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Abstract: The recent genetic revolution through the analysis of aquatic environmental DNA (eDNA)
has become a powerful tool for improving the detection of rare and/or invasive species. For the
majority of eDNA studies, genetic assays are designed to target mitochondrial genes commonly
referred to as “barcode” regions. However, unlike the typical structure of an animal mitochondrial
genome, those for the invasive zebra and quagga mussels are greatly expanded with large extended
tandem repeat regions. These sections of repeated DNA can appear hundreds of times within the
genome compared to a single copy for the mitochondrial barcode genes. This higher number of target
copies per mitochondrial genome presents an opportunity to increase eDNA assay sensitivity for
these species. Therefore, we designed and evaluated new eDNA assays to target the extended repeat
sections for both zebra and quagga mussels. These assays lower the limit of detection of genomic
DNA by 100-fold for zebra mussels and 10-fold for quagga mussels. Additionally, these newly
developed assays provided longer durations of detection during degradation mesocosm experiments
and greater sensitivity for eDNA detection from water samples collected across western Lake Erie
compared to standard assays targeting mitochondrial genes. This work illustrates how understanding
the complete genomic structure of an organism can improve eDNA analysis.

Keywords: environmental DNA; quantitative PCR; dreissenid mussels; mitochondrial genome;
aquatic invasive species

1. Introduction

The closely related dreissenid bivalve zebra mussel (Dreissena polymorpha, referred
to herein as ZM) and quagga mussel (D. rostriformis, referred to herein as QM) are two of
the most widely distributed freshwater aquatic invasive species [1,2]. Dreissenid mussels
are ecosystem engineers, causing extensive environmental alterations within invaded
habitats, such as the sequestration of nutrients, changes to the benthic habitat and structure,
increased water clarity via prolific filtration, and changes to the composition and biomass
of phytoplankton [1,3,4]. Within North America, the first appearance of both species
was reported in the Laurentian Great Lakes, with the discovery of ZMs in 1986 from
Lake St. Clair [5] and QMs in 1989 from Lake Erie [6]. Since then, these species have
continued their invasional spread to inland water bodies via recreational boating [7].
Furthermore, new invasion pathways have been identified through the aquatic pet and
plant trade [8,9], thus posing additional risk.

The early detection of new dreissenid invasions is critical for implementing successful
eradication and management strategies [10]. Additionally, monitoring population densities
and the invasional front along a waterbody are important for estimating dreissenid-related

Water 2022, 14, 2069. https://doi.org/10.3390/w14132069 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14132069
https://doi.org/10.3390/w14132069
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-0548-4273
https://orcid.org/0000-0001-9796-3986
https://doi.org/10.3390/w14132069
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14132069?type=check_update&version=2


Water 2022, 14, 2069 2 of 13

ecological impacts [11,12]. As a result, many studies have aimed to develop high-sensitivity
molecular methods for the detection of new invasions of dreissenid mussels [13]. Initially,
molecular methods were aimed at detecting dreissenid veliger larvae from zooplankton tow
samples [14]. However, with the recent genetic revolution through the analysis of aquatic
environmental DNA (eDNA—the genetic material released from urine, waste, mucus, or
sloughed cells), molecular methods are now routinely implemented for detecting aquatic
invasive species from free-floating DNA found within the water column [15]. The detection
and semi-quantification of dreissenid infestations using eDNA have shown promise in
both lacustrine [16–18] and riverine habitats [18–22].

Molecular methods for the analysis of eDNA can involve targeted species-specific
approaches using the conventional polymerase chain reaction (cPCR) or quantitative
PCR (qPCR), or passive approaches utilizing metabarcoding for the detection of gen-
eral biodiversity [23]. Targeted species-specific assays tend to be more sensitive than broad
metabarcoding approaches [22]. Furthermore, cPCR has been found to be a fast and cheap
method for the early detection of dreissenid veligers [24]; however, cPCR is typically less
sensitive than qPCR [25] and is limited in its quantification output [22]. While qPCR
provides the highest molecular sensitivity for eDNA analysis, it has failed to detect ZMs
within Lake Superior from locations of low abundance [26]. This suggests that current
qPCR assays are potentially unreliable for the detection of expanding invasions within
large water bodies. Therefore, it is desirable to have a qPCR assay that targets the most
abundant DNA fragment hypothesized to be within the environment to ultimately increase
the probability of successful collection in the field and successful detection in the laboratory.

