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Primer Validation

Abstract

Australia has two eyeless cave gudgeons (Milyeringa justitia and M. veritas) which are 
restricted to subterranean waters and listed as vulnerable and endangered. Despite be-
ing a priority conservation target species, they are inadequately monitored as their re-
stricted distribution in groundwater ecosystems impedes conventional surveying meth-
ods, constraining effective monitoring and conservation. As part of ongoing efforts to 
improve monitoring and conservation of these subterranean fish species, we developed 
and validated a genus-specific eDNA assay for detecting species of Milyeringa. Mito-
chondrial genomes were sequenced and assembled to inform PCR assay design, which 
was then validated in-silico, in-vitro, and in-situ. The assay demonstrated high specificity 
and sensitivity, particularly for M. justitia (Limit of Detection, LOD: 1.36 copies per reac-
tion), and successfully detected M. veritas (LOD: 12.8 copies per reaction) with mod-
erate sensitivity in groundwater samples from Cape Range. No PCR amplification oc-
curred in non-target surface water samples. This assay provides a non-invasive, robust 
tool for conservation monitoring cryptic subterranean fishes, supporting conservation 
management in habitats where traditional survey methods are impractical.

Key words: Biomonitoring, cave fish, environmental DNA, metabarcoding, mitochondrial 
genome, vulnerable

Introduction

Monitoring groundwater ecosystems in Australia faces several significant chal-
lenges. Effective monitoring is crucial to manage and protect these ecosystems, 
which are vital for biodiversity and human use, but groundwater monitoring often 
lacks comprehensive baseline data on biodiversity which is crucial for effective 
management and decision-making (Tello and Hazelton 2018). The varying hy-
drogeological characteristics of aquifers make it challenging to predict and mon-
itor groundwater dynamics accurately. This heterogeneity can lead to significant 
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time lags between groundwater extraction and its impacts on ecosystems, com-
plicating the monitoring process (Kelly et al. 2013; Saccò et al. 2023). Climate 
change exacerbates monitoring challenges by altering recharge rates, increas-
ing evapotranspiration, and changing precipitation patterns. These challenges 
necessitate adaptive monitoring approaches to manage the increased stress on 
groundwater resources and dependent ecosystems (Barron et al. 2012; Barbieri 
et al. 2023). While remote sensing and GIS offer potential for monitoring specific 
aspects of groundwater ecosystems, these do not take into account the biodi-
versity contained within groundwater ecosystems and their applications are still 
in the early stages, with limited successes (Chiloane et al. 2022).

The ability to collect accurate biodiversity information is essential as 
ecosystems come under pressure and species are threatened (Turner et al. 
2020; Pawlowski et al. 2021). Australia is recognised for its ancient and di-
verse subterranean and groundwater dependent ecosystems (Saccò et al. 
2022a). Three groundwater-restricted vertebrate species occur in north-west-
ern Australia, Milyeringa justitia (Barrow Cave Gudgeon), M. veritas (Cave 
Gudgeon; both in Eleotridae/Milyeringidae) and Ophisternon candidum (Blind 
Cave Eel; Synbranchidae; Humphreys 1999; Larson et al. 2013; Moore et al. 
2018), although subterranean invertebrates dominate these same ecosystems 
(Humphreys and Adams 1991). The cave gudgeons, M. veritas and M. justitia, 
have been categorised as endangered and critically endangered respectively by 
the IUCN Red List of Threatened Species (Moore 2019a, 2019b). Representing 
an exceptional evolutionary history (Chakrabarty et al. 2012), these species are 
listed as vulnerable under the Biodiversity Conservation Act 2016 of Western 
Australian and listed as vulnerable (M. veritas) and endangered (M. justitia) 
under the Environment Protection and Biodiversity Conservation Act 1999 by 
the Australian Commonwealth (Australian Biological Resources Study 2020; 
Department of Climate Change, Energy, the Environment and Water 2025). Both 
species are currently known to have a limited distribution with low population 
numbers and reside in vulnerable habitats. The current threats include nutri-
ent enrichment and pollution, lowering of the water table, and urban, tourism 
and industrial development (Romero and Vanselow 2000; Department of the 
Environment, Water, Heritage and the Arts 2008; Gomon and Bray 2025).

