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HIGHLIGHTS
¢ Golden mussel distribution in Parana, Brazil, through eDNA and previous records.
e 90 from 178 sampled sites with Limnoperna fortunei DNA presence.
e Present and previous records support the species occurrence in 118 widespread sites.

e A worrying scenario and urgent need for prevention, mitigation, and impact control.

Abstract: The golden mussel is an aquatic invasive species that was introduced in South America in the
‘90s, including Brazil, and was firstly registered in 2001 in the Parana state. This bivalve causes macrofouling
issues because adhere in substrates and form dense aggregations, affecting especially hydroelectric power
plants, and water treatment facilities, apart from the native biodiversity. The present research aimed to
diagnose the distribution of Limnoperna fortunei in the Parana state using environmental DNA (eDNA) from
174 sites from 12 basins, and scientific and technical previous records. L. fortunei eDNA was found in 90
sites from 11 hydrographic basins sampled. Most of the positive samples were detected in Iguacu (42), Tibagi
(15), and Ivai (10) rivers basins. We also registered the first occurrence for five basins: Cinzas, Itararé, Ivai,
Pirap6 e Ribeira rivers. Together, our and previous data recorded L. fortunei in 118 sites, between adult,
larvae, and eDNA detection. Moreover, the results evidenced that eDNA is a low coast and reliable tool, and
it may be very recommended for L. fortunei early detection and diagnosis. The present research was the
greatest and most widespread survey for golden mussel prospection in a state in Brazil, supported a worrying
scenario for Parana, with the urgent need for intense and continuous monitoring and prevention actions for
controlling and mitigation of the L. fortunei impacts.
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GRAPHICAL ABSTRACT

| SEE GOLDEN MUSSEL!

unel in Parana state, Braz

INTRODUCTION

The golden mussel, Limnoperna fortunei, is an aquatic invasive mussel original from Southeast Asia that
was introduced in South America in 1991, probably through ballast water [1]. The species expanded their
distribution and have spread throughout a lot of hydrographic basins in many countries, including Brazil [2]-
[7]. Limnoperna fortunei is a macrofouling organism (i.e. they attach to natural and artificial substrates), and
cause deep environmental [7], [8] and economic impacts. At industrial facilities, hydroelectric power plants
(HPP) and water treatment facilities are among the most affected by fouling mussels, like Dreissena
polymorpha in the United States [9]. L. fortunei populations can obstruct filters and heat exchange equipment,
generate pipe diameter and water velocity reduction, increase corrosion processes, deterioration of materials,
among other impacts [2], [8], [9]. Densities can reach 240,000 individuals/m?2, and the consequences of the
golden mussel fouling are the increase in cost by equipment efficiency loss, increase in manpower need for
maintenance and cleaning, as well as operational risks [7], [10].

Once golden mussel is introduced and became established, it is difficult or even impossible to eradicate
a population [8]. Many efforts have been made intending to avoid the macrofouling inside the facilities and to
control its impacts (e.g. [10]-[15]). Among all of them, chemicals like chlorine and the commercial biocide
MXD100 [16], [17] have been widely tested and used in power plants in Brazil, but despite the good results,
they have potential to cause environmental damages (e. g. [18], [19]), and its long-term as well as synergistic
effects are unknown. Thus, prevention is the best alternative, decreasing the environmental and economic
costs [8] and so, monitoring and early detection methods have been the focus of many researches (e. g.
[20]-23]).