Over the past decade, macrobial eDNA assays have been typically designed for mi-
tochondrial (mt) genes, as the mt-genome is expected to be in higher concentrations than
the nuclear (nu) genome within a cell [27] and thus are thought to be found in higher
concentrations within the environment. A meta-review of more than 500 published qPCR
assays for eDNA analysis has shown that ~98% of assays for the detection of macrobial
organisms target a mt-gene, with ~77% of those assays targeting just two genes (cytochrome
oxidase I (COI) and cytochrome b (Cyt b)) (data is summarized from [28]). Similarly, of the
29 dreissenid-specific molecular assays, ~72% are designed to target a mt-gene, with ~76%
of those targeting COI (Table S1). However, these commonly targeted mt-genes appear
as only a single copy within a mt-genome, and thus multi-copy genes (e.g., ribosomal
nu-DNA genes) may provide higher sensitivity for eDNA detection. Targeting multi-copy
genes within molecular microbial studies has provided increased sensitivity with qPCR
analysis [29,30]. Yet, only a few macrobial eDNA studies have compared the sensitivity
between single-copy and multi-copy gene targets, with the results suggesting increased
sensitivity for multi-copy gene assays for fish [31–33] and bivalves [34]. Thus, the develop-
ment of the most sensitive eDNA assay requires knowledge about the genomic structure
(e.g., the gene location and the number of copies per genome) of the taxa of interest.

Recently, genome sequencing has been completed for the entire nu- and mt-genomes
of ZMs [35] and for the entire mt-genome of QMs [36]. This new breadth of information pro-
vides tremendous insight into the genomic composition and structure of these two species.
Unlike the typical structure of other animal mt-genomes, which are ~14–20 kilobases
(kb) in length and homoplasmic, dreissenid mt-genomes appear more similar to many
plant mt-genomes, which display frequent gene rearrangements, greatly expanded repet-
itive regions, encode various open reading frames of unknown function, and can be
heteroplasmic [35,36]. Of particular interest for eDNA applications, both dreissenid mus-
sels display largely expanded mt-genomes (ZM: ~67 kb and QM: ~46 kb) composed of long
extended tandem repeat regions (three repeat regions totaling >50 kb and seven repeat
regions totaling > 30 kb, respectively) [35,36]. These extended regions can be repeated
hundreds of times per mt-genome, compared to only a single copy for any of the coding
mt-genes (e.g., 16S, COI, or Cyt b).

In light of this new whole mt-genomic data, we aimed to develop species-specific
qPCR assays that target highly repetitive regions of non-coding mt-DNA. We hypothesized
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these highly repetitive non-coding mt-DNA sections would be found in higher concen-
trations within tissue and eDNA water samples compared to any nu- or mt- coding gene
region and thus provide higher sensitivity for eDNA sampling. We tested this hypothesis
with newly developed qPCR assays across (1) log dilutions of tissue genomic DNA (gDNA),
(2) mesocosm experiments consisting of varying abundances of mussels, and (3) water sam-
ples collected from Lake Erie with known dreissenid populations. This study demonstrates
the potential advantages of increasing the levels of detection and quantification from eDNA
when leveraging whole genomic datasets for primer development.

