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Abstract

:

The European eel Anguilla anguilla is a critically endangered catadromous species. There is an urgent need for close surveillance of the populations that are still viable in European rivers. The species is difficult to observe in freshwater because of its bottom-dwelling behavior; the currently employed methods of eel monitoring in Europe based on the physical capture of individuals are stressful and may cause mortality. Here, we present a new highly sensitive method based on an A. anguilla-specific qPCR marker designed within the cytochrome oxidase I mitochondrial gene for application on environmental DNA (eDNA). Since the detectability of eDNA depends on the hydrographic conditions, we applied correction for altitude and a linear model and were able to predict the eel biomass from the eDNA in the different rivers of northern Spain still holding wild populations. The method was validated by electrofishing surveys. This novel eDNA-based marker allows for estimating the European eel biomass in running waters from small 1.5 L water samples and could complement, or replace in some cases, current eel surveys without disturbing wild populations.
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Key Contribution: This is a new molecular marker to estimate Anguilla anguilla biomass from water samples in running rivers by using qPCR. The quantity of environmental eel DNA measured is corrected by the river hydrography for a more accurate estimation.










1. Introduction


European eel (Anguilla anguilla) populations have been threatened by anthropogenic activities during the last decades. Populations were reduced by 80% across the species’ distribution range, from Norway to North Africa, in the 1980s [1], principally due to habitat losses for the construction of river barriers and overexploitation [2] as well as due to the presence of Anguillicola crassus, a nematode that parasites the species, causing injuries in the swimbladder that impede migration [3]. Catalogued as critically endangered by the IUCN since 2007 [4] and declared out of safe biological limits by the International Council for the Exploration of the Sea (ICES), actions are needed to maintain the still-viable populations [5].



European eel has a complex life cycle that involves a challenging 5000 km migration from the Sargasso Sea, where they spawn at a depth of 250 m, to the European rivers where they feed until maturity to a return to reproduce back in the Sargasso Sea [6]. Thus, they face a variety of threats from the sea to the rivers. Given the wide latitudinal range of the species’ distribution, management involves different countries. Of enormous ecological, economic, and cultural importance [5], the European eel is a target of professional and recreational fishing in Europe and Northern Africa [7]. Mitigation actions to avoid stock depletion include reducing fishing quotas, restocking, river habitat improvement, and the removal of river barriers [2]. However, the conservation measures in practice as well as the monitoring techniques vary a lot depending on the local stakeholders [8].



European legislation mandates that eel mortality is reduced and that new sampling techniques are incorporated to monitor and facilitate an efficient management of the species [9]). However, the lack of the standardization of monitoring methods across countries makes the management of the European eel very complex [10]. In Spain and other countries, the most-employed technique to monitor eel populations is electrofishing [11], while other countries use fyke nets, mark and recapture, or tagging and telemetry for population surveys (as reviewed by [12]). All these methods require the fish to be extracted from the water, which is problematic because, like the majority of wild fish, this species is sensitive to human manipulation. Practices such as catch-and-release may encompass mortalities of 60% or higher [13], and electrofishing and fyke nets cause stress and increase post-survey mortality [12,14]. Therefore, non-intrusive monitoring techniques are urgently needed. However, it is not easy to find a method that is useful for all the life stages in different hydrological conditions. For example, high-frequency multi-beam sonar can be used to estimate the biomass of the large eels abandoning rivers during the escapement period [12], and video surveillance can serve to visualize fish and understand their behavior [15]; however, these techniques rely on good river conditions, so they are inaccurate in turbid waters with suspended material, and are not adequate to estimate the biomass of small juveniles.



In addition to the problems mentioned above, conventional methods such as electrofishing and fyke nets have limitations in detecting species at low densities [16]. This is the case of endangered species such as Anguilla anguilla, for which many populations remain at a low density after population declines, and, even in relatively large populations, the density is very low upstream [17]. In these cases, the use of environmental DNA (eDNA) for species detection has advantages over individual sampling [18]. The eDNA-based methodology is a noninvasive technique that does not disturb endangered populations [19], is highly efficient in detecting scarce or evasive species [20], and can be used in river areas where electrofishing is not feasible such as those under a high current speed or in deep ponds [21]. The use of eDNA was proposed as a complement to or substitute for traditional methods such as electrofishing [22]. Some countries, such as Japan, several EU countries, the UK, and the US, incorporated this technology into their governmental monitoring programs [23]. However, it is still necessary to test the tool before its incorporation into a new program, in order to determine its limitations and to know how to interpret the obtained results. In order to perform this, it is highly advisable to follow the recommendations by [24] as much as possible, such as by reporting the primer sequences and design, detecting the target species from the environmental DNA, and disclosing the filter type and pore size.