Information on the population distribution and genetic diversity of M. justitia 
and M. veritas is fundamental to effectively design and implement valid impact 
assessments and conservation strategies (White et al. 2020; Dawkins et al. 2025). 
Current approaches rely on visual surveys and trapping, which are logistically 
challenging and often ineffective. A viable alternative to conservation monitoring 
is environmental DNA (eDNA), the DNA shed by organisms into the environment 
through excretions, secretions, and tissues such as skin cells (Taberlet et al. 
2012). The analysis of eDNA has been successfully applied in many ecological 
disciplines, including biodiversity assessment, dietary studies, and the detection 
of invasive, cryptic, or threatened species (Takahashi et al. 2023).

Environmental DNA methodologies have rapidly evolved, with metabarcoding 
and probe-based assay emerging as two dominant approaches for biodiversity 
monitoring (Saccò et al. 2022b). Each method offers distinct advantages and 
limitations, making their selection highly dependent on research objectives. 
Metabarcoding enables broad taxonomic detection from a single sample, fa-
cilitating comprehensive community-level assessments and the discovery of 
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unexpected or cryptic taxa (Morris et al. 2024; Nordstrom et al. 2024). Its com-
patibility with high-throughput sequencing platforms allows for efficient pro-
cessing of large sample sets. However, metabarcoding is constrained by PCR 
biases, limited sensitivity for low-abundance targets, and the need for robust 
bioinformatic pipelines and reference databases (van der Heyde et al. 2026). In 
contrast, probe assays offer high sensitivity and specificity for detecting indi-
vidual species, making them ideal for targeted surveillance of rare (Dawkins et 
al. 2025) or invasive taxa (Dubreuil et al. 2021). They also provide quantitative 
data, which can be linked to organismal abundance under certain conditions 
(Bylemans et al. 2025). The simplicity of laboratory protocols and data analysis 
further enhances their utility in routine monitoring. Nonetheless, probe assays 
are limited to pre-defined species targets and hence cannot provide communi-
ty-level insight, and require time-intensive assay development for each species 
of interest. Consequently, metabarcoding is frequently the best suited approach 
for exploratory or ecosystem-wide biodiversity studies (Sohn and Song 2024), 
while probe assays are preferable for focused, species-specific applications 
(Klymus et al. 2020). Integrating both approaches may offer a complementary 
strategy, balancing breadth and precision in eDNA-based ecological research.

Given M. justitia and M. veritas inhabit groundwater, and the suitability of 
eDNA for conservation monitoring aquatic systems, the objectives of this study 
were to; (1) sequence and assemble the mitochondrial genomes of M. justitia 
and M. veritas from vouchered museum specimens; (2) develop a metabarcod-
ing assay specific for the genus Milyeringa, from the mitochondrial genomes, 
with the aim to detect both species with a targeted qPCR assay; (3) validate the 
assay in-silico, in-vitro, and in-situ to assess its suitability as an effective con-
servation monitoring tool for these elusive groundwater vertebrates.

Methods

Tissue samples and mitochondrial genome sequencing

Two tissue samples of M. justitia were obtained from ethanol preserved speci-
mens in the Western Australian Museum (WAM P.35191-001, 2016, Barrow Island, 
bore SF-RD3-02-20160229-02, and WAM P.35192-001, 2016, Barrow Island, bore 
SF-RD7-01-20160302-01) and two tissue samples of M. veritas (WAM P.35198-
001, 2012, Cape Range, Bundera area bore S1, and WAM P.35200-001, 2015, Cape 
Range, Camerons Cave bore CC2; Suppl. material 1: table S1) for DNA extraction 
and mitochondrial genome sequencing. Total genomic DNA (gDNA) was extract-
ed using QIAGEN blood and tissue kit (Qiagen; Venlo, Netherlands) following the 
manufacturer’s protocol. The concentration of gDNA was measured using a 
Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Genomic DNA 
libraries were prepared using a DNA Prep library kit (Illumina; New York, USA), a 
bead-based transposome complex to tagment gDNA, targeting the 1-9ng of in-
put gDNA. The genomic libraries were sequenced on an Illumina MiSeq (Illumina, 
San Diego, CA, USA) with standard 500-cycle V2 chemistry (250 bp paired-end 
sequencing run) following the manufacture’s protocol.

