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Environmental DNA (eDNA) analysis enables non-invasive detection of aquatic species, but no established
framework integrates eDNA best practices with forensic validation standards. The critically endangered fresh-
water pearl mussel (Margaritifera margaritifera) exemplifies the need for forensically validated eDNA assays as
traditional survey methods are invasive and time-consuming. This research provides a framework that bridges
both ecological monitoring standards and forensic legal admissibility requirements in wildlife crime in-
vestigations. Here we describe the validation of a multiplex quantitative PCR (qPCR) assay targeting the mito-
chondrial cytochrome c oxidase subunit I (COI) gene, using the highest forensic standards and eDNA best
practice. In silico and in vitro testing confirmed species specificity, with alignment against reference sequences
showing 100% identity. The multiplex assay LOD and LOQ were calculated at 2.5 and 3.14 copies/uL respec-
tively, determined by the performance of the short fragment. The assay demonstrated robust repeatability (R?,
0.986-1.000), precision (coefficient of variation, 6-28%), and accuracy (recovery, 62-137%), meeting forensic
thresholds. Field validation detected a previously undetected Welsh population through intelligence-led sam-
pling, while blind proficiency testing in the Lake District achieved 95.8-100% detection rates across juvenile
release sites and successfully detected distribution patterns later confirmed by stakeholders. We establish the first
forensic eDNA validation of a protected species, providing a transferable methodology for conservation, regu-
latory enforcement, and wildlife crime investigations, ready for deployment in an operational environment. We
believe that this integrated approach can be transferred to similar forensic and conservation scenarios across a
broad range of species and geographical contexts.

1. Introduction

Freshwater pearl mussels, Margaritifera margaritifera, are bivalve
molluscs that live in clean, fast-flowing freshwater streams and rivers.
The protection of M. margaritifera is critical, both to conserve the species
themselves and to maintain the freshwater river environments on which
they and other species depend [1]. The species is listed as endangered on
the International Union for Conservation of Nature (IUCN)’s Red List
[2], and is protected in the European Union [3] and the United Kingdom
under The Wildlife and Countryside Act 1981 [4], where they have been a
priority for the National Wildlife Crime Unit since 2018 [5]. Despite this
legal protection, populations face persistent threats from river

engineering, pollution, poaching, and other deliberate illegal activities
[6], necessitating tools capable of supporting both wildlife crime in-
vestigations and conservation management.

To protect M. margaritifera and prosecute any crimes relating to their
disturbance, their presence at sites of disturbance must be confirmed.
Traditional sampling methods to detect M. margaritifera include manu-
ally surveying the riverbed using a bathyscope, snorkelling, or SCUBA
diving [7]. Traditional surveys also require a protected species licence,
limiting the pool of practitioners available to support investigations,
whereas eDNA sampling can be conducted by non-specialists following
standard protocols. However, these methods are dependent on practi-
tioner experience, may cause disturbance, and are challenging in turbid
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waters [8,9]. Furthermore, M. margaritifera burrow into benthic sub- < -
strates and, while adults tend to remain partially visible, juvenile pop- E S
ulations are fully buried, rendering them visually undetectable [7]. ° g s
Low-density and cryptic populations may be missed, while surveyors § 8 222222222 5
also face safety risks in fast-flowing or deep water. These limitations g SlggIsaczzag
emphasise a need for non-invasive, sensitive detection methods that can k=
inform both conservation decision-making and evidential casework. ‘E
Environmental DNA (eDNA) analysis offers a non-invasive, specific, =
sensitive approach for detecting aquatic species through genetic mate- E)
rial shed into the environment [10-12]. Quantitative PCR (qPCR) E
methods provide accessible, sensitive, cost-effective tools for 2 .
species-specific detection [13], with extensive applications in aquatic - T
conservation monitoring [14-17]. eDNA validation guidelines [18,19] § g
outline rigorous method development but focus primarily on ecological E’ g
monitoring rather than legal admissibility. Forensic validation guide- 2 &
lines, such as those provided by the Scientific Working Group on DNA -% g
Analysis Methods (SWGDAM) in North America [20] and the European E S
Network of Forensic Science Institutes (ENFSI) [21], provide frame- § 2
works for court-admissible evidence but lack protocols specific to eDNA S >
analysis. This creates a validation gap: no established framework bridges 5 E
both eDNA and the forensic standards required for wildlife crime pros- & 2
ecution. While forensically validated DNA extraction kits [22] and S g
capture method optimisation for human eDNA [23] support ‘g 5
pre-analytical aspects of forensic eDNA work, species-specific qPCR as- o E
says require development and forensic validation to support potential }E 3]
admissibility in criminal proceedings. é %
Multiplex qPCR assays targeting different eDNA fragment lengths g g
provide complementary information for forensic applications. Short g S
fragments are hypothesised to maximise detection sensitivity through _5 E
extended environmental persistence, while long fragments may offer g 9
improved spatial resolution for source localisation due to faster degra- a E
dation [24-28]. This study therefore aimed to validate a multiplex gPCR 'co, 5
assay for M. margaritifera, incorporating three amplification targets: a ?, g
long fragment (180 bp), a short fragment (83 bp), and an internal pos- g = = E
itive control (IPC) for inhibition detection. The approach integrated E 2 _ %%
forensic standards [20] with qPCR and eDNA best practices [18,19,29, & a3 -3
30]. Objectives were to 1) assess specificity, sensitivity, repeatability, o0 2 i & §
standard consistency across tissue sources, robustness, and inhibition % . o 4 E’ 3
tolerance; 2) evaluate operational capability through directed field E [ 3 % é SI 5 é
testing and blind proficiency testing; and 3) establish a transferable g g E ™ e §;‘? 2 § 2
framework for forensic eDNA validation of protected species to support = E S & é § S s E 2 ¢
wildlife crime investigation and conservation management. iéo g % E é g E % é § é =
& P<OCEY0OFEER|§
2. Methods ; §§gé§§§%§§ g
2 SECRCR: SSQ8E|©
2.1. Assay development ; E § § § § § E g § S|
5 < OOPESSOS)| 9
T |g|EgEEousanglt
2.1.1. qPCR assay development S . § UE8S Eg 32 Q% é
An optimised qPCR assay was developed with each reaction con- g % § ; z : z SE z z % w8
taining 1 x TagPath™ ProAmp™ Multiplex Master Mix (Thermo Fisher S 8 g
Scientific, Waltham, MA, USA), oligonucleotides as described in Table 1, 2 % 51
and 4 pL of DNA (or nuclease-free water as a no-template control (NTC)) E, ‘E cé
in a 20 pL reaction. The primers amplified 83 bp (short) and 180 bp =8 g
(long) fragments of the M. margaritifera mitochondrial COI region [31], 8 g E
and the IPC template. Primers and probes were designed using National ez 2
Centre for Biotechnology Information (NCBI) tools [32] or taken from § ‘% Sy E 5 - E 3
existing literature [33,34]. f 8 § EEEE é -&: EE -&: g E
Amplification was performed on a Rotor-Gene Q thermocycler e R e e e N ]
(Qiagen, Hilden, Germany) with an initial activation step of 95 °C for =S 5
10 min, followed by 50 cycles of 90 °C denaturation for 15 s and ?y% £ E
annealing/extension at 60 °C for 60 s. The data were then processed in > 5 g
Q-Rex software, with the quantification cycle (Cq), which reflects the .é: ﬁ E
position of the amplification curve relative to the cycle number [35], § E é
determined using thresholds set at 0.01 for the short fragment, 0.008 for — § S5l e S &
the long fragment, and 0.035 for the IPC to maintain consistency be- % 5 §° § Eenean Y2990
tween different runs. €57 gl Bkl alata 2
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2.1.2. Generation of qPCR DNA standards