2. Methods
2.1. Estimation of Gene Copy Number per Genome

To estimate the number of copies present within the mt- or nu-genome for each gene
region with a developed molecular assay (Table S1), in silico PCR was performed to calculate
the number of PCR products of expected size within the mt- and nu-genomes. The number of
copies for each nu-gene within the nu-genome (within each of the 16 chromosomes) was cal-
culated using the National Center for Biotechnology Information (NCBI) tool Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast, accessed on 15 October 2021 [37])
against the ZM-assembled nu-genome (BioProject: PRJNA533175). Note that this pro-
cess does not distinguish functional genes from pseudogenes within the ZM’s genome but
rather identifies the number of regions within the genome that would result in PCR amplifi-
cation. The number of copies for each mt-gene within the mt-genome was calculated using
in silico PCR (http://insilico.ehu.eus/user_seqs/, accessed on 15 October 2021) with the
assembled mt-genome for each species (ZM BioProject: PRJNA533175, and QMs BioProject:
PRJNA666063–accession MW080914).

2.2. Assay Design

Within the ZM’s and QM’s whole mt-genomes, the large tandem repeat sections for
each species were identified using the program Tandem Repeat Finder [38]. Potential
primers for the tandem repeat sections were identified using the PrimerQuest Tool from
Integrated DNA Technologies (IDT; https://www.idtdna.com/PrimerQuest/Home/Index,
accessed on 15 October 2021). Assays were further inspected for primer-dimer and het-
erodimer formation using the OligoAnalyzer Tool from IDT (https://www.idtdna.com/
calc/analyzer, accessed on 15 October 2021). One mt tandem repeat assay was chosen for
in vitro laboratory validation for each of the two species (Table 1).

Table 1. Species-specific and/or dreissenid-specific primer pairs (F-Forward and R-Reverse) used for
quantitative PCR analysis of environmental DNA for (A) zebra mussel (ZM) and (B) quagga mussel
(QM). The genomic origin (mitochondrial (mt) or nuclear (nu)) is listed for each gene, as well as the
length (base pairs), primer efficiency (%), and R2 for each primer set. Limit of detection (LOD) and
limit of quantification (LOQ) are listed in ng of tissue extraction per reaction and were estimated for
each qPCR assay using the qPCR_LOD_Calc R script [39].

Species Assay Zebra Mussel Primer Length
(bps) Efficiency R2 LOD LOQ Source

A. ZM mt-tr285 F: GTTTTCCAGTTCTTCTGTCG 97 96.83 0.990 2.2 × 10−6 1.2 × 10−4 Present Study
R: CTCTCACTTTTTTCCCCTATCCCTC

mt-COI F: TAGAGCTAAGGGCACCTGGAA 73 90.63 0.990 2.5 × 10−4 3.3 × 10−3 [40]
R: AGCCCATGAGTGGTGACAAT

mt-16S F: TGGGGCAGTAAGAAGAAAAAAATAA 141 91.00 0.995 2.5 × 10−4 2.4 × 10−3 [16]
R: CATCGAGGTCGCAAACCG

nu-H2B F: CGCGCGCTCCACTGACAAGA 251 88.36 0.999 2.2 × 10−6 4.1 × 10−5 [19]
R: CACCAGGCAGCAGGAGACGC

B. QM mt-tr258 F: TCGGTTCAACGGGATTCCC 232 102.32 0.995 9.3 × 10−6 2.8 × 10−4 Present Study
R: CCCCCTTACAAGATTTTCGATTT

mt-COI F: GGAAACTGGTTGGTCCCGAT 188 97.16 0.998 9.8 × 10−5 3.5 × 10−4 [40]
R: GGCCCTGAATGCCCCATAAT

https://www.ncbi.nlm.nih.gov/tools/primer-blast
http://insilico.ehu.eus/user_seqs/
https://www.idtdna.com/PrimerQuest/Home/Index
https://www.idtdna.com/calc/analyzer
https://www.idtdna.com/calc/analyzer
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Table 1. Cont.