Mitochondrial genome assembly was completed using the program MitoZ ver-
sion 3.6 (Meng et al. 2019) with data quality control, filtering, assembly and anno-
tation performed. Software defaults for assembly and annotation were used with 
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‘vertebrate’ specified as the taxonomic source to guide the selection of mitochon-
drial genome scaffolds. Gene annotations were confirmed using Galaxy Australia 
(https://usegalaxy.org.au) with MITOS2, a publicly accessible web-based plat-
form for computational biology. Structural features of annotated mitochondrial 
genomes, including gene length, nucleotide composition, and start/stop codons, 
were extracted in Geneious Prime version 25.0.3 (Kearse et al. 2012).

Assay design and validation testing

The mitochondrial control region was selected as the targeted qPCR assay for 
M. justitia and M. veritas given its high variability and ability to provide greater res-
olution for distinguishing closely related populations, making it useful for assess-
ment of both intraspecific and interspecific variation. Consensus sequences were 
aligned and conserved primer regions targeting ~230bp region for M. justitia and 
M. veritas were identified, with the final assay designed using Primer3 in Geneious 
Prime. The blast function was used in Geneious Prime to perform in-silico PCR 
across the NCBI GenBank database to retrieve any sequence that would bind with 
four or fewer mismatches to the forward and reverse primers. gBlocks of 280bp 
for M. justitia and M. veritas control region were obtained from Integrated DNA 
Technologies (IDT) which allow for the primer binding site, a 10bp overhang at the 
3’ end of the strand, and an 8bp sequence (AGCTAGCT) insert to allow for detection 
of synthetic DNA verses target DNA when future processing of samples occurs.

A range of annealing temperatures was assessed to optimise assay conditions. 
To validate the optimal annealing temperature, a gradient qPCR was performed 
in seven reactions for each species ranging from 55 °C to 61 °C (run in 2-degree 
increments) using a theoretical input of approximately 4 × 1010 copies per ul of 
synthetic DNA (gBlocks; Integrated DNA Technologies) and serial diluted 10-fold 
across the seven reactions to ~42,450 copies per ul. Those conditions found to 
generate the lowest cycle threshold (CT) value, optimal amplification curve, and 
sharp melt peak were considered to represent the optimal annealing conditions 
and were therefore implemented throughout the remainder of the study.

Limit of Detection (LOD) and Limit of Quantification (LOQ)

A standard curve using the optimal temperature, with analysis performed on ten 
replicates for each of the 7-points in a 10-fold dilution series of the synthetic 
M. justitia and M. veritas control region DNA (theoretical ~0.04 copies to 42,450 
copies; Suppl. material 1: tables S2, S3). The definitions of Klymus et al. (2019) 
for LOD and LOQ were implemented, where LOD represents the lowest standard 
concentration of template DNA that produced at least 95% positive replicates 
and LOQ represents the lowest standard concentration that could be quantified 
with a coefficient of variation (CV) value below 35%. To determine these values, 
data from the replicate standard curves in RStudio using the script published by 
Klymus et al. (2019) with the parameters left as default were used.