DNA was extracted from three approximately 25 mg tissue samples
of M. margaritifera sourced from a licensed hatchery using a QIAgen
Blood & Tissue Kit (QIAgen, Hilden, Germany). These extracts were used
to amplify a 427 bp fragment of the M. margaritifera COI gene containing
both the short and long target fragments of the multiplex assay. Each
reaction consisted of 1 x MyFi reaction mix (Meridian Bioscience,
Cincinnati, OH, USA), 20 mM SF primer, 20 mM LR primer, 2 uL. DNA,
and nuclease-free H,O up to 20 uL per reaction, alongside a negative
control. PCR conditions were optimised to 95°C for 3 min; 35 cycles of
95°C for 30 s, 60°C for 30 s, and 72°C for 30 s, followed by 72°C for
10 min. PCR products were run on a TapeStation 4200 (Agilent Tech-
nologies, Santa Clara, CA, USA) and quantified using a Qubit 4 Fluo-
rometer (Thermo Fisher Scientific). Amplified product was normalised
to 10,000 copies/uL prior to use as the amplicon standard in qPCR.
Tissue-derived DNA standards (normalised to 10 ng/pL, providing
concentrations in pg/uL) were used for the earlier Welsh case study,
which preceded development of the amplicon standard. Throughout,
eDNA concentrations reported in copies/uL were quantified against the
amplicon standard, while those reported in pg/uL were quantified
against the tissue-derived DNA standard.

2.2. Assay validation

2.2.1. Analytical performance

Repeatability was evaluated using seven independent standard
curves from separate qPCR runs. Inter-operator repeatability was
assessed by comparing standard curves generated by two independent
operators using identical assay protocols and standard concentrations
(10%-10° copies/uL). Tissue standard consistency was assessed by
generating a separate amplicon standard from each of three tissue ex-
tracts (I6, I8, I10) and comparing their standard curves within a single
run. Robustness was tested by varying primer concentrations by +10%
and £20% from optimised levels. All standard curves used four con-
centrations (10% to 10° copies/uL) in duplicate with NTCs. Internal
positive control (IPC) performance was monitored with ACq < 2.0
indicating acceptable performance.

Laboratory validation standard curves used four concentrations (10>
to 10° copies/uL) with NTCs. These standard curves were used to char-
acterise repeatability, tissue standard consistency, and robustness. The
limit of detection (LOD) and limit of quantification (LOQ) were deter-
mined using dose-response modelling following Klymus et al. [19].
Eleven DNA standards ranging from 0.0016 to 5000 copies/uL. were
tested in quadruplicate with four NTCs. LOD was calculated at 95%
detection probability (automatic model selection) and LOQ at CV < 35%
(exponential decay model) using R (v4.5.1).