Species Assay Zebra Mussel Primer Length
(bps) Efficiency R2 LOD LOQ Source

B. QM mt-16S F: TGGGGCAGTAAGAAGAAAAAAATAA 141 101.15 0.996 5.7 × 10−5 1.1 × 10−3 [16]
R: CATCGAGGTCGCAAACCG

nu-H2B F: CGCGCGCTCCACTGACAAGA 251 95.89 0.994 5.7 × 10−5 1.8 × 10−3 [19]
R: CACCAGGCAGCAGGAGACGC

2.3. Assay Validation

The two primer pairs were tested for cross-amplification of non-target organisms
in silico using the Primer-BLAST tool. The primer pairs were further tested for cross-
amplification between the sister taxa by performing qPCR using 1 ng per reaction of gDNA.
Total gDNA was extracted from the foot tissue of adult ZMs, or QMs collected from Lake
Erie using a Qiagen EZDNA extraction kit following the manufacturer’s protocol. DNA
extractions were diluted to 10 ng/µL by quantification on a nanodrop lite with subsequent
dilutions using DNase-free water.

To determine the sensitivity of each mtTR assay and previously developed species-
specific COI assays [40] (Table 1), serial dilutions of gDNA (ranging from 10 ng to 0.00001 ng
per reaction) were amplified using each assay for either the ZM’s or QM’s DNA. Each of
the serial dilutions was amplified in triplicates. PCR reactions were run using 2× Fast Plus
EvaGreen qPCR Master Mix (CAT #31014, Biotium, Fremont, CA, USA) on an Applied
Biosystems QunatStudio Flex 6 Real-Time PCR System. Reactions consisted of 20 µL in
volume and included 10 µL 2× Master Mix, 0.5 µL forward and reverse primers at a 10 mM
concentration, 6.5 µL diH2O, and 2.5 µL of the sample template. Cycling began with 10 min
at 94 ◦C followed by 40 cycles of 94 ◦C for 15 s and 60 ◦C for 60 s. A negative PCR control
was run with each plate of samples. Melt curve analysis was completed after each qPCR
run for each assay. Melt curves were inspected for a single peak corresponding to the same
temperature as the peak from the positive control samples included in each run.

Quantitative PCR assays were evaluated for sensitivity based on the qPCR efficiency,
the limit of quantification (LOQ)—defined as the lowest concentration of the target that
can be accurately quantified with a coefficient of variance below a threshold of ≤35%—
and the limit of detection (LOD)—defined as the lowest concentration of DNA that can
be detected in 95% of replicates [39]. PCR amplification efficiency for each assay was
calculated following the Minimum Information for Publication of Quantitative Real-time
PCR Experiments (MIQE Guidelines) [41]. Using the calibrated standard curves for serial
dilutions of gDNA (described above), PCR efficiency was calculated as 10−1/slope − 1,
where the slope was calculated from the logarithm of the initial template concentration
plotted against the Cq (quantification cycle) for each dilution. The LOD and LOQ were
estimated for each qPCR assay using the qPCR_LOD_Calc R script [39].

2.4. Comparisons of Assay Sensitivity

To assess the differences in sensitivity and duration of the detection between COI
and mtTR assays, water samples previously collected and processed from mesocosm
experiments were further analyzed here [34]. Briefly, three abundance treatments of three
replicates (a total of nine mesocosms) were chosen for analysis. These abundance treatments
consisted of 2, 12, and 48 mussels, with each mesocosm consisting of equal numbers of
ZMs and QMs (i.e., 1, 6, and 24 mussels, respectively). Each tank was covered with saran
wrap for the duration of the experiment. The organisms were maintained within the tanks
to release eDNA for a duration of 24 h, after which they were removed by a gloved hand.
A new glove was worn for each tank. The time after removing the mussels from each tank
was defined as time 0. Water samples collected at 0 h and 144 h were analyzed in this
study. The water samples were collected after mixing the water within each mesocosm
by stirring with a gloved hand for ~3–5 s. Further description of the water collection and
eDNA extraction can be found in [34].
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Additionally, detection and assay sensitivity were compared from water samples
collected across six sites within western Lake Erie (WLE, Figure 1). Triplicate water samples
of 500 mL were collected from ~30 cm below the surface in August of 2019. Water samples
were filtered on a 47-mm-diameter glass microfiber filter GF/C (nominal pore size 1.2 µm;
GE Healthcare Life Science, Westborough, MA, USA), and eDNA was extracted following
a modified Zymo extraction protocol [34]. Water samples were analyzed with the species-
specific COI [40] and mtTR assays described above, as well as two genus-specific assays
targeting the mt 16S gene and the nu H2B gene regions (Table 1). The 16S gene assay
(Dre_16S) was originally designed with a hydrolysis probe [16] but was adopted as a
non-probe assay for comparisons in this study. The other three assays (ZM-specific COI
and QM-specific COI [40] and the genus-specific H2B (Dre_H2B) [19]) were designed as
non-probe assays with EvaGreen-based dye analysis.