Specificity and inhibition testing

For exclusion testing, eDNA extracts were obtained from a metabarcoding 
study (A. Lawrie pers. comm.) of surface water from the Swan Coastal Plain 

https://usegalaxy.org.au
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of Western Australian from which several fish taxa were identified, including 
Geophagus (cichlids), Pseudogobius (gobies), Cypriniformes (minnows and 
carps), Cyprinodontiformes (toothcarps), Gobiiformes (gobies), Carassius aura-
tus (Goldfish), Gambusia holbrooki (Eastern Gambusia), Geophagus brasiliensis 
(Pearl Cichlid) and Leptatherina wallacei (Western Hardyhead) commonly found 
in surface water in a freshwater system in southern Western Australia (Suppl. 
material 1: table S4). Criteria for successful exclusion tests were for no ampli-
fication to occur ≤ 40 cycles in any of the 7-point (10-fold dilution series) of the 
fish eDNA from surface water with no expected amplification. Further replicate 
series of 7-point (10-fold dilution series) of the fish eDNA from surface water 
was spiked with two concentrations of synthetic DNA, 424 and 42 copies/ul 
(M. veritas) and 42 and 4 copies/ul (M. justitia) as positive controls with expect-
ed amplification. A total of 40 reactions including non-template controls for ex-
clusion testing were conducted. Positive amplified products (£40 cycles) were 
checked for expected size using QIAxcel (Qiagen; Venlo, Netherlands) and sent 
for sanger sequencing at AGRF to confirm the presence of the target species.

For inhibition testing, an eDNA extract from a previous metabarcoding study 
(A. Guthrie pers. comm.) that showed PCR-inhibitory properties where the 
neat (i.e., no dilution) showed no amplification and the 1/10 and 1/100 dilu-
tion failed to show a 3.3 cycle shift when tested with a species-specific probe 
assay. Two concentrations of synthetic DNA, 424 and 42 copies/ul (M. veritas) 
and 42 and 4 copies/ul (M. justitia) were spiked in a 7-point replicate series 
where the inhibition was diluted in a 10-fold series. A total of 32 reactions in-
cluding non-template controls for inhibition testing were conducted. Positive 
amplified products were checked for expected size using QIAxcel.

Assay validation: environmental DNA samples

The targeted qPCR assay was in-situ validated on groundwater samples col-
lected from the Cape Range peninsula in Western Australia where M. veritas 
is known to occur. A total of six groundwater eDNA samples collected during 
a Blind Cave Eel (O. candidum) study and Cave Gudgeons (M. veritas) were vi-
sually observed to co-occur at the time of groundwater collection. These sam-
ples were tested in triplicate reactions at two dilutions to account for potential 
inhibition: neat (i.e., no dilution; n = 18 reactions) and 1/10 (n = 18 reactions), 
alongside positive and negative controls for a total of 38 reactions. Positive 
amplified products (≤40 cycles) were checked for expected size using QIAxcel 
and sent for sanger sequencing at Australian Genome Research Facility, Perth, 
Western Australia to confirm the presence of the target species.

Results

Mitochondrial genomes

Sequencing data from two M. justitia (AWFS-F21-191 with 8,190,706 reads 
and AWFS-F21-192 with 7,368,386 reads) tissue samples were assembled 
to complete, circular sequences with high read coverage (>30×) across 
each mitogenome. Sequencing data from two M. veritas (AWFS-F21-189 
with 1,197,618 reads and AWFS-F21-190 with 634,158 reads) resulted in a 
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332 bp fragment of the ND5 and ND6 gene not being assembled with the data 
retrieved (AWFS-F21-189; M. veritas), although a near circular sequence with 
> 15× coverage was achieved for the remainder of the mitogenome. Sample 
AWFS-F21-190 with less than 635,000 reads failed to produce a mitogenome. 
The final assembly length being 16,588bp, consistent with expected mitoge-
nome sizes, and each contained the full complement of mitochondrial genes for 
vertebrates. As found in other gudgeons (Eleotris acanthopomus; MH367493) 
we identified two rRNA, 22 tRNA, and 13 protein-coding genes, plus the pu-
tative control region and these were annotated and deposited on GenBank 
(PX694302, PX694303, PX694304). High-throughput sequencing achieved 
robust coverage for three out of four tissue samples, ensuring the complete-
ness and reliability of the resulting contigs. Each assembled mitogenome is 
therefore considered essentially complete and well-validated, with only minor 
caveats in one problematic region (ND5 and ND6; M. veritas) that are inherent 
to mitochondrial genome assembly (Ribarska et al. 2022). The closest mito-
chondrial match (78.6%) currently on GenBank was to Oxyeleotris marmorata 
(KP663727), the marble gudgeon found in Asia. The aligned M. justitia mitoge-
nomes from tissue collected in 2016 from two bores on Barrow Island, Western 
Australia, contained 12 single nucleotide polymorphisms (SNPs) correspond-
ing to 0.1% sequence variation. An alignment of the M. justitia mitogenomes 
with the M. veritas genome, excluding the CR and 322 bp region of the ND5 
and ND6 gene showed 2,538 SNPs (11.3% sequence variation) amongst the 
three mitogenomes. These well-characterised genome assemblies offered the 
necessary resolution for downstream analyses, including in-silico assay de-
sign. The accuracy of the builds was further validated through reference-based 
mapping and consensus sequence confirmation, establishing a solid founda-
tion for future genetic and conservation monitoring studies.