Traditional techniques are widely used for monitoring and studying these species, through plankton
samples and optical analysis for larval stages, and different kinds of substrates, visual inspections and
specimens collection for adults, both in water bodies and inside facilities [5], [24]-[27]. DNA-based methods
provide the advantage of efficiency, speed, and accuracy of the invasive species detection [28]. The first
molecular marker specific for L. fortunei was a mitochondrial DNA fragment for detecting larvae in plankton
samples [29], [30]. More recently, methodologies have been developed based on environmental DNA (or
eDNA) detection (the presence of genetic material in the environment, so it can be accessed without the
need to collect or capture individuals) [31], [32]. Thus, the low cost eDNA method presents a key tool for the
early detection of invasive species (i.e. before the settlement of the population), what permits a proactive,
more efficient and cost-effective management of these populations. This technique has been used to monitor
the presence and distribution of several organisms, like insects, fishes, amphibians, mammals, and mussels
[32], [33], [42], [43], [34]-[41], and molecular markers for L. fortunei eDNA detection have already been
developed [44], [45].
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In Brazil, the golden mussel was first reported in 1998 at Mato Grosso State, upper Paraguay River
Basin, and in the same year at the Rio Grande do Sul state, in the delta of Jacui River [7], [46]. The first
power plant that registered the species was Itaipu HPP, Parana River, in 2001 [47]. That was one of the first
occurrences of the species in Parana, along with another record on the opposite side of the state, in the same
year, near Curitiba City, in two reservoirs, Piraquara | and Guaricana [48]. In these last two sites, meantime,
the species has never been recorded again and could be a case of failure in the invasion process, but there
was scarce information in the initial report to allow an in-depth analysis [49]. Since then, L. fortunei has
spread throughout other rivers of the Parana Basin and was reported in almost the entire length of Iguacu
River [24], [50], [51], and in localized points in Piquiri and Tibagi rivers [50], [51]. In the stretches of Parana
and Paranapanema rivers in the borders of the state, the L. fortunei populations are established [2], and in
the last one, the species was recorded for the first time in 2006 and spread over it, affecting at least six power
plants [17], [52].

The objective of this study was to carry out an extensive prospection of the of golden mussel occurrence
and distribution in the state of Parana, through eDNA detection in water samples collected in reservoirs and
water treatment plants, complemented with a bibliographic survey. Frequently, the studies and monitoring
are punctual, concentrated in some stretches of rivers, or the coverage area of the power plants and other
facilities. The present survey is the most widespread diagnosis about the L. fortunei occurrence and
distribution ever performed in the state of Parana and probably in any other state of the country.

MATERIAL AND METHODS

The prospection of L. fortunei presence in the Parand, Brazil watersheds was assessed through eDNA
approach with samplings along most of the state and complemented with papers and technical reports that
recorded the presence of the species.

Sample collection

The total of 199 environmental DNA (eDNA) samples from 174 sites in rivers, reservoirs and Water
Treatment Stations (WTSs) from Parana state, Brazil were collected between 2018 and 2019 (Figure 1, Table
1, SI A). This sampling comprises 146 (37%) of the 399 counties of the state and 12 different basins. These
basins sum 188 thousand kmz2, about 94% of the Parana state total area (199 thousand km2). The 100-300
ml water samples were collected preferably close to the substrate, which was disturbed to resuspend
deposited particles, maximizing the success of eDNA species detection. According to [45], this method
presents superior detection efficiency than samplings superficial layers. Sampling carried out in 2019
included three different points per sampling site (3 x 100ml), and samples were subsequently concentrated
in a single bottle, for increasing the probability of L. fortunei eDNA detection. Samples were stored in
DNA/RNA-free vials and frozen as soon as possible for posterior laboratory procedures.

eDNA filtering

In the laboratory, samples were processed in a room specially prepared with ultra-violet light to reduce
the risk of contamination. One hundred milliliters of each sample were filtered with cellulose nitrate membrane
filter with 0.45 ym pores in a Glass Filtration kit. Each filter with the filtered material was placed in a 1.5 ml
Eppendorf tube for total DNA extraction. Between the filtering of the samples, both the filtration system and
the room were completely decontaminated with water, detergent, bleach, and ethanol to eliminate
contamination risks for the next step of the process.