Figure 1. Map of western Lake Erie displaying the six sampling sites for eDNA water collection.

PCR conditions followed those listed for the assay validation. Positive standards were
constructed for each PCR run using gDNA from ZMs and QMs that was log-diluted from
1 ng to 0.01 ng per reaction. The efficiency of each qPCR run was evaluated by comparing
the positive standards to the calibrated standard curve.

The standardized Cq values (40-Cq) from the mesocosm and Lake Erie eDNA samples
were compared between the COI and mtTR assays for ZMs and QMs using a Student’s
t-test. Additionally, to determine if the COI and mtTR assays provided similar eDNA quan-
tification estimates within the mesocosm and Lake Erie eDNA samples, the concentration
of gDNA was quantified from the standard curve for each assay. Linear regression was
used to compare estimates of concentrations of gDNA between COI and mtTR assays for
both ZMs and QMs.
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3. Results
3.1. Copy Number per Genome

The copy number of nu-genes ranged from 6–30 copies per haploid genome, with
ribosomal genes displaying the highest copy number (30 copies for 18S and 20 copies for
28S; Table S1). Copies of the 18S gene were found on half of the chromosomes (Chr 2, 3, 4,
5, 7, 9, 12, and 14), while copies of the 28S gene were found on seven of the chromosomes
(Chr 2, 3, 4, 5, 6, 9, and 14). Note that these results suggest the presence of pseudogenes for
both 18S and 28S within the ZM’s nu-genome, which is common for nu-ribosomal genes
among eukaryotes [42]. The two histone genes (H2B and H1) each had 19 copies spread
across two chromosomes (Chr 2 and 5), while the MetRS gene had six copies found only on
chromosome 5. The gene coding regions within the mt-genome (i.e., 16S, COI, and Cyt b) all
displayed the expected single copy per mt-genome (Table S1). The targeted extended repeat
regions (Dpo_tr285 and Dro_tr258) within the available mt-genome reference sequences
exhibited 115 and 51 copies per mt-genome, respectively (Table 1).

3.2. Assay Specificity

For the newly designed primers for the mt-repeat regions, Primer-BLAST yielded
no results for the cross-amplification of any non-target DNA within the NCBI database.
Furthermore, no evidence of cross-amplification between sister taxa was observed during
the qPCR trials. The melting curve for both primers displayed a single distinct peak with
qPCR analysis (ZM = 76 ◦C and QM = 78 ◦C).

3.3. Assay Sensitivity—Standard Curves

Standard curve analysis using gDNA from the foot tissue estimated high qPCR effi-
ciencies and R2 values for all six assays tested in this study (Table 1). Across the first five
standard dilutions (the standards that displayed 100% detection with both the COI and
mtTR assays), the mtTR displayed increased sensitivity, as demonstrated by a lower Cq
value for both of the species. The ZM’s mtTR assay displayed a shift of 7.05 ± 0.62 Cq
values (Figure 2A), while the QM’s mtTR assay displayed a shift of 4.17 ± 0.25 Cq values
(Figure 2B).