Assay design, optimisation, and validation

A successfully designed genus-specific assay, herein called MilyeringaCR, 
for detection of M. veritas and M. justitia and which amplifies a 236 bp frag-
ment of the control region, excluding primer binding sites has been validat-
ed. The 263 bp fragment of the control region exhibited 85 SNPs correspond-
ing to 29.9% sequence variation between the two species within the targeted 
region. The optimised MilyeringaCR assays were in 25 mL reaction volumes 
consisting of 2 mM MgCl2 (Fisher Biotec, Australia), 1 × Taq polymerase 
buffer (Fisher Biotec, Australia), 0.4 mM dNTPs (Astral Scientific, Australia), 
0.1 mg bovine serum albumin (Fisher Biotec, Australia), 0.8 mM of each primer 
(MilyeringaCR654F and Milyeringa903R), 0.2 mL of AmpliTaq Gold (AmpliTaq 
Gold, ABI, USA), 0.6 µL SYBR Green and 2 mL of template eDNA or synthet-
ic DNA. The cycling conditions were: initial denaturation at 95 °C for 5 min, 
followed by 50 cycles of 95 °C for 30 s, 57 °C for 30 s, 72 °C for 45 s, a final 
extension at 72 °C for 10 min followed by a melt curve from 60 °C to 95 °C with 
data capture every 1 °C increment. The primer sequence for the MilyeringaCR 
assay are as follows: MilyeringaCR654F 5’-ACATTTCAGAGTGCAGCGC-3’ and 
MilyeringaCR903R 5’-GCTTTCCTGTTTCCGGGGG-3’.

During in-vitro testing, the inclusivity criteria (amplification of target DNA at 
≤ 40 cycles) and exclusivity criteria (amplification of non-target DNA at ≥ 40 

http://www.ncbi.nlm.nih.gov/nuccore/MH367493
http://www.ncbi.nlm.nih.gov/nuccore/PX694302
http://www.ncbi.nlm.nih.gov/nuccore/PX694303
http://www.ncbi.nlm.nih.gov/nuccore/PX694304
http://www.ncbi.nlm.nih.gov/nuccore/KP663727
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cycles) were met successfully. The assay was tested against numerous fish 
taxa found in surface water in southern Western Australia (see methods) with 
no amplification observed using the MilyeringaCR assay.

Assay LOD and LOQ

Analysis of the dilution standard curve for M. justitia synthetic DNA showed 
good precision (R2 = 0.998), a slope of -3.46, and efficiency of 94%. Analysis of 
the standard curve for M. veritas synthetic DNA showed lower precision (R2 = 
0.862), a slope of -3.66, and efficiency of 88%. Based on the criteria applied, the 
discrete LOD for M. justitia was calculated to be 1.36 copies/reaction (where 
95% of the replicates showed amplification) and the LOQ was 6 copies/reac-
tion (as determined by decay modelling using a CV of 0.35). The discrete LOD 
for M. veritas was calculated to be 12.8 copies/reaction and the LOQ was 524 
copies/reaction. Using the modelled calculation of Klymus et al. (2019), the 
calculated LOD for M. justitia was 1.36 copies/reaction and M. veritas to be 
12.8 copies/reaction (Fig. 1).