Molecular analysis

The total DNA extraction of each sample was performed using an EZ-DNA extraction kit (Biosystems,
Brazil). Then, the extracted DNA amount and purity were measured in Nanodrop 1000 (Thermo Fisher
Scientific). The success of total DNA isolation and absence of PCR inhibitors were tested by a PCR reaction
using the universal markers 1100F and PACEB/1270-R [53], that amplifies an approximately 200 bp fragment
of the ribosomal region 18S. Each reaction was optimized for a total of 25 pl with 2 pl of DNA template, 3 mM
of MgCl,, 1x of PCR-Buffer, 0.4 mM of dNTP, 0.5 pmoles of each marker, 1U of Platinum Tagq DNA-
polymerase (Invitrogen), and ultrapure water until completing the final volume of 25 ul. The PCR program
followed an initial denaturation cycle at 95° C for 5 min, followed by 35 cycles of 94°C for 30s, 58°C for 30s
of annealing, extension to 72°C for 30s, and a final extension cycle at 72°C for 5 min. The amplified products
were visualized by electrophoresis in 1.5% agarose gel, colored with GelRed (Biotium), and revealed in ultra-
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violet light. Samples with negative results for the universal marker were filtered again, reextracted, and had
their PCR remade. Positive (to ensures the success of the reactions) and negative (to assess contaminations)
controls were added in all reactions. The negative control receives all the reagents but no DNA template is
added. The positive control is composed of an adult golden mussel DNA sample.

The presence of L. fortunei eDNA was assessed by PCR technique with the primers COI-BF,
fluorescently marked with 5-FAM, and COI-BR [54]. The recipe and PCR program followed the same protocol
for PCR with universal primers, except for annealing temperature (55° C). PCR products from samples
collected in 2018 were visualized in agarose gel electrophoresis dyed with GelRed (Biotium), and dubious
agarose gel results were submitted to an ABI 3130 sequencer to confirm the detection. All PCR result from
sampled collected in 2019 was visualized in the ABI 3130 sequencer. The use of the sequencer allows greater
detection sensitivity of positive PCR results than electrophoresis in agarose gel. To avoid false-positive
results, only peaks with intensities greater than 1,000 were considered positive. In this step, positive and
negative controls were also included in all reactions. For confirming the identifications, two positive samples
were sequenced for the COl mDNA gene. For it, PCR was reperformed using the same conditions above
described, except by the non-labeled COI-BF. The positives PCR products were purified using the MinElute
(Qlagen) and submitted to the sequencing reaction using the BigDye v 3.1 Kit (Applied Biosystem) according
to manufacture protocol. Sequencing was performed with the ABI 3130 sequencer (Applied Biosystem). The
resulting sequences were edited wusing Geneious 4.85 and deposited in GenBank
(https://lwww.ncbi.nim.nih.gov/genbank/) under access numbers MW702727 and MW702728. The
identifications were performed using the Identification Engine tool in the BOLDSystems - Barcode of Life
Database Systems [55].

Bibliographic Survey

The previous occurrence of L. fortunei in Parana basins, at any time since 1991 (year of the first species
record in South America), was accessed through a bibliographic survey of papers, scientific and technical
reports in Periodicos Capes, Web of Science, and Scielo gateways. The following index was used:
Limnoperna fortunei, golden mussel, “mexilhao-dourado” and “mexilhdo dourado”, each one combined (using
“AND” between the keywords) with the name of the state (Parana) and the hydrographic basins: Parana,
Iguagu, Paranapanema, Ivai, Piquiri, Tibagi, Itacaré, Cinzas, Pirap0d, Ribeira and coastal basin (as well as
“bacia litoranea”). These terms were sought into papers title, abstract, and keywords. Considering that exists
regional publications possible not available on these search platforms, technical reports were also searched
on the Google search tool. We considered only water bodies from Parana state domain, excluding the main
channel of the Parana and the Paranapanema rivers because both are boundaries between the state of
Parana and Mato Grosso do Sul as well as Paraguay, and Sao Paulo state respectively. Moreover, the golden
mussel populations in these rivers are well established [2]. The survey was carried out in February 2021.