2.2.2. Inhibition

Inhibition tolerance was assessed using three dissolved organic car-
bon (DOC) environmental inhibitors common in British freshwater
systems: humic acid, fulvic acid, and tannic acid [36]. Inhibitor con-
centration selection was based on environmental monitoring data from
Natural Resources Wales (n = 2490 measurements; 2020-2025). Test
concentrations ranged from environmentally realistic levels (5 mg/L) to
extreme stress conditions (500 mg/L) for each inhibitor, to define
operational thresholds. Working stocks of 5, 50, 100, and 500 mg/L
were prepared in nuclease-free water from 1000 mg/L master stocks.
Reactions (20 pL) contained 16 uL mastermix, 2 pL template DNA (10,
000 copies total input), and 2 pL inhibitor working stock (n = 3 per
concentration per inhibitor). Positive template controls (PTCs) con-
tained template DNA without inhibitor. Internal positive control (IPC)
performance was monitored in all reactions. Inhibition was defined as
ACq > 3 relative to PTC [29].

2.2.3. Specificity
The specificity of the primers and probes used in the study was
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analysed by downloading voucher sequences from the NCBI database
[37] of M. margaritifera and other co-occurring or genetically similar
species. The sequences were aligned in silico using MUSCLE [38] in
MEGA12 [39]. BLAST searches [37,40] were also conducted against
bacterial genomes to predict cross-reactivity. Potential primer binding
was characterised as less than 10% of mismatches overall and 100%
homology of the last four 3’ bases [41]. Probe binding was assessed by
the overall homology as binding (100% homology), unlikely binding
(>90%), or no binding (<90%). EcoPCR [42] analysis was performed
using a COI database that included both the broad COI/mitochondrial
reference records and M. margaritifera target records. Mismatch
thresholds from 0 to 5 were used to assess target recovery and off-target
behaviour for in silico PCR against the database. Candidate ecoPCR
amplicons were then screened for exact matches to the corresponding
internal hydrolysis probe.

Tissue samples of quagga mussel, Dreissena bugensis, and zebra
mussel, Dreissena polymorpha, were obtained from the University of Hull
for in vitro testing, being the only co-occurring UK freshwater bivalve
species for which tissue samples were obtainable. DNA was extracted
using the DNeasy® Blood & Tissue Kit (Qiagen), quantified on a Qubit 4
Fluorometer (Thermo Fisher Scientific), and 1 ng/uL of each extract
undergoing qPCR triplicate to check for non-target species amplifica-
tion. This concentration represents a conservative upper boundary for
eDNA in freshwater systems where concentrations are inherently low.

2.3. Case-type samples

2.3.1. Sample collection

Two field validation case studies were conducted: a Welsh river
system sampled in September 2024, and a Lake District river system
sampled in August 2025. Sample collection timing was determined by
field access and logistical constraints rather than a targeted seasonal
design. Exact sampling locations are withheld due to the legal protection
status of M. margaritifera and the risk of disclosing sensitive population
locations. The Welsh system supports a recruiting M. margaritifera
population of ~150 adults, confirmed by traditional surveying methods.
Six sampling sites were positioned along a 7.8-km transect encompass-
ing locations upstream and downstream of the known population to
capture spatial eDNA dynamics. The multiplex assay was applied to
validate detection of this population identified through prior physical
surveillance. The Lake District system supports ~300 adults and has
been subject to juvenile releases. West Cumbria Rivers Trust provided
eight sampling sites along an 8.65-km transect as a blind validation test
to assess the multiplex assay’s field detection capabilities without prior
knowledge by the authors of mussel distribution patterns. At both lo-
cations, bankside samples were collected in triplicate at each site using
two-litre water bottles [24]. Bottles were rinsed three times with river
water by inversion before collection, then submerged facing upstream
until filled. Samples were stored in opaque bags to minimise UV expo-
sure and transported for laboratory filtration within 24 h [43].

2.3.2. Filtration and extraction

The water samples were all filtered in the laboratory. The water was
filtered using a Millipore EZ-Fit® Base3 manifold base and EZ-Stream1®
vacuum pump (Millipore, Merck KGaA, Darmstadt, Germany) through
Nalgene™ Single Use Analytical Filter Funnels (Thermo Fisher Scienti-
fic) with a volume of 250 mL and a 0.45 um cellulose nitrate membrane.
The filters from each replicate site were then removed from the filter
cups and stored at —20°C in 50-mL universal tubes before DNA extrac-
tion. Filtration controls were run alongside by filtering 1 L of bottled
water of the same brand purchased from the same shop at the same time
as the bottles used to collect the water samples.

Filtration of each 1 L replicate sample required two 0.45 um cellulose
nitrate membrane filters. Both filters from each replicate were cut and
placed into a single 2 mL extraction tube, and extracted using the swab
protocol from the DNA Investigator Kit (Qiagen), following the
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manufacturer’s protocol for a cotton swab, and eluted in 30 pL Buffer
ATE. Samples were stored at —20°C until qPCR analysis (2.1.1).

2.4. Statistical analyses

Standard curve data were analysed using linear regression to deter-
mine R? values, slopes, and intercepts. One-way analysis of variance
(ANOVA) was performed to determine if there was a significant differ-
ence between standard curves across different runs (repeatability),
biological replicates (reproducibility), and primer concentration varia-
tions (robustness). Effect sizes were calculated using eta squared (n?),
with thresholds of 0.01 (small), 0.06 (medium), and 0.14 (large) [44].
Statistical significance was defined as p < 0.05. Precision was assessed
using coefficient of variation (CV), calculated as (standard deviation /
mean) x 100. Accuracy was evaluated through recovery percentages,
calculated as (observed concentration / expected concentration) x 100.
Tissue standard consistency was also assessed by Bland-Altman analysis
[45].

Inhibition was quantified using ACq values relative to positive
template controls (PTCs), with ACq > 3 defined as the inhibition
threshold [29]. Internal positive control (IPC) performance was moni-
tored throughout, with ACq < 2.0 considered acceptable.