Empirical LOQ

Quantitative PCR performance varied between the two species with the ge-
nus-specific eDNA assay. The M. justitia assay demonstrated high sensitivity, 
with a modelled limit of detection (LOD) of 1.36 copies per reaction and a mod-
elled limit of quantification (LOQ) of 6 copies per reaction. Empirical testing fur-
ther supported this sensitivity, with consistent amplification observed at 4 cop-
ies per reaction. In contrast, the M. veritas assay showed a higher LOD of 12.8 

Figure 1. Standard curve showing the modelled limit of detection (LOD; solid red line) and limit of quantification (LOQ; 
dotted black line) for the MilyeringaCR assay per Klymus et al. (2019). Cq is the cycle number at which the fluorescent 
signal crossed the defined threshold above background fluorescent levels in the PCR reaction. LOD and LOQ were calcu-
lated to be 1.36 copies/reaction and 6 copies/reaction, respectively for Milyeringa justitia. LOD and LOQ were calculated 
to be 12.8 copies/reaction and 524 copies/reaction, respectively for Milyeringa veritas. Left insert - illustration of the 
holotype (male) of Milyeringa justitia - WAM P.33166-001. Right insert - illustration of a female Cave Gudgeon, Milyeringa 
veritas - WAM P.33157-001. Source: Helen K. Larson in Fishes of Australia, https://fishesofaustralia.net.au/home/spe-
cies/1172 and https://fishesofaustralia.net.au/home/species/4857.

https://fishesofaustralia.net.au/home/species/1172
https://fishesofaustralia.net.au/home/species/1172
https://fishesofaustralia.net.au/home/species/4857
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copies per reaction and a modelled LOQ of 524 copies per reaction. However, 
empirical results indicated reliable amplification at much lower concentrations, 
with all 10 replicates amplifying successfully at 41 copies per reaction (Table 
1). The MilyeringaCR assay targeting M. justitia showed high sensitivity and pre-
cision, while the M. veritas assay demonstrated reliable amplification below its 
modelled LOQ, indicating effective detection at lower concentrations (Table 1).

Environment-based inhibition

The MilyeringaCR assay, when tested in the presence of inhibition, failed to am-
plify M. justitia synthetic DNA, at neat and 1/10 dilution concentrations when 
four and 42 copies/reaction were spiked in. The remaining five dilution series 
reactions showed CT values ranging from 30.9 to 34. Similarly for M. veritas, 
failed amplification was observed at neat and 1/10 dilution concentrations, as 
expected, when 41 and 411 copies/reaction were spiked in and the remaining 
five reactions showed CT values ranging from 32.1 to 37.8. The MilyeringaCR 
assay was able to detect M. justitia and M. veritas DNA in the presence of envi-
ronmental PCR inhibitors with CT values < 40 cycles.

Environmental DNA samples

Testing of field samples demonstrated that the assay could detect M. veritas 
DNA in groundwater samples from Cape Range, with successful PCR amplifica-
tion observed in 15 of the 18 reactions (83%) of the neat eDNA groundwater ex-
tracts with melt peaks identical to the positive control. Sanger sequencing con-
firmed the amplicons to be 100% match to the reference mitogenome indicating 
successful in-situ validation as the MilyeringaCR was able to amplify its intend-
ed target DNA. The 1/10 dilution reactions showed 11 of the 18 (61%) positive 
reactions had CT values > 40 cycles and the criteria for successful inclusion 
tests were for amplification to occur ≤ 40 cycles. The amplicon size for the 1/10 
dilution reactions was not confirmed on QIAxcel, although the melt peaks were 
identical to the positive controls. No amplification was observed in laboratory or 
PCR negative controls, while all positive controls amplified successfully.