In the North American congeneric Anguilla rostrata, which has a similar life cycle and latitudinal distribution range, the use of eDNA was encouraged to assist with population assessments and guide conservation efforts [25]. A quantitative PCR marker for application on eDNA was further described for the assessment of North American eel populations [26]. Regarding the European eel, two qPCR markers were published for the detection of Anguilla anguilla from eDNA. Halvorsen et al. [27] targeted a DNA fragment within the mitochondrial cytochrome b gene and used the marker to study the occurrence of eels along rivers with different types and numbers of barriers in Norway; however, they employed the marker for eel detection and not to quantify eel biomass. Weldon et al. [9,10,27] conducted a survey in Irish lakes with eel populations of different sizes, comparing the results of a qPCR marker that was also developed within the cytochrome b gene with those obtained from fyke net surveys. The probability of the detection of eels using the eDNA marker was 83%, with eDNA concentrations generally associated with population size, which were lower in lakes with low eel populations [9]—although with no clear difference between high and medium eel populations. It is worth noting that this marker was not tested in rivers.



Halvorsen et al. [27] encouraged the development of eDNA methods that could quantify populations from running waters, for application in conservation efforts; Halvorsen et al. [28] developed a method to estimate haplotypes from water samples, although they are not yet able to quantify individuals. For community inventories from the presence/absence of metabarcoding data, eDNA has a spatial signal (upstream–downstream species distribution) comparable to that of local-capture-based methods [29]. However, using eDNA concentrations to estimate biomass in rivers cannot be accomplished in a straightforward way because the river hydrography may have a strong effect on the amount of eDNA that can be detected from water samples. Working with crayfish, Rice et al. [30] found a strong relationship between eDNA detection probability and upstream river distance, which was interpreted as the downstream transport of eDNA from upstream locations. River discharge is positively associated with the average length of downstream eDNA transport [31]; therefore, in streams with high discharges, eDNA rapidly runs downstream. Another intervening factor is the average flow velocity, which is inversely proportional to the eDNA concentration at a river point [32]. The influence of these factors is likely intertwined with the habitat preferences of the European eel in the river because the probability of eel occurrence increases with river size and water temperature (both being generally higher downstream than upstream) and decreases with the distance to the river mouth [17]. Correction for river hydrography is yet to be considered in European eel eDNA studies in running waters.



To fill the gap detected by Halvorsen et al. [27], in this study we developed a qPCR assay to detect and quantify eels’ eDNA from running waters and tested it in experimental tanks and in real river samples from the Asturias region in northern Spain (Figure 1), where electrofishing surveys are conducted as part of the governmental annual monitoring program. We validated this method in the field by comparing the eDNA results with electrofishing surveys, applying a simple correction to the eDNA concentration for the dependence of eDNA capture on river hydrography [30,31,32].




2. Material and Methods


2.1. Real-Time PCR Marker Design and qPCR Procedures


2.1.1. Primer Design


TaqMan primers and probe were designed to amplify a fragment from the mitochondrial gene cytochrome oxidase subunit 1 (COI) of Anguilla anguilla. National Center for Biotechnology Information (NCBI) nucleotide database was employed to download the sequences from A. anguilla and other related and cohabitant species in order to find a specific region allowing for the specific amplification of the target A. anguilla. PrimerExpress 3.0 (Applied Biosystems, Waltham, MA, USA) was the software employed for the design. BlastN tool (Basic Local Alignment Search Tool-N) was then used to check possible in silico cross-amplification. There was no in silico cross-amplification against the species present in the database. The primers and probe designed were as follows: ANG-Forward-5′-GGA GCT GGT ACA GGC TGA ACT G-3′; ANG-Reverse-5′-AGT GAG AAA ATT GTC AGG TCA ACA GA-3′; ANG-Probe: 5′-6-FAM TGG CTG GAA ACT TAG CCC ACG CC BHQ1-3′.



Amplification was assayed in vitro using tissue from A. anguilla. Other species that can be found in these and other European rivers, such as the fish Salmo trutta, Salmo salar, Carasius auratus, and Squalius caroliterti and the invasive gastropod Potamopyrgus antipodarum, were also assayed to check for possible cross-amplification.




2.1.2. qPCR


Amplification was performed using a 7900 HT Fast Real-Time PCR System (Life Technologies, Inc., Applied Biosystems, Carlsbad, CA, USA). It was carried out in a total volume of 25 μL containing 1X TaqMan® Environmental Master Mix 2.0 (Life Technologies, Inc., Applied Biosystems, Carlsbad, CA, USA), 6 μL environmental DNA, 0.5 μL of each primer, and the probe (10 μM). PCR standard conditions were 50 °C for 2 min and 95 °C for 10 min, followed by 40 cycles of 95 °C 15 s and 60 °C 1 min. Negative controls to monitor for contamination as well as extraction and filtration negative controls were included in the amplification. Three PCR technical replicates were amplified per sample. The standard curve was performed by serial dilution of DNA from European eel, of known concentration (72.8 ng/μL, from 10−1 to 10−6 serial dilution).





2.2. Validation of the qPCR Marker


2.2.1. Experimental Validation in Aquaculture Tanks


To determine the ability of the new qPCR assay as a quantitative method for the inventory of eel biomass from eDNA, an experiment using tanks with different biomass of eels was developed. A linear relation between the biomass of eels in a tank and the amount of eel eDNA is expected for low and moderate eel densities. In conditions of very high eel density and biomass, we expect a saturation of extraction and quantification methods due to excessive eDNA amounts. The experiment consisted of nine 60 L tanks that were filled with freshwater and supplied with oxygen. Anguilla anguilla individuals were acquired from Marina Eel company, weighed, and distributed among tanks.