For case study data, eDNA concentrations were logio-transformed
after adding a small constant (0.001), a standard approach for accom-
modating zero values in right-skewed concentration data prior to sta-
tistical analysis. This value was selected to be small relative to the
overall range of observed concentrations. For the Lake District case
study, the standard curve was extended to include a 10 copies/uL point
(10-10° copies/uL), informed by LOD/LOQ sensitivity characterisation.
Following eDNA best practices [46], all detections were retained in
datasets regardless of concentration, with non-detections reported as
true negatives, values below LOQ flagged for reduced precision, and
values below LOD interpreted as positive detections with increased
uncertainty. Statistical analyses were performed in Python (v3.11; scipy
v1.11, numpy v1.24, pandas v2.0) with visualisation using matplotlib
(v3.7) and seaborn (v0.12).
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3. Results
3.1. Repeatability

The seven standard curves, generated from serial dilutions of the
amplicon standard, demonstrated consistent performance. Internal
positive control (IPC) ACq values ranged from —1.08 to 0.94 (overall
mean + SD: 33.48 + 0.49 Cq, n = 56), all within the ACq < 2.0
threshold.

Linear regression analysis (Fig. 1) showed R? values of 0.986-1.000
(mean + SD: 0.997 + 0.005) for the long fragment (180 bp) and
0.989-1.000 (mean + SD: 0.998 + 0.004) for the short fragment
(83 bp). Slopes ranged from -3.358 to —3.753 (mean + SD:
—3.605 + 0.131) for the long fragment and —3.325 to —3.696 (mean +
SD: —3.542 + 0.134) for the short fragment. ANOVA detected no sig-
nificant differences in intercepts or slopes between runs for either
fragment (all p > 0.05, n> = 0.09-0.17). A precision and accuracy
assessment showed coefficient of variation (CV) values ranging from 6.2
to 26.0% for the short fragment and 5.5-28.1% for the long fragment,
with quantification accuracy percentages between 62-137% (Table 2).

Table 2
Precision and accuracy metrics for the multiplex assay. CV represents coefficient
of variation.

Run  SHORT FRAGMENT LONG FRAGMENT

Quantification accuracy Ccv Quantification accuracy =~ CV

(% range) (%) (% range) (%)
1 92.7-115.3 7.8 86.0-113.9 8.3
2 87.6-115.3 9.3 92.0-109.4 5.5
3 62.0-137.7 26.0 58.2-136.0 28.1
4 84.8-114.7 11.1 76.3-117.5 125
5 86.5-109.8 8.7 87.5-129.1 14.2
6 78.3-115.0 12.1 70.8-126.9 18.6
7 93.2-109.4 6.2 83.2-121.9 13.5

Standard curve R? values were comparable between operators (Operator 1: short
fragment 0.990-0.999, long fragment 0.988-0.999; Operator 2: short fragment
0.990-0.995, long fragment 0.989-0.994), demonstrating inter-operator
repeatability of assay performance.

3 Short Fragment (83 bp)
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Fig. 1. Repeatability of the M. margaritifera multiplex qPCR assay across different runs. Standard curves for (A) long fragment (180 bp) and (B) short fragment
(83 bp) from seven independent technical replicates. Each coloured line represents one complete standard curve run across four concentrations (102, 10°, 10* and 10°

copies/pL).
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3.2. Tissue standard consistency

Three biological replicates (independent extractions from three in-
dividual mussels) were used to generate standard curves. IPC ACq values
ranged from —0.73 to 0.83, within the ACq < 2.0 threshold. Linear
regression analysis showed R? values of 0.992-0.998 (mean + SD:
0.996 + 0.003) for the long fragment (180 bp) and 0.986-0.999 (mean
+ SD: 0.995 + 0.008) for the short fragment (83 bp). Slopes ranged from
—3.779 to —3.965 (mean + SD: —3.897 + 0.103) for the long fragment
and —3.597 to —3.853 (mean + SD: —3.693 + 0.139) for the short
fragment. ANOVA detected no significant differences in intercepts or
slopes between biological replicates for either fragment (all p > 0.05, 1*
= 0.02-0.07). Bland-Altman analysis confirmed interchangeability of
amplicon standards from three tissue sources, with maximum deviations
< 0.5 Cq (Fig. 2).

3.3. Robustness

Primer concentration variations of +10% and +20% demonstrated
consistent assay performance. IPC ACq values ranged from —1.03 to
2.12 across all conditions. Linear regression analysis showed R? values of
0.990-0.999 (mean =+ SD: 0.996 + 0.004) for the long fragment
(180 bp) and 0.995-1.000 (mean + SD: 0.997 + 0.002) for the short
fragment (83 bp). Slopes ranged from —3.377 to —3.836 (mean =+ SD:
—3.551 + 0.212) for the long fragment and —3.388 to —3.720 (mean +
SD: —3.495 + 0.157) for the short fragment. ANOVA detected no sig-
nificant differences in intercepts or slopes between deviated conditions
for either fragment (all p > 0.05, n? = 0.14-0.22), with maximum Cq
deviations < 2.0 cycles across all conditions (Fig. 3).

