, especially for curated specimens, to
support reliable species-level assignment in metabarcoding and metagenomic workflows
and reduce misidentifications and false positives. This later analytical requirement is, of
course, common to all species identification activities that involve or rely on species-specific
DNA sequence targets.
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