The tanks were kept at 18 °C. Eels were left for a week and were not fed to minimize contamination from fishmeal. Water samples of 1.5 L were taken from each tank (three samples per tank as sampling replicates). For this, a sterile bottle was introduced 10 cm from the bottom, avoiding touching eels. Sterile gloves were worn and changed between tanks to avoid contamination. The water samples were preserved at 4 °C before filtration. All samples were filtered within 24 h after sampling.




2.2.2. Validation in Natural Rivers


The field validation in running waters was conducted in rivers from Asturias (northwestern Spain). The region is located in the center of the southern Bay of Biscay (Figure 1), which is one of the original distribution areas of Anguilla anguilla still holding eel populations [5]. The information was found from the Hydrographic Confederation of North Spain, https://www.chcantabrico.es/las-cuencas-cantabricas/marco-fisico/hidrologia/rios/piguena and https://www.chcantabrico.es/organismo/las-cuencas-cantabricas/marco-fisico/hidrologia/rios/dhc-occidental/-/asset_publisher/OFa1sWDJLb6J/content/rio-ponga for Pigüeña and Ponga, respectively, accessed on 1 March 2023). Pigüeña River’s head is at 1700 m over sea level, the basin is much larger (47.6 km until discharging in the main Narcea River, 404.46 km2), and the regime is regulated by three hydroelectric facilities, one of them upstream at La Riera site (Figure 1). The upstream part of the river is located within Somiedo Natural Park. Ponga River is smaller (head at 1500 m, 28.9 km) and runs free until discharging in the main Sella River. Data of discharge and flow velocity are not available for these rivers. The upper part where the sample was collected belongs to the Natural Park “Cabecera del río Ponga”. Relatively large populations of native salmonids (Atlantic salmon Salmo salar and brown trout Salmo trutta) occur in the two rivers.



In contrast to the experimental tanks, low amount of eel eDNA, mixed with eDNA from other species, is expected to be found in wild samples. Water samples from the same sampling points where eel biomass was previously estimated from electrofishing were employed for both qPCR and eel-specific end-time PCR validation.



The validation consisted of three steps.



	1.

	
Correction for river hydrography







In our case study, we considered stream order (level of branching in a river system: 2–6 in the streams where this marker was validated, based on Strahler, 1957) as a proxy for river discharge and altitude—also associated with temperature and implying a steeper slope in these rivers—as a proxy for mean flow velocity. These two hydrographic features are inversely proportional to eDNA concentration at a river point [33] and are especially important here because the probability of eel occurrence is higher at lower altitudes and higher-order streams [18]. We checked the association of these variables with indicators of the amount of eDNA occurring at the sampling points: the total eDNA quantity (measured from QubitHS methodology as described above); positive PCR amplification using end-time PCR with universal primers; end-time PCR with eel-specific primers [21] that show the presence of specific eel eDNA. Quantitative eDNA data (in terms of Ct values) are corrected by the factor showing a higher correlation with total eDNA quantity.



	2.

	
Correlational validation







The quantity of Anguilla anguilla eDNA from water samples is expected to be significantly correlated with eel biomass measured from the individuals captured in electrofishing sampling (see below), applying the correction defined in 1. This was accomplished in Pigüeña River.



	3.

	
Predictive value of the new marker







Proof of concept to explore the applicability of the marker for routine surveys in different waters, where the eel eDNA from Ponga River is predicted from eel biomass using the curve equation estimated from Pigüeña River.



A regression with significant slope in (2), with the values corrected for hydrography according to results in (1), and eel eDNA quantity within the range estimated from that regression in (3) indicate that the new marker can be considered reliable for its use in the field.



In the river samples, additional markers amplified with end-time PCR (PCR) were assayed to check the effect of river hydrography (see below Section 2.4.1) on total eDNA detectability and to confirm lack of PCR inhibition.




2.2.3. Sampling Procedures in the Field


Water sample collection took place, combined with electrofishing surveys, during September 2021. The Pigüeña River (Asturias, Spain) was selected (Figure 1), where eels are annually monitored by electrofishing by the competent authority (Government of Asturias Principality). Pigüeña is a 46 km long mountainous stream tributary of Narcea River within Nalón-Narcea basin. Samples for the proof of concept were taken from Ponga River, a 25 km long tributary of Sella River.



The government of Asturias region has carried out periodical electrofishing at predetermined sites within a regional river monitoring network since 2011. Water samples for eDNA analysis were taken immediately before electrofishing (Table 1). Electrofishing was conducted by applying the same sampling effort in all the sites. Zippin’s method was used to determine eel density [34,35]. Three-pass electrofishing covering the whole river from bank to bank was completed at each sampling point, without replacement. Eels were taken out from the river with a handle net and placed in containers with water and air supply until the end of the electrofishing passes. The individuals were counted, measured, and weighed, before being released back into the same river area.