3.4. Limits of detection and quantification (LOD and LOQ)

Curve-fitting modelling yielded LOD values of 1.25 copies/uL (5.0
copies/reaction) for the long fragment and 2.5 copies/uL (10.0 copies/
reaction) for the short fragment at 95% detection probability (Fig. 4).
LOQ values (CV < 35%, exponential decay model) were 2.0 copies/uL
(8.0 copies/reaction) for the long fragment and 3.14 copies/uL (12.56
copies/reaction) for the short fragment. The multiplex assay LOD and
LOQ are 2.5 and 3.14 copies/pL (10.0 and 12.6 copies/reaction),
determined by the performance of the short fragment. Internal positive
control (IPC) Cq values ranged from 29.48 to 30.22 (overall mean =+ SD:

Long Fragment (180 bp)
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A @ 6
o s
A 110
1.0 Mean
e 05
o
E 2
E o0 @ £ *
& | O
S
]
q o5
-1.0
-15
20 22 24 26 28 30

Mean Cq

Forensic Science International: Genetics 87 (2027) 103598

29.94 £+ 0.16 Cq, n = 44), all within the ACq < 2.0 threshold.
3.5. Inhibition

Humic acid (HA), fulvic acid (FA) and tannic acid (TA) were tested at
concentrations of 5, 50, 100, and 500 mg/L (Fig. 5). Inhibition was
defined as ACq > 3 [29]. Positive template control (PTC) mean + SD Cq
values were 24.06 + 0.16 (long fragment), 22.82 + 0.26 (short frag-
ment), and 30.90 + 0.18 (IPC). At 5-100 mg/L, HA showed ACq values
ranging from —0.22 to 1.01 (long fragment) and —0.30 to —0.07 (short
fragment), with 100% DNA detection rate across all replicates. At
500 mg/L, HA caused complete long fragment failure while the short
fragment amplified with ACq = 9.84 + 1.91. FA showed ACq values
ranging from —0.16 to 0.86 (long fragment) and —0.31 to —0.11 (short
fragment) at 5-100 mg/L, with complete failure of IPC and both frag-
ments at 500 mg/L. TA showed ACq values ranging from —0.13 to 0.25
(long fragment) and —0.21-0.08 (short fragment) across all concentra-
tions (5-500 mg/L) with 100% detection rate (long fragment: ACq =
0.03 + 0.33; short fragment: ACq = —0.09 + 0.34). Internal positive
control (IPC) ACq values ranged from —0.36 to 0.19 at concentrations
< 100 mg/L. At 500 mg/L, IPC successfully detected inhibition (HA:
ACq = 7.59 £ 1.98; FA: no amplification; TA: ACq = 0.19 + 0.10).

3.6. Specificity

Primer and probe sequences were tested in silico against sequences
from the NCBI reference database [37]. Five M. margaritifera voucher
sequences were included to check for intraspecies genetic variation.
Off-target species tested included seven other UK freshwater mussel
species, food contamination sources, salmonid hosts, freshwater crus-
taceans and terrestrial contaminants (Supplementary Material 1).
Sequence alignments in MEGA12 [39] using the MUSCLE algorithm
[38] showed that there were key sequence differences between the
off-target species and M. margaritifera. No off-target species exhibited
complete binding sites for the three oligonucleotides (forward primer,
probe, reverse primer) in either the short or long fragment assay com-
ponents. The multiplex assay is predicted to be 100% specific to
M. margaritifera (Supplementary Material 1). BLAST searches [37,40]
against bacterial genomes showed no predicted cross-reactivity. Dreis-
sena bugensis and Dreissena polymorpha did not show any amplification in
vitro.

Short Fragment (83 bp)
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Fig. 2. Tissue standard consistency assessed by Bland-Altman analysis [45]. Deviations from mean Cq values are shown for three biological replicates (I6, I8, 110)
across four concentrations (10% 103 10* and 10° copies/uL) for (A) long fragment (180 bp) and (B) short fragment (83 bp). Grey line indicates the mean Cq at each

concentration.
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B Short Fragment (83 bp)
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Fig. 3. Robustness of multiplex qPCR assay. Mean Cq values for (A) long fragment (180 bp) and (B) short fragment (83 bp) across +10% and +20% primer con-
centration variations at four DNA standard concentrations. The optimised primer concentration (0% deviation) Cq values are included for visual reference, derived

from two independent runs. Colour gradient indicates Cq value.
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Fig. 4. Standard curves for qPCR validation of long (A) and short (B) fragment
assays targeting M. margaritifera eDNA. Black diamonds represent data points
included in models; blue crosses indicate replicates excluded. Vertical lines
indicate the limits of detection (LOD) and quantification (LOQ) for each assay.

EcoPCR [42] analysis confirmed consistent recovery of

M. margaritifera by both the short and long assays across mismatch
thresholds from 0 to 5 (Supplementary Material 2). At exact primer
matching, both assays recover only M. margaritifera. For the short assay,
non-target primer-pair hits appeared only once two or more mismatches
per primer were permitted and increased as threshold was relaxed;
however, none of the non-target amplicons contained the exact
short-probe sequence, indicating that probe specificity was retained
even when relaxed primer binding was allowed. For the long assay, no
non-target hits occurred between 0 and 4 mismatches per primer, with a
small number appearing only at the most permissive setting (5 mis-
matches per primer). Of these, one carried an exact long-probe match,
representing a theoretical low-likelihood off-target under highly relaxed
in silico conditions rather than a likely assay-compatible target. Overall,
EcoPCR supported assay specificity: the target was recovered strongly,
while off-target matches emerged only as primer binding was made
increasingly permissive, with full primer-probe compatibility absent or
extremely limited.