Additionally, for ZMs, the calculated LOD was determined to be two orders of magni-
tude lower for the mtTR assay, and LOQ was determined to be one order of magnitude
lower for the mtTR assay compared to the COI assay (Table 1). For QMs, the calculated
LOD was determined to be one order of magnitude lower for the mtTR assay compared to
the COI assay (Table 1).

Figure 2. Cont.
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Figure 2. Standard curve analysis of log10 [genomic DNA] (fg per reaction) for (A) zebra mussels
(Dreissena polymorpha) and (B) quagga mussels (D. rostriformis) for a mitochondrial cytochrome
oxidase I (COI) assay (Blackman et al. 2020) (open circles) and a newly developed mitochondrial
tandem repeat (mtTR) assay (filled circles).

3.4. Assay Sensitivity—Mesocosm Experiments

Across all of the mussel abundances at time 0 h, the mtTR assays displayed higher
standardized Cq values than the COI assays for both of the species (all of the abundances’
standardized Cq values—ZM: COI = 10.53 ± 1.79, mtTR = 16.20 ± 1.54, p < 0.001 ***;
QM: COI = 10.80 ± 3.47, mtTR = 16.23 ± 3.34, p = 0.006 **) (Figure 3A,C). The estimated
concentration of the eDNA log10 (fg/uL), calculated based on standard curves, did not
differ across the mtTR and COI assays for either of the species (all of the abundances’ eDNA
concentrations—ZM: COI = 4.52 ± 0.50, mtTR = 4.10 ± 0.45, p = 0.10; QM: COI = 3.86 ± 1.02,
mtTR = 4.19 ± 1.02, p = 0.53) (Figure 3B,D). At the time of 144 h of the eDNA degradation,
the COI assay was detected in 44.44% (4/9) of the samples for ZMs and 33.33% (3/9) of the
samples for QMs, while the mtTR assay was detected in 89% (8/9) and 100% (9/9) of the
samples for ZMs and QMs, respectively.

Figure 3. Standardized Cq values (±standard deviation) for (A) zebra mussels (Dreissena polymorpha)
and (C) quagga mussels (D. rostriformis) for a mitochondrial cytochrome oxidase I (COI) assay
(Blackman et al., 2020) (lined bar), and a newly developed mitochondrial tandem repeat (mtTR)
assay (filled bar) across the three mesocosm tanks. The relationship of quantified genomic DNA
(log10 fg/µL) between the COI and mtTR assay for (B) zebra mussels and (D) quagga mussels.
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3.5. Assay Sensitivity—Western Lake Erie

Across the six sampling sites, the standardized Cq values were higher for the mtTR
assay compared to the COI for both of the species (all of the sites’ standardized Cq values—
ZM: COI = 8.41 ± 4.02, mtTR = 14.12 ± 3.67, p < 0.001 ***; QM: COI = 13.93 ± 2.15,
mtTR = 19.13 ± 1.79, p < 0.001 ***) (Figure 4A,C). The estimated concentration of the
eDNA log10 (fg/uL), calculated based on tissue extraction standard curves, did not dif-
fer across the mtTR and COI for either of the species (all of sites’ standardized eDNA
concentrations—ZM: COI = 3.84 ± 1.36, mtTR = 3.50 ± 1.08, p = 0.40; QM: COI = 4.78 ± 0.63,
mtTR = 5.08 ± 0.55, p = 0.15) (Figure 4B,D). For both the mtTR and COI assays, ZMs displayed
a lower concentration of eDNA compared to QMs across Lake Erie (Figures 5, S1 and S2).
Further, ZMs displayed lower eDNA concentrations as sites moved further offshore
(Figures 4A and S1). The single-copy genus specific assay (mt-16S) displayed lower stan-
dardized Cq values to the QM’s mtTR assay (Figures 5, S1 and S2), while the multi-copy
H2B gene assay displayed similar standardized Cq values (Figures 5, S1 and S2).