2.3. eDNA Analysis Procedures


2.3.1. Water Samples Filtration


Each sample of 1.5 L water was vacuum-filtered using filter membranes with a 0.22 µm pore size and a 47 mm diameter (Pall Corporation, Life Sciences, Ann Arbor, MI, USA). Filtering process was performed in a specialized laboratory separated from the main molecular facility to avoid contamination. Filtration apparatus, forceps, and surfaces were cleaned using 10% bleach solution between samples to avoid cross-contamination as much as possible. Filtration blanks of 1.5 L distilled water were filtered under the same conditions after each filtration process.




2.3.2. eDNA Purification


Power Water DNA Isolation Kit (Qiagen, Hilden, Germany), in accordance with the protocol of the manufacturer, was used to isolate eDNA from filters. Each filter was divided into two halves to perform the extraction. Then, both extractions were combined after the elution step. Extractions were quantified using Qubit™ dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA).) (Supplementary Table S1).




2.3.3. Inhibition Testing and Detection Probability


To check for potential presence of enzymatic inhibitors in the DNA extracts, a quantitative polymerase chain reaction (qPCR) assay targeting an internal positive control was carried out using Applied Biosystems® TaqMan® Exogenous Internal Positive Control Reagents (Thermo Fisher Scientific, Waltham, MA, USA). Amplification values for cycle threshold (CT; the first PCR cycle at which DNA is detected, with smaller CT values corresponding to higher DNA quantities) were compared between reactions containing 2 μL PCR grade water and reactions containing 2 μL of template eDNA. To enable an appropriate assessment of potential inhibition during subsequent steps, Taqman® environmental master mix 2.0 (ThermoFisher Scientific, Waltham, MA, USA) was used in all the performed qPCRs. Each qPCR was carried out in a 25 μL reaction volume containing 2.5 μL of 10× Exo IPC Mix and 0.5 μL of 50× Exo IPC DNA. The thermal cycle profile consisted of a hot start at 94 °C for 2 min, a denaturing step at 95 °C for 5 s, and an annealing step at 60 °C for 15 s for 40 cycles.



Detection probability (ρ) was calculated as demonstrated by Laramie et al. (2015). It is calculated based on the number of positive sampling replicates (ƞ = 0–3) divided by the total number of replicates per sampling point (N = 3).





2.4. End-Time PCR Markers Assayed on Field Samples


In addition to the new qPCR marker, two more markers were assayed in the field water samples. A universal marker was employed to confirm the presence of DNA in each sample, and an eel-specific marker detectable by end-time PCR [21] was used for comparison of its performance with the new marker.



2.4.1. Universal Marker


Universal primers were chosen to check for amplification success, as they can amplify DNA from a broad range of organisms and discard inhibition issues in the end-time PCR. The primers mlCOIintF (5′ GWACWGGWTGAACWGTWTAYCCYCC-3′) and jgHCO2198: 5′-TANACYTCNGGRTGNCCRAARAAYCA-3′) from Leray et al. [37], amplifying a 313 bp fragment within the cytochrome oxidase subunit 1 gene (COI), were also employed. End-time PCR reaction was performed with the same reagents using the following conditions: 95 °C for 5 min; 35 cycles of 95 °C for 1 min, 48 °C for 1 min, and 72 °C for 1 min; 72 °C for 5 min extension.




2.4.2. End-Time PCR Eel-Specific Marker


European eel species-specific primers from Burgoa Cardás et al. [21] were employed in end-time PCR using the eDNA samples (Forward-5′-GCT GTA TTA GTA ACC GCC GTT TT-3′, Reverse-5′-GCA GGA TCA AAG AAG GTC GT-3′). End-time PCR amplifications were performed in a total volume of 20 µL, including Green GoTaq® Buffer (1X), MgCl2+ (2.5 mM), dNTPs (0.25 mM), forward and reverse primers (1 µM), BSA (200 ng/μL), 0.65 U of TaqMan Polymerase (Promega®), and 4 µL eDNA. Amplification conditions were 95 °C for 5 min, 95 °C for 30 s, and 65 °C for 30 s and a final extension step at 72 °C for 7 min.





2.5. Data Analysis and Statistics


Variables employed in the analyses were as follows.



	-

	
Stream order: The number defining the level of river branching at the considered sampling point. It is a discontinuous quantitative variable.




	-

	
Altitude: Meters above sea level at each sampling point. It is a continuous quantitative variable.




	-

	
Total eDNA quantity: The amount of eDNA in a sample, measured using HS Qubit Fluorometer. It is a continuous quantitative variable.




	-

	
End-time PCR eel-specific marker: Using the primers described above from Burgoa Cardás et al. [21], it measures presence/lack of presence of eels’ eDNA (positive amplification/no amplification); thus, the primary variable is binary (0/1). It may be secondarily transformed into a discontinuous quantitative variable using the number of sampling replicates with positive end-time PCR amplification per sampling site (variation range 0–3).




	-

	
End-time PCR universal marker: As in the previous case but using Leray et al. [37] universal primers instead of an eel-specific marker.




	-

	
Eel eDNA quantity: CT values obtained when amplifying eel eDNA using the species-specific primers developed in the current study. It is a continuous quantitative variable.