3.7. Case study 1: Welsh river system

Excluding Site 1 (upstream of the habitat), the long fragment
amplified in 17 of 60 samples (28.3% detection rate) (Fig. 6). The short
fragment amplified in 31 samples (51.7% overall detection rate). The
multiplex assay confirmed a second localised increase in concentration
at Site 4 at 3.5 km (long fragment, —2.56 + 0.17 log+o(pg/pL); short
fragment, —2.06 + 0.16 logo(pg/uL)) indicative of a localised eDNA
source. This deviates from the expected pattern of steady concentration
decrease downstream from the known population (Site 2: long, —2.69
=+ 0.15; short, —1.85 + 0.14 logio(pg/uL)). PTC baseline IPC Cq values
were 29.87 + 0.35 (mean + SD, n = 16) compared to field IPC Cq values
of 30.13 £+ 0.48 (n = 72). All ACq values were < 3 [29], indicating no
detectable inhibitory effects.

3.8. Case study 2: Lake District river system

Sampling was conducted at eight sites along an 8.65-km transect of a
Lake District river system (Fig. 7). The long fragment exhibited consis-
tent detection across all sites (144/144 amplifications). The short frag-
ment showed reduced detection rates at upstream sites, with non-detects
recorded at Site 2 (2/12 samples) and Sites 3-5 (1/12 samples each),
giving an overall detection rate of 95.8% (138/144 samples positive).
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Fig. 6. Field validation case study: Detection of previously undetected M. margaritifera population in Wales. (A) River schematic showing six sampling sites along the
main channel from upstream. Green star indicates the known population detection at Site 2; red star indicates the population detected at Site 4 following eDNA-based
intelligence. (B) Long fragment (180 bp) and (C) short fragment (83 bp) log eDNA concentrations along the transect show an unexpected secondary increase in
concentration at Site 4 (red dotted line) after the known population (green dotted line). Natural Resources Wales later surveyed this location and confirmed pre-
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Site 3 contained a sample with comparatively high concentration values
(short, 99.81 copies/uL and long, 103.28 copies/uL, compared with site
means of short, 14.91 copies/uL and long, 12.57 copies/uL, excluding
this outlier). This data point, although reflective of eDNA stochasticity
resulting from capture of large aggregate particles [47], was removed
from further analysis to provide a fairer reflection of typical site con-
centrations. Comparatively elevated concentrations were observed at
Sites 7-8 in both fragments (Site 7: long = 1.54 + 0.06, short = 1.49
+ 0.05 logio(copies/uL); Site 8: long = 1.72 + 0.03, short = 1.64
+ 0.02 logio(copies/uL)). PTC baseline IPC Cq values were 30.55 + 0.93
(mean + SD, n = 48) compared to field IPC Cq values of 30.27 + 0.85
(n =96). All ACq values were < 3 [29], indicating no detectable
inhibitory effects.

Results indicated significant M. margaritifera populations upstream
of Site 7 (sharp increase in long fragment concentrations). Long frag-
ment concentrations increased steadily from Site 1-6. In contrast, short
fragments displayed detection at Site 1, a decrease at Site 2 (suggesting
degradation from upstream sources), followed by an unexpected in-
crease at Site 3. This Site 3 increase in short fragments, combined with
large standard errors at Sites 2 and 3, may reflect either stochastic
variation in eDNA capture or an unidentified local population upstream

of Site 3. Based on the spatial eDNA patterns, it was inferred that there
may be further dispersed individuals between Site 3 and Site 8 which
caused eDNA concentrations to steadily increase rather than decline
with degradation effects. Following completion of eDNA analysis, West
Cumbria Rivers Trust revealed that there were juvenile releases (2021
and 2023 [48]) around Site 4 (789 juveniles contributing to steady in-
crease in concentrations) and around Sites 7 and 8 (two release sites of
1789 and 964 totalling 2753 juveniles, resulting in the larger increase)
with interspersed adults throughout the system. The unexpected short
fragment increase at Site 3 will be investigated through physical surveys
to determine if additional populations exist in this region.

4. Discussion
4.1. Forensic validation of the assay

Environmental DNA science is mature for monitoring and policy
implementation [18,49] while suggested forensic working group pro-
tocols [20,21] offer recommendations to establish reliable analytical
approaches in legal contexts. Wildlife crime investigations require both
the monitoring of protected species and the detection of illegal activities
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Fig. 7. Blind field validation: Detection of juvenile mussel release sites in the Lake District. (A) River schematic showing eight sampling sites along an 8.65-km
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through conservation programmes [48]. (B) Long fragment (180 bp) and (C) short fragment (83 bp) show elevated concentrations in both release regions. Error
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threatening them; frameworks integrating eDNA methodology with
forensic validation are therefore essential. No previous research, tech-
nical guidance, or casework protocols have addressed this integration.
This study demonstrates the first explicit forensic validation of an eDNA
assay for a protected species, combining eDNA and qPCR best practices
[18,30] with forensic validation requirements [20]. This
cross-disciplinary framework addresses critical gaps: forensic guidelines
lack eDNA-specific protocols for environmental samples, while eDNA
guidelines were not designed for legal admissibility standards required
to support wildlife crime prosecutions. Formal method-specific valida-
tion guidance for eDNA-based forensic approaches, developed by
forensic working groups analogous to existing addenda for newer
methods, e.g. interpretation of single nucleotide polymorphism (SNP)
analysis [50], would support broader standardised implementation. The
resulting validation framework enables M. margaritifera detection for
both investigative intelligence and potential evidential use in prosecu-
tions, and is transferable to other protected aquatic species.