RESULTS

A total of 182, out of 199 collected samples, were positive for universal eDNA (hereafter named
preserved samples). The remaining 17 samples did not have the universal DNA detected (inconclusive
samples), but the majority of them were repeated, and only three sites have inconclusive results at the end.
Among the preserved samples, 99 samples (54% of the preserved samples) from 90 sites (50% of the sites
with preserved samples) and 77 counties (53% of the sampled counties with preserved samples) were
positive for L. fortunei DNA presence (Figure 1, Table 1, Supplementary Table 1). Most of the positive
samples were detected in Iguacu River (42), Tibagi River (15), and lvai River (10) basins. The basins with a
higher prevalence of positive samples (number of positive samples/numbers of preserved samples), despite
the small number of sample points, were Paranapanema River | and Ribeira River basins (100%). Among
the main collected basins (more than five samples in the same basin), the Piquiri River and Parana Ill basins
presented the highest prevalence (89%) followed by Pirap6 River basin (86%). lvai River and Tibagi River
basins presented 48% and 39% of the samples with L. fortunei DNA presence. In the Iguacu River basin,
56% of the samples were positive, with higher prevalence in its Lower (64%) and Medium (67%) portions.
Moreover, 38% of the samples collected in the Upper Iguacu River had L. fortunei eDNA detected. The
sequenced samples were identified as L. fortunei with 100% of probability.

Apart from our eDNA survey, eight scientific papers and one technical report recorded other 28 L. fortunei
occurrences, 20 of them from the Iguacgu River basin, three from each Tibagi River basin and Coastal basins,
and two from Piquiri River (Figure 2, Table 1, Supplementary Table 2). Thus, our and previous published
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data support the occurrence of L. fortunei in 118 widespread distributed sites in most Parand state basins
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Figure 1. Sampling sites in water bodies from Parana state and the detection of Limnoperna fortunei eDNA. Inconclusive

samples represent those that was negative for universal DNA marker.

Table 1. Basins sampled, their total drainage area, numbers of collected and preserved samples, nhumber and
percentage of positive samples for L. fortunei eDNA, and the number of species reports in the bibliography in the Parana

state, Brazil.
. Area Preserved Positive % Previous
ID Basin Samples Positive
(km2 x 103) Samples Samples Records

Samples
1 Cinzas 9.6 11 11 4 36% 0
2 Coastal 5.6 7 5 1 20% 3
3 Itararé 4.8 3 3 2 67% 0
4 Ivai 36.5 21 21 10 48% 0
5 Iguacgu 54.8 81 75 42 56% 20
Lower Iguacgu 39 39 25 64% 10
Medium Iguagu 13 12 8 67% 7
Upper Iguacu 29 24 9 38% 3
6 Parana lll 8.0 10 9 8 89% 0
7 Paranapanema | 1.2 1 1 1 100% 0
8 ParanapanemallI 3.6 1 1 0 0% 0
9 Piquiri 24.2 9 9 8 89% 2
10 Pirapo 5.1 8 7 6 86% 0
11 Ribeira 9.7 2 2 2 100% 0
12 Tibagi 24.9 45 38 15 39% 3
Total 188.2 199 182 99 54% 28
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Figure 2. Limnoperna fortunei distribution along Parana state watersheds based on eDNA (present research), larvae
and adult detection (previous occurrences).

DISCUSSION

In this study, we performed the most extensive detection study of Limnoperna fortunei in Parana state,
and found evidence for its presence, trough eDNA detection, in 90 sites along 77 counties and 11 basins that
represent 94% of the Parana area. Until the present survey, according to the bibliography, there were 28
sites with the L. fortunei occurrence inside the state, between adults and larvae detection (optical and
molecular method), in the entire length of Iguacu river, in Piquiri, Tibagi and Coastal basins [17], [24], [48],
[51], [56]-[60]. In the Iguagu River, the species has been found inside the Iguagu National Park, since 2005
[17], [24], [51], [58], [60], which raises great concern about the possible environmental impacts.

The present data records the first occurrence for five other hydrographic basins: Cinzas, Itararé, lvai,
Pirap6 e Ribeira rivers. Apart of the main channel of Parana and Paranapanema rivers, this was the first
occurrence for inland waters for Parana lll and Paranapanema | basins. We also reported a new occurrence
of L. fortunei in the Melo River in the Coastal basin. The occurrence of this species in coastal rivers has
already been described for the Paranagua Bay microbasins [58], a region with high ecological importance
with