	-

	
Adjusted eel eDNA quantity: Amount of eel eDNA estimated from field samples as an extrapolation from the standard curve. It is a continuous quantitative variable. In the analysis of field results, CT values were preferred as a proxy to eDNA quantity estimations for being a fitter measurement for regression analysis.







To check the effect of river hydrography on eDNA detectability in the field case study, a multivariate multiple regression was performed with stream order and altitude as independent variables and the total eDNA quantity and positive PCR amplification using end-time PCR universal marker as dependent variables. Independent variables predicting the dependent ones were employed for the correction of eel eDNA quantity in field samples.



Best-fit model for the relation between eel biomass and eel eDNA as CT values (in experimental tanks and in field samples) was tested using Akaike information criterion procedure, and the corresponding equation was determined. Ordinary least squares regression was used to express linear relationships between pairs of variables, such as eel biomass and CT or eDNA quantity measured using Qubit. Homoscedasticity was tested using Breusch–Pagan statistics. Durbin–Watson test was employed to check for the presence of autocorrelation in the errors of regression models, in order to ensure the dataset met the conditions for regression analysis.



Pearson’s r was used to test for linear correlations between pairs of variables. Statistical analyses were performed using PAST software [38].





3. Results


3.1. Primers Validation In Vitro and in Experimental Tanks


In vitro, no cross-amplification of the new marker was found with the DNA of any species that was tested.



In experimental tanks, the eel DNA quantity increased with the eel biomass up to a point where a saturation effect appeared (Table 2). Considering the nine tanks, the best-fit model for the adjusted DNA quantity means (Akaike IC = 11.45) corresponded to a power curve (positive with saturation) with the following equation:


y = 63.46x0.003 − 63.7











For CT means (Akaike IC = 11.48) the best-fit model was Michaelis–Menten (negative with saturation), with the following equation:


Y = 26.72x/(−1.976 + x)











[image: Table] 





Table 2. Tank experiment results. DNA quantity: amount of DNA (ng) measured by qPCR using the new markers. Eel biomass is expressed in grams.






Table 2. Tank experiment results. DNA quantity: amount of DNA (ng) measured by qPCR using the new markers. Eel biomass is expressed in grams.





	
Tank Number

	
Biomass

	
Number of Individuals

	
Tank Sampling Replicate

	
CT Mean

	
Eels’ DNA Quantity Per Tank (ng)






	
T1

	
34.5

	
3

	
A

	
28.27

	
0.275




	
B

	
28.81

	
0.176




	
C

	
28.49

	
0.197




	
T2

	
80.57

	
4

	
A

	
27.04

	
0.508




	
B

	
26.52

	
0.723




	
C

	
26.70

	
0.651




	
T3

	
81.15

	
4

	
A

	
28.23

	
0.344




	
B

	
28.29

	
0.286




	
C

	
27.91

	
0.310




	
T4

	
196.3

	
8

	
A

	
26.31

	
0.832




	
B

	
27.31

	
0.465




	
C

	
24.93

	
1.902




	
T5

	
211.7

	
14

	
A

	
26.18

	
0.896




	
B

	
26.74

	
0.691




	
C

	
26.04

	
1.027




	
T6

	
358.6

	
20

	
A

	
26.17

	
1.619




	
B

	
26.10

	
1.772




	
C

	
26.44

	
1.496




	
T7

	
399.5

	
24

	
A

	
25.13

	
1.750




	
B

	
26.86

	
0.608




	
C

	
27.15

	
0.945




	
T8

	
745.5

	
43

	
A

	
28.60

	
0.459




	
B

	
28.68

	
0.392




	
C

	
27.41

	
0.857




	
T9

	
748.6

	
43

	
A

	
27.12

	
0.935




	
B

	
27.58

	
0.778




	
C

	
28.19

	
0.490











However, for further validation and the objective of applying this method in wild populations, we used the linear part of the curve before saturation, because it is extremely unlikely to find densities like those of tanks T8 and T9 (43 eels summing 750 g of biomass in only 60 L of water) in the wild.



Considering the part of the curve before saturation, that is, excluding the two tanks with the highest biomass T8 and T9 (Figure 2), a positive significant correlation between the eels’ DNA quantity in the tanks and the eels’ biomass was found (r2 = 0.485, p = 0.001). The Durbin–Watson statistic was 2.05 with p = 0.54 n.s. (no autocorrelation of errors), and the Breusch–Pagan statistic was 4.58 with p = 0.03 (no homoscedastic); thus, the conditions for regression analysis were not totally met. The equation of the linear regression was y = 0.003x + 0.239. For the estimation of eel eDNA from CT values, a significant negative correlation was found (r2 = 0.399, p = 0.002). In this case, the Durbin–Watson was 1.44 with p = 0.09 n.s., and the Breusch–Pagan was 0.00005 with p = 0.994 n.s., confirming homoscedasticity for this estimator. The equation was y = −0.005x + 27.919. For its adjustment to homoscedasticity, we used CT values as estimators of the eel eDNA quantity, with the higher CT value for the smaller eel eDNA amount.