4.2. Assay performance

The multiplex assay demonstrated species specificity to
M. margaritifera. Although no variation was detected with voucher
species [51], this does not preclude the possibility that isolated
M. margaritifera populations could begin to differ genetically from each
other [52] and mutations could arise in key primer or probe binding
regions that affect the performance of the assay. Studies to genetically
characterise local mussels and confirm assay efficiency could be carried

out if false negatives are suspected, whether in forensic casework or
broader conservation monitoring. In silico analysis of all off-target spe-
cies predicted no false positives. The nature of this approach (testing UK
co-occurring species plus potential contaminants [53]) provides confi-
dence that M. margaritifera will be correctly identified in field deploy-
ment scenarios. Complementary ecoPCR [42] analysis across a broad
COI reference database further supported specificity, recovering
M. margaritifera across all mismatch thresholds while non-target pri-
mer—-probe compatibility remained absent or negligible even under
highly permissive in silico conditions. In vitro testing was limited to
Dreissena spp. due to tissue availability constraints. While this represents
a limitation relative to the comprehensive guidelines of Thalinger et al.
[18], the negative results support in silico predictions. For forensic
casework, this multi-evidence approach (in silico + targeted in vitro
testing) meets SWGDAM [20] specificity requirements, though
expanded in vitro testing could further define empirical assay limits.
The multiplex assay met forensic precision and accuracy standards
[20] across the three parameters of repeatability, tissue standard con-
sistency, and robustness. Repeatability assessments showed acceptable
linearity and no significant differences in slopes or intercepts between
gqPCR runs, with effect sizes indicating minimal technical variation.
Reporting effect sizes alongside p-values [44] represents enhanced sta-
tistical rigour relative to standard eDNA practices, aligning with forensic
requirements for comprehensive quantification [54]. Precision and ac-
curacy met accepted thresholds [20] for forensic quantitative assays,
establishing reliable performance for investigative intelligence. Ampli-
con standards generated from three independent tissue sources
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(biological replicates) validated the amplicon standard generation
method, demonstrating consistent performance independent of tissue
mitochondrial copy number variation [55]. Robustness testing
confirmed operational reliability (+20% primer concentration varia-
tion). This tolerance to pipetting error and reagent batch variation is
essential for routine casework deployment where perfect conditions
cannot be guaranteed, especially when sample collections involve
different, often non-specialist stakeholders in the field. The work in this
study characterises unintentional variation rather than intended oper-
ational changes. Developmental validation experiments were conducted
by two independent operators using identical protocols, with compa-
rable standard curve R® values across operators, indicating that
inter-operator variability did not meaningfully impact assay perfor-
mance. This supports the suitability of the assay for deployment across
multiple analysts within a single laboratory setting.

The assay demonstrated analytical sensitivity with LOD values of 2.5
copies/uL (10 copies/reaction, short fragment) and LOQ of 3.14 copies/
uL (12.6 copies/reaction) at 95% detection probability and CV < 35%,
respectively. These thresholds were determined using modelling
following Klymus et al. [19], which provides probabilistic confidence
intervals superior to simple binary presence/absence determination.
The multiplex assay sensitivity (defined by short fragment performance)
falls within the range of published eDNA assays validated using com-
parable methodologies [19,56] demonstrating appropriate analytical
performance for trace eDNA detection. For eDNA applications, LOD and
LOQ serve as assay characterisation metrics rather than absolute rejec-
tion thresholds. Following Sansom [46], detections below LOQ repre-
sent concentration estimates with reduced precision, while detections
below LOD indicate presence with increased uncertainty.

The assay exhibited robust performance under the inhibitory stress
caused by environmentally relevant concentrations of humic, fulvic, and
tannic acids. At concentrations < 100 mg/L (exceeding typical UK
freshwater DOC levels) both assay fragments maintained consistent
performance (ACq < 3 [29]) for all three inhibitors tested. Tannic acid
showed complete tolerance even at 500 mg/L, suggesting TaqPath™
ProAmp™ Master Mix-specific resistance to this inhibitor. These in-
hibitors represent different chemical classes with distinct inhibitory
mechanisms [29], enabling assessment of assay resilience across diverse
environmental contaminants typical of UK freshwater systems. The in-
ternal positive control successfully detected inhibition at 500 mg/L for
humic and fulvic acids (ACq > 3 or complete failure), supporting its
intended function as a quality assurance mechanism [18]. This perfor-
mance supports the assay’s operational suitability for forensic casework,
including samples from mussel inhabited peat-dominated catchments
[57] where dissolved organic carbon concentrations are naturally
elevated [58].

4.3. Case studies

As recommended within validation guidelines [18,20], representa-
tive case-type samples were incorporated within this research to test
assay effectiveness in forensically pertinent scenarios. The Welsh study
confirmed M. margaritifera presence at the known population (Site 2)
with declining eDNA concentrations at Site 3, before detecting a sec-
ondary, localised increase in concentration at Site 4. The long fragment
concentration increase acted as a primary indicator of more localised
eDNA [24,59] while the short marker corroborated the findings.
Considering eDNA downstream transport [60] and lateral transport to
the bankside [61], further investigation upstream of Site 4 was sug-
gested. A physical survey discovered populations previously undetected
using traditional survey methods, demonstrating the assay's capacity to
direct conservation efforts toward populations beyond known distribu-
tions. In this exercise, the IPC indicated no inhibitory substances within
the river which reflects the water quality of this habitat, with mussels
preferring oligotrophic waters free of fine sediment [62].