Figure 4. Standardized Cq values (±standard deviation) for (A) zebra mussels (Dreissena poly-
morpha) and (C) quagga mussels (D. rostriformis) for a mitochondrial cytochrome oxidase I (COI)
assay (Blackman et al. 2020) (lined bar) and a newly developed mitochondrial tandem repeat (mtTR)
assay (filled bar) across the six western Lake Erie sampling sites. The relationship of quanti-
fied genomic DNA (log10 of fg/µL) between the COI and mtTR assay for (B) zebra mussels and
(D) quagga mussels.
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Figure 5. Mean standardized Cq values (±standard deviation) for each of the six eDNA assays across
all water samples collected from western Lake Erie.

4. Discussion

As eDNA becomes a standardized sampling methodology for the detection and
management of invasive species [10,43], targeting the most abundant genomic fragment
can increase the sensitivity of an eDNA assay. Here we demonstrate proof of this concept
by taking advantage of the unique structure of the mt-genome of dreissenid mussels. By
targeting the tandem repeat regions of the mt-genome, we demonstrated higher sensitivity
for the detection of dreissenid eDNA compared to the standard single-copy mt-gene regions
(e.g., 16S and COI). Accordingly, the LOD from the tissue gDNA was estimated to be one
to two orders of magnitude lower for the mt tandem repeat sections compared to the
single-copy COI assays for either of the species. The higher number of copies per cell for
these repeat regions allows for a lower total number of cells to be collected within the
environment and still achieve a positive detection. While the number of mt-genomes per cell
is highly dependent upon the type of tissue, the concentration of the mt-genome is always
expected to outnumber the concentration of the nu-genome [44]. Therefore, by targeting
a highly repeated section of mt-DNA, we designed species-specific assays targeting the
theoretically most abundant DNA region found within a dreissenid mussel cell.

Standard operating procedures for eDNA qPCR assays are beginning to be outlined [28,39,45],
and these procedures typically recommend the use of synthetic standards for the analysis
of LOD and LOQ [45]. However, while synthetic standards are important for evaluating
the efficacy of an eDNA assay in the laboratory, the ability to successfully collect and
detect a genetic target from the environment is reliant on the inherent number of target
copies found within a cell for the species of interest. Therefore, synthetic standards do not
provide the full context of LOD and LOQ in terms of realized copies for various target
genes expected to be found within the environment. For example, a qPCR targeting a
multi-copy gene for the anthrax pathogen Bacillus anthracis was found to have a similar
LOD to the established single-copy assays using synthetic standards; yet the multi-copy
gene significantly improved its detection by lowering the Cq threshold by > two cycles [29].
Similarly, our newly developed mtTR assays lowered Cq values by seven and four cycles
for ZMs and QMs, respectively. Therefore, these mtTR regions can increase detection rates
for eDNA of low population sizes when the concentration of cellular material may be below
the detection threshold for standard single-copy gene assays.
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While the degradation of the mt-genome is typically slower compared to the nu-
genome [33,34,44], it is not known the purpose of these mtTR regions [36] or if they
degrade at similar rates to coding regions within the mt-genome. We tested samples
collected from a previous mesocosm experiment for the detection of these repeat regions
after six days of degradation. While the tandem repeat sections fell below the LOQ
for both QMs and ZMs, these two markers still provided high detection rates after six
days of degradation, compared to limited detections with the COI assays. This suggests
that the high concentrations of the mtTR regions allow for longer time frames of positive
detections post- eDNA release. Thus, the longer timeframe allows for an increased detection
probability. However, this also presents a potential risk of a false-positive detection relating
to the legacy-genomic material or to eDNA transport within a flowing system. Therefore,
when an eDNA study focuses on recent presence, such as studies evaluating the success of
an eradication event, eDNA analysis may benefit from targeting a faster degrading gene
region. In such cases, the use of eRNA may improve the assessments of recent presence, as
eRNA has been shown to degrade at expeditated rates [34]. However, because the mtTR
assays target non-coding DNA, these mtTR regions are not expected to be translated into
RNA within the cell and thus will not be useful with eRNA analysis.