3.2. Field Validation


3.2.1. eDNA Detection and River Hydrography


The three end-time PCR technical replicates of each sample gave the same result (positive or negative) for the two assayed end-time PCR markers.



DNA extracted from water samples (total eDNA) was quantifiable using Qubit for at least one water sample per site (one sampling replicate) in the Pigüeña River locations. Positive amplification from universal primers [37] was achieved for those water samples and two more (Table 3).



Positive amplification from end-time PCR eel-specific primers [21] was obtained from six samples, corresponding to three of the locations analyzed (none from Aguasmestas); in one of these samples that was positive for eel DNA, PCR amplification was not achieved using universal primers (Table 3). This means that eDNA was present in all the samples where PCR amplification was obtained with any of the two markers, even in samples where the amount of DNA was below the detection threshold.



Regarding the effect of the hydrographic river profile on the total eDNA, multivariate multiple regression indicated that both altitude (t = −4.28, p = 0.002) and stream order (t = −5.66, p = 0.0003) significantly predicted the total eDNA quantity detected from the water samples. The association was negative in the two cases, as expected given the higher water speed at higher altitudes and the higher water flow in the lower river reaches with a higher stream order; both water speed and flow are physical constraints for eDNA detection. This means that the eDNA results should be corrected by any of those hydrographic indicators that, at the same time, are normally correlated in free-flowing rivers such as the zone considered here (r = −0.93, p << 0.001).



As predicted, the positive amplification using the end-time PCR universal marker (binary variable) was significantly correlated with the amount of eDNA detected using Qubit in a sampling replicate (r = 0.68, p = 0.014). The samples with positive amplification from the end-time PCR eel-specific marker were not significantly correlated with the total eDNA quantity (r = 0.30, p = 0.35), as expected because eDNA belongs to the different species inhabiting a location, not only to eels.




3.2.2. Relationship between Eel Biomass and Eel eDNA


In the river water samples, amplification was not detected in any of the negative controls, so no evidence of contamination was found. Furthermore, there was no evidence of inhibition (Supplementary Table S1).



The standard curves for A. anguilla fitted the equation y = −3.33x + 23.07, with R2 = 0.995 and y = −3.49x + 21.33, and with R2 = 0.986 for the two replicates (Figure 3). The limit of detection obtained was 2.42 × 10−5 ng/μL (LOD6).



European eel DNA was detected from qPCR at all sampling points, although not all the PCR technical replicates from each sample were positive (Supplementary Table S1; positive results shown in Table 4). Following the criteria already employed in similar studies [10,27,39], a sample was considered positive if at least one of the PCR technical replicates was positive. All sampling points in the Pigüeña River (n = 4) and Las Mestas in the Ponga River showed positive amplifications, reaching 100% detection rate for the locations and 73.3% for the water samples.



As expected from the results obtained from the total eDNA quantity and real-time PCR markers, multiple regression (adjusted multiple r2 = 0.49, p = 0.014) showed that the eel eDNA quantity measured with CT values was significantly predicted from the stream order (t = 2.45, p = 0.03, r2 = 0.12) and from the altitude (t = 3.27, p = 0.008, r2 = 0.32). From the stronger correlation, we chose altitude to correct the raw CT values, which were accordingly divided by altitude for further analysis.



A significant correlation (r = −0.64, p = 0.018) was found between the altitude-corrected CT, as the eel eDNA quantity estimator, and the biomass of the eels found by electrofishing (Figure 4). The relationship between the corrected CT as the dependent variable and the eel biomass was:


y = −4 × 10−5x + 0.1596











With 95% bootstrapped (N = 1999) confidence intervals (−6.288 × 10−5, −2.401 × 10−5) for the slope and (0.128, 0.196) for the intercept, the correlation between the corrected CT and the number of eels caught by electrofishing was also statistically significant (r = −0.667, p = 0.013; regression formula y = −0.001x + 0.159), as expected given the strong correlation between the number of eels and the biomass in this case study (r = 0.997, p << 0.001).
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Figure 4. Linear regression showing the relationship between the biomass (in grams) of eels sampled by electrofishing and the CT obtained in qPCR-eDNA assay on Pigüeña River water samples. The equation and r2 are given. 
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3.2.3. Predictive Value of the New Marker


In the Las Mestas (LM) location within the Ponga River (350 m above sea level), one sampling replicate of water sample LM2 (total eDNA quantity 0.162 ng/μL) and one of water sample LM3 (total eDNA 0.232 ng/μL) provided significant amplification in the qPCR, with CT values of 36.39 and 37.25, respectively. In these samples, no positive amplification was found from the end-time PCR using eel-specific primers, although the end-time PCR with universal primers was positive. The altitude-corrected CT values were 0.104 and 0.11 for LM2.3 and LM3.1, respectively.



From the eel biomass found in Las Mestas (x = 290 g), by applying the formula obtained for the Pigüeña River, we expected a corrected CT in the 95% range (0.11, 0.189). The values obtained from the water samples were in the lower part of the range.