Discussion

Challenges in monitoring subterranean fauna

Conservation monitoring cave gudgeons (Milyeringa spp.) presents several sig-
nificant challenges due to their biology, habitat, and conservation status. These 
small, eyeless fish live in lightless subterranean aquifers and caves, with narrow 

Table 1. Performance comparison of a single genus-specific eDNA assay targeting both Milyeringa justitia and Milyeringa 
veritas synthetic DNA. Limits of detection (LOD) and modelled limits of quantification (LOQ) were estimated using the 
Klymus et al. (2019) script with a coefficient of variation threshold of 35%. Empirical LOQ values represent the lowest 
DNA concentration at which all PCR replicates (10/10) amplified successfully.

Species Modelled LOD (copies/reaction) Modelled LOQ (copies/reaction) Empirical LOQ (copies/reaction)
Milyeringa justitia 1.36 6 4
Milyeringa veritas 12.8 524 41
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ranges, deep and shallow underground and completely in the dark, but some-
times venturing to the surface (Humphreys 2001; Chakrabarty 2010; Page et 
al. 2018). However, most Milyeringa habitats are physically inaccessible to hu-
mans, limiting the use of visual observation or direct sampling. Compounding 
this, Milyeringa spp. occur at extremely low densities, making them difficult to 
detect using traditional methods like visual surveys (cave diving and cameras), 
netting or baited trapping. Both M. veritas and M. justitia are species of con-
servation concern, limiting the ability to capture or handle individuals for study 
(DCCEEW 2025). Monitoring must be non-invasive and ethically sound, which 
restricts the use of some conventional techniques. In the last decade, eDNA 
technology has revolutionised the survey of rare aquatic fauna, including sub-
terranean fauna, and provides a viable alternative to conventional monitoring 
practices (Gorički et al. 2017; White et al. 2020; van der Heyde et al. 2023).

Assay performance and implications

The genus-specific targeted qPCR assay, presented here, will dramatically im-
prove detection sensitivity of Milyeringa spp. in their subterranean aquifer habi-
tats. The assay demonstrates very high specificity and sensitivity for M. justitia 
with a modelled LOD of 1.36 copies/reaction and LOQ of 6 copies/reaction which 
should significantly improve conservation monitoring of this endangered spe-
cies endemic to the groundwater on Barrow Island, Western Australia. Despite 
Barrow Island being a Class A Nature Reserve since 1910, is the site of the large 
Gorgon gas processing project and, until recently, an active oil field since the 
1960s. The known habitat of M. justitia coincides with the island’s industrial 
zone (Saccò et al. 2022c). This situation presents unique conservation challeng-
es: the primary threat being habitat disturbance from industrial activities (Moore 
2019b). Therefore, this genus-specific targeted qPCR assay will fundamentally 
improve the ability to detect and routinely monitor this cryptic subterranean fish.

The MilyeringaCR assay developed for M. veritas demonstrates moderate 
specificity and sensitivity, with a modelled LOD of 12.8 copies per reaction and a 
LOQ of 524 copies per reaction. Indeed, the sensitivity of the assay was substan-
tially lower for M. veritas (LOD: 12.8 copies/reaction; LOQ: 524 copies/reaction) 
than for M. justitia. This discrepancy is unlikely to be due to differences in primer 
binding efficiency, as in-silico validation confirmed identical primer binding sites 
between the two species. Furthermore, both assays were validated using synthet-
ic DNA standards, ensuring precise quantification of input DNA molecules during 
PCR reactions. These controls increase confidence that the observed differences 
in sensitivity reflect true assay performance rather than experimental variability.