The water samples from Lake Erie were found to have much larger standardized Cq
values for the mtTR assay compared to the COI assay for both ZMs and QMs. Additionally,
for majority of the sites, the QM mtTR assay provided higher standardized Cq values than
the genus-specific 16S gene assay, which amplifies both the ZM’s and QM’s eDNA. This
suggests that in some cases, the species-specific mtTR assays can even be more sensitive
than a genus-specific single-copy assay. However, the multi-copy genus-specific H2B
gene assay provided similarly high standardized Cq values, further suggesting that multi-
copy targets greatly improve sensitivity [34]. If monitoring programs are not particularly
interested in distinguishing between the two species, the genus-specific H2B target may
provide better sensitivity than a species-specific assay to detect low-density dreissenid
populations. However, the designed primers in this study allow high sensitivity at the
species level, providing improved detection when species-specific information is necessary.
For example, in this study, large variations in eDNA concentration was found for ZM, with
the highest concentrations occurring in sites nearshore, while QM’s eDNA concentration
displayed a much smaller variation across the sites. These patterns of eDNA concentration
between the species are not possible with a genus-specific assays.

Unlike single-copy genes, it is unknown how much variation occurs in the number of
mtTR repeats within individuals, between individuals, and between populations. Currently,
only one mt-genome has been sequenced for both ZMs and QMs; thus, it is not possible to
estimate a population and spatial variation within this non-coding region. It is hypothe-
sized that the mt-genome displays some levels of heteroplasmy, whereas the number of
repeats can differ between individuals and even between cells within an individual [36].
Therefore, while both mtTR assays displayed increasing DNA concentrations with the
mussel abundance across the mesocosms, the unknown level of heteroplasmy may result
in misleading abundance estimates when quantifying eDNA with these mtTR assays. Ad-
ditionally, no mt-genomes have been sequenced for other closely related Dreissena taxa,
and thus it is not known if these mtTR assays will cross-amplify with other sister taxa in
co-occurring habitats. However, these assays show a clear specificity against the two tested
species, with a clear distinction between the ZM’s and QM’s mtTR regions. Continued
investigations into the mt-genome structure across geographical populations and between
dreissenid taxa will improve the evaluation and interpretation of quantified eDNA from
mtTR assays in the future.

While these extended mt-genome repeat regions are rare within the animal kingdom,
this study provides proof of concept to increase the efficiency and effectiveness of eDNA
by incorporating whole genome information. Additionally, mt tandem repeat regions
have recently been discovered in the parasitic worm Schistosoma haematobium [46] and
are common among plants [47]. Thus, a similar approach for assay development may be
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beneficial for improving eDNA detection for a wide range of taxa. Likewise, other studies
have shown increased assay sensitivity when targeting a multi-copy nu-gene [31–34],
suggesting that gene copy number should be considered in eDNA assay development.
It is important to note that the majority of developed assays target the COI gene region
due to the wealth of information available to properly evaluate species-specificity [28,45];
thus, the development of assays targeting other gene regions may be limited until more
in-depth genomic databases are developed. This study expresses the need to understand
the unique cellular aspects (including the genomic structure) of an organism to develop the
most efficient and effective eDNA methodology for detection efforts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14132069/s1, Figure S1: The Standardized Cq values (±standard deviation) across water
samples collected from six sites in western Lake Erie for ZM_COI, ZM_mtTR, QM_COI, QM_mtTR,
Dre_16S, and Dre_H2B. Figure S2: The Standardized Cq values (±standard deviation) for each of
the six eDNA assays from triplicate water samples collected at WLE4P, WLE2L, WLE4R, WLE7M,
WLE8M, and WLE3P. Table S1: Gene regions across the nuclear (nu-) and mitochondrial (mt-) genomes
used for developing diagnostic molecular assays targeting zebra mussel (Dreissena polymorpha),
quagga mussel (D. rostriformis), or both [48–56].
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