4. Discussion


4.1. Overview of the Innovations of the New qPCR Marker


The qPCR assay designed here was successfully validated in controlled conditions and applied in river samples where Anguilla anguilla eDNA was detected and quantified. Despite the limited number of river sampling points, the detection probabilities found using the assay were very high, especially considering the small water volume that was analyzed (100% detection rate by location, based on only three water samples of 1.5 L). The tool was, therefore, useful for the detection of the species of interest. The sensitivity of the marker was similar in Weldon et al. [10], but the probability of detection was higher for the current assay (being 83% for Weldon et al. [10]); however, they employed lake samples, and the markers were not tested in mesocosm conditions. No limit of detection was reported in Halvorsen et al. [27]; thus, the sensitivity of the markers cannot be compared.



In addition to detection, it was possible to quantify the eels’ eDNA. Based on the experimental tanks, the linearity between the eels’ eDNA quantity and the eels’ biomass is lost once it reaches a certain level of DNA quantity. In any case, the density of eels and biomass per liter in Tanks 7 and 9 were much higher than any expected value in the field. This type of experiment provides information about the thresholds of new assays, but river conditions are very dissimilar to mesocosms, so other variables influence the DNA detection and quantification [24]. With the obtained formula for the controlled experiment in aquaculture tanks, we expected a range of raw CT values of (25.05, 28.14), if the 290 g of eels were living in 60 L tanks for several days. The obtained CT values were much higher, as expected for a wild population of eels living in running waters, with a much lower biomass density per liter of water. However, they were still detectable, highlighting the sensitivity of the marker. Moreover, one of the main novelties of this study was the capacity of eDNA concentration to predict eel biomass. Even if this case study was limited to a few sampling points (those determined by the resource managers in the network of eel surveys in the region), and a very simple correction for altitude was made, the linear regression was sufficient, principally due to the fact that the eel eDNA quantities in the field were far smaller than the saturation values found from the experimental tanks. After further refinement, considering other hydrographic factors and more sampling points, this method would meet the need of the quantitative population assessment from eDNA highlighted by Halvorsen et al. [27].



Local hydrographic conditions could explain the results of qPCR in Santullano, which seem to not fit the regression line shown in Figure 4 (with corrected CT values close to 0.08). Located upstream of the Pigüeña River (Figure 1), it was the field point over 400 m of altitude with the lowest density of eels measured by electrofishing (1.99 g of biomass and 0.08 individuals per square meter). However, at that particular point, the total amount of eDNA directly measured from Qubit was much higher than at the other points (Table 3), suggesting a somewhat lower flow velocity or discharge—thus, an easier eDNA capture—at that point in the moment of sampling.



Differences between the end-time PCR and qPCR results for eel-specific markers were found in this study, with a positive end-time PCR for six sampling replicates and a positive qPCR for nine. Although it is not possible to properly estimate the relative sensitivities of Burgoa Cardas et al.’s [21] marker and this qPCR marker in the field with the current data, the results from Aguasmestas in the Pigüeña River and Las Mestas in the Ponga River would suggest that the new qPCR marker is more sensitive, since end-time PCR was not positive in any sample from those sites, while qPCR was positive in two samples from each site. Similar results were found in rivers of the same region for trout eDNA, which was better detected from qPCR than from end-time PCR [40]. More data are needed to confirm this point, but the results obtained from the different species and markers would point to a higher sensitivity for qPCR.




4.2. Limitations of This Study


One of the limitations of the eDNA-based population surveys highlighted in the current study is the strong effect of river hydrography on the recovered DNA quantity. Both the altitude and stream order influenced the capacity to recover sufficient eDNA for the detection and quantification of eels, as water discharge and velocity did [37]. In population inventories based on electrofishing, this fact was also observed [17,41]. Different electrofishing efforts would be necessary to obtain representative samples depending on the altitude, flow, and other river features as well as on the density of eels. Therefore, eDNA sampling strategies must be adapted to this issue: a higher sampling effort and, thus, higher water volumes and more replicates, would be necessary when monitoring areas with lesser eel abundance and higher water flow and speed.



Another limitation of this study was the small number of sampled field sites, as commented above. Although we found a significant correlation between the eDNA and biomass estimated from electrofishing, by applying a simple correction of the CT values by altitude, it is worth noting that it could be much more accurate with more sampling points and larger water volumes [10,42,43,44]. Individual hauls are nearly impossible to replicate [45]; thus, not only a higher number of points but also replicates from the same location would be recommended.





5. Management Recommendations


The results obtained in this study reveal the potential utility of eDNA and the developed assay to monitor European eel (Anguilla anguillla) populations. It may replace some of the intrusive electrofishing and fyke net surveys, since it gives numerous advantages, especially because it is harmless and does not disturb any fish. Conventional monitoring using netting, trapping, etc., requires specific skills and resources that can be overcome by using eDNA.



More expensive eDNA-based techniques such as metabarcoding were previously employed to monitor fish species, for example in the assessment of barriers removal [46]. We propose including the novel eel-specific qPCR technique developed here in the monitoring programs of the European eel, as part of the toolkit for endangered species surveys. This allows for not only the detection but also relative comparisons of eel abundance in different river zones, once corrected for altitude, stream order, and/or any other indicator of river hydrography. This is crucial for management purposes, especially in hard-to-reach areas where electrofishing is not efficient.