While the modelled LOQ for the M. veritas assay was estimated at 524 cop-
ies per reaction using the Klymus et al. (2019) R script with a coefficient of 
variation threshold of 35%, empirical testing demonstrated consistent ampli-
fication at much lower concentrations. Specifically, all 10 replicates amplified 
successfully at 41 copies per reaction, inclusive of the inhibition testing and the 
exclusion testing, indicating reliable detection below the modelled LOQ. This 
discrepancy suggests that while the assay may not meet the strict precision 
criteria for quantification at lower concentrations, it remains effective for de-
tection. Reporting both the modelled LOQ and the empirically supported de-
tection threshold provides a more comprehensive view of assay performance, 
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particularly for field applications where consistent detection is often more crit-
ical than precise quantification. This highlights the importance of interpreting 
modelled thresholds alongside empirical performance, particularly when as-
sessing an assay utility for field-based eDNA applications.

Overall, this genus-specific eDNA assay offers a robust and non-invasive tool 
for detecting Milyeringa spp. in subterranean environments, overcoming the 
limitations of traditional survey methods. Its demonstrated sensitivity, particu-
larly for M. justitia, supports its application in routine conservation monitoring 
and conservation management of these cryptic and threatened cave fishes.

Genetic insights and future directions

The mitochondrial genome data generated in this study provide preliminary 
insights into the genetic diversity of M. justitia on Barrow Island. Sequencing 
of the mitogenomes (n = 2) revealed intraspecific variation, with 12 SNPs de-
tected, corresponding to 0.1% sequence divergence. In contrast, comparative 
analysis with the mostly complete mitogenome of the closely related M. veritas 
identified 2,538 SNPs, representing 11.3% sequence divergence. These findings 
could suggest limited haplotype diversity within the M. justitia population, po-
tentially indicative of a population bottleneck, founder effect or restricted gene 
flow. However, given the small sample size, this apparent homogeneity should 
be interpreted cautiously. Broader spatial and temporal groundwater sampling 
on Barrow Island may uncover additional mitochondrial diversity. Such efforts 
would enhance our understanding of population structure and evolutionary his-
tory for this species of conservation concern.

Comparison of the 236 bp fragment of the control region from the M. veritas 
mitogenome with sequences derived from groundwater samples collected at 
two distinct sites in Cape Range revealed a 100% match. This perfect sequence 
identity supports the utility of eDNA with a targeted qPCR assay for detecting 
this species in groundwater systems. The control region, known for its high 
mutation rate relative to other mitochondrial loci, is typically expected to exhibit 
considerable haplotypic variation. The absence of such variation in the current 
dataset may reflect limited sampling or a genetically homogeneous popula-
tion. However, given the small fragment size and the early stage of sampling, 
it is possible that additional haplotypes were not captured in this study. Future 
targeted qPCR assay efforts incorporating broader spatial and temporal sam-
pling may reveal greater genetic diversity within M. veritas populations in Cape 
Range. These findings underscore the importance of continued eDNA surveil-
lance to refine our understanding of population structure and connectivity in 
subterranean aquatic ecosystems.

This study demonstrates the critical role of eDNA in overcoming the inherent 
challenges of monitoring cryptic subterranean species such as Milyeringa spp. 
The development and validation of this genus specific assay provides a sensi-
tive, non-invasive tool for detecting these endangered cave fishes in groundwa-
ter habitats. The higher sensitivity of the assay to M. justitia compared to M. ver-
itas underscores the importance of species-specific optimisation for reliable 
detection. Preliminary mitochondrial genome analyses revealed limited haplo-
type diversity within M. justitia and sequence identity between M. veritas and 
Cape Range groundwater samples, suggesting potential genetic homogeneity; 



949Metabarcoding and Metagenomics 10: 939–953 (2026), DOI: 10.3897/mbmg.10.192801

Nicole E. White et al.: Cave gudgeon eDNA metabarcoding assay for rapid detection in the dark

however broader sampling is required. Future targeted qPCR assay surveys 
across spatial and temporal scales will be essential to refine our understanding 
of population structure, connectivity, and evolutionary history. By integrating 
molecular tools with conservation management, this work establishes a foun-
dation for routine conservation monitoring in subterranean ecosystems, offer-
ing a scalable approach to safeguard species of high conservation concern in 
environments where traditional survey methods are impractical.
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