Blind proficiency testing is recommended forensic practice for
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eliminating confirmation bias [63]. In the Lake District study, samples
were provided by West Cumbria Rivers Trust with no prior disclosure of
mussel distribution. Only after eDNA analysis was complete were ju-
venile release locations (two sites totalling 2753 juveniles [48]) and
adult distribution revealed, providing unbiased assessment of detection
capability. Data showed a marked increase in long fragment concen-
trations from Site 7 onwards which corresponded to the largest juvenile
population, demonstrating its utility as a proximity marker due to more
rapid degradation compared with the persistent short fragment [24].
Increasing concentrations in the downstream direction indicated the
dispersed juveniles and adults throughout the system. Detection suc-
cesses of 100% and 95.8% for the long and short markers showed
operational reliability while IPC results again pointed towards suitable
habitat conditions. Concentration ranges spanned from below LOQ to
> 100 copies/uL, validating the assay’s characterised sensitivity across
field-relevant conditions. The eDNA patterns provide actionable intel-
ligence for West Cumbria Rivers Trust, highlighting upstream areas
(particularly Site 3) warranting physical survey to confirm the presence
of previously undetected populations. Blind test results showed opera-
tional readiness for deployment to inform conservation management.

4.4. Broader implications

Forensic guidelines for court admissibility standards [20], supple-
mented by recommendations from the eDNA community [18,19,29,64]
were implemented in this validation study. While the immediate ap-
plications are conservation-focused, establishing validation precedent is
essential for future forensic intelligence uses as wildlife crime applica-
tions continue to develop. The methodological framework is transfer-
able to other protected species where eDNA assays exist but lack forensic
validation [65,66], for which molecular evidence may support regula-
tory enforcement or wildlife crime investigation. Whilst eDNA evidence
has been found admissible in environmental management cases [67], its
application within criminal proceedings is currently limited due to the
lack of testing and validation to determine admissibility. Further
research should consider forensic validation across additional species,
environments, and the development of approaches to determine eDNA
provenance and persistence in forensic contexts.

The validated assay supports multiple operational applications. For
post-incident investigation, eDNA provides forensic intelligence to
direct targeted searches where physical evidence has been destroyed
following habitat disturbance [24]. For pre-incident prevention, de-
velopers requiring ecological surveys can use eDNA screening before
planning applications, reducing disturbance to protected populations
[68]. The assay’s sensitivity supports discovery of undetected pop-
ulations in suitable habitats, as demonstrated by the Welsh case study
where eDNA detection led to Natural Resources Wales confirming pre-
viously undocumented individuals. Finally, regulatory compliance
monitoring benefits from non-invasive assessment of translocation suc-
cess, as validated by the Lake District juvenile release detection.

4.5. Future directions

Formal reproducibility testing (where aliquots of the same samples
are analysed using identical assay protocols, reagents and controls) in
different laboratories [69] would be recommended before broader
forensic implementation. Precision and accuracy of quantitative results
could then be evaluated between different operators and detection in-
struments [20]. This validation progression aligns with standard
forensic practice, where initial internal validation precedes external
validation as assays are adopted by additional facilities. The use of
certified synthetic DNA standards of known copy number would provide
an independent reference material for quantification accuracy assess-
ment, complementing the amplicon standard approach employed here.
Extension of the laboratory validation standard curve range (10%-10°
copies/pL) to encompass field-relevant concentrations across validation
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parameters (repeatability, tissue standard consistency, and robustness)
would make the formal validation more comprehensive and internally
consistent with field application.

In vitro specificity testing was limited to Dreissena spp., the only co-
occurring UK freshwater bivalves for which tissues were available. Tis-
sue availability constraints are widely recognised in eDNA validation,
particularly for rare, endemic, or protected species [70]. More extensive
testing would be recommended as freshwater mussel tissue becomes
available from other institutions and biobanks. For laboratories pro-
cessing both human forensic DNA and wildlife eDNA samples, in vitro
testing against human DNA [53] would verify no cross-reactivity, a
quality assurance consideration for multi-discipline forensic facilities.
Inhibition testing was focused on environmental factors and DOC com-
pounds. While this is standard in the field [29], testing with biological
inhibitors (such as blood) or synthetic compounds (such as cyanine dye
[71]1) could further define operational boundaries. Advanced in situ
validation [18] data collection is planned to characterise biotic and
abiotic factors, including seasonal dynamics (e.g., life stage, flow rate,
river depth, temperature [60]) and spatial sampling strategies (bankside
vs. midstream sampling [61]), to optimise field protocols. While the
validation framework is transferable across protected aquatic species,
spatial interpretation of eDNA detections requires species-specific con-
siderations [72,73]. Sessile species like M. margaritifera enable
straightforward detection-to-presence inference. For mobile species
(fish, amphibians, and crustaceans), transport modelling [73] and
higher-tier validation approaches [18] may be required to account for
species mobility alongside eDNA dispersal from source populations.

4.6. Conclusion

This study establishes the first forensic validation framework inte-
grating environmental DNA best practices with legal admissibility
standards, addressing a critical gap in wildlife crime investigations.
Demonstrated through M. margaritifera as a model species, this frame-
work is transferable to other protected aquatic species requiring eDNA
evidence for regulatory enforcement. This framework provides a
methodological precedent for expanding forensic eDNA applications
beyond conservation monitoring into evidential casework. The valida-
tion approach demonstrated here strengthens the molecular toolkit
available for biodiversity conservation and wildlife crime enforcement,
facilitating development of defensible assays for threatened species to
complement traditional survey methods.
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