For application of this new method in other European regions, further research would be needed, taking into account the enormous diversity of European rivers. The method was validated here in relatively small rivers in southern Europe. Although the marker seems to be highly sensitive, it should still be validated in large rivers and lakes. Moreover, given the high variation of biotic communities in Europe, the local biota should be considered for additional cross-amplification tests.




6. Conclusions


Here, we describe and validate, using experiments in tanks and in the field, a new tool for the quantification of European eel biomass from environmental DNA in running waters. After correction for river hydrography, this qPCR marker enables the prediction of Anguilla anguilla biomass from water samples. The newly validated eDNA-based approach could complement or even replace conventional surveys, as a new molecular toolkit for European eel monitoring programs.
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Figure 1. Map showing the rivers where the marker was validated in situ in the region of Asturias (southern Bay of Biscay, Spain). Sampling locations are marked with an asterisk. 
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Figure 2. Linear regression showing the relationship between the eel biomass (g) per tank and the eel eDNA measured by qPCR, with the new marker in the linear part of the curve (before saturation) in experimental tanks. Eel eDNA estimates are CT and adjusted DNA quantity (ng*10 in the plot for better visualization). The equations are shown. 
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Figure 3. Standard curve performance. Serial dilution and CT values as the axes. Regression lines are shown. 
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Table 1. Sampling sites’ locations and results of the electrofishing surveys. Altitude in meters over sea level and stream order [36] are indicated. Total eel biomass is expressed in grams.
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	River
	Location Name
	Coordinates
	Altitude (m)
	Electrofishing Surface
	Stream Order
	Eel Biomass
	Eel Number





	Pigüeña
	La Riera
	43°09′09.0″ N; 6°15′12.3″ O
	480
	280 m2
	3
	1789
	74



	Pigüeña
	Santullano
	43°09′57.4″ N; 6°19′01.1″ O
	430
	210 m2
	2
	418
	17



	Pigüeña
	Aguasmestas
	43°10′31.2″ N; 6°18′00.5″ O
	400
	385 m2
	4
	1910
	72



	Pigüeña
	Belmonte P. Industrial
	43°17′17.6″ N; 6°13′16.94″ O
	200
	455 m2
	6
	310
	11



	Ponga
	Las Mestas
	43°10′10.8″ N; 5°10′37.9″ O
	350
	329 m2
	4
	290
	6







From each sampling point, three sampling replicates of 1.5 L water were collected using sterile plastic bottles. After collection, water samples were frozen until filtration. Researchers wore disposable gloves that were changed between sampling points to avoid cross-contamination.
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Table 3. Results of eDNA quantification using Qubit fluorometer and end-time PCR amplification using universal [37] or Anguilla anguilla-specific primers [21] from the water samples analyzed in Pigüeña River. PCR amplification: 1 = positive; 0 = negative. The amount of total eDNA is expressed in ng/μL. ND, not detected.
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Location

	
Sample

	
Total eDNA Quantity

	
Universal Primers

	
Eel-Specific Primers






	
Aguasmestas

	
A1

	
ND

	
0

	
0




	
A2

	
ND

	
0

	
0




	
A3

	
0.046

	
1

	
0




	
Belmonte

	
B1

	
ND

	
1

	
0




	
B2

	
ND

	
0

	
1




	
B3

	
0.052

	
1

	
1




	
La Riera

	
LR1

	
0.032

	
1

	
1




	
LR2

	
0.026

	
1

	
1




	
LR3

	
ND

	
1

	
0




	
Santullano

	
S1

	
0.158

	
1

	
0




	
S2

	
0.114

	
1

	
1




	
S3

	
0.255

	
1

	
1
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Table 4. River water positive results obtained from qPCR employing the new marker. Adjusted DNA quantity: ng, estimated from the standard curve calibration.
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Location

	
Sampling Replicate

	
PCR Replicate

	
CT

	
Adjusted Eel eDNA Quantity






	
Aguasmestas

	
A2

	
A2.3

	
36.45

	
4.71 × 10−5




	
A3

	
A3.1

	
36.71

	
8.08 × 10−5




	
Belmonte

	
B1

	
B1.1

	
36.58

	
8.84 × 10−5




	
B2

	
B2.1

	
34.37

	
1.85 × 10−4




	

	
B2.3

	
34.96

	
2.71 × 10−4




	
B3

	
B3.1

	
35.32

	
9.92 × 10−5




	

	
B3.2

	
34.22

	
2.06 × 10−4




	

	
B3.3

	
34.07

	
5.02 × 10−4




	
La Riera

	
LR1

	
LR1.1

	
36.11

	
6.22 × 10−4




	

	
LR1.3

	
37.13

	
6.05 × 10−5




	
Santullano

	
S1

	
S1.3

	
35.22

	
1.06 × 10−4




	
S2

	
S2.1

	
35.14

	
2.38 × 10−4




	
S3

	
S3.2

	
35.25

	
1.00 × 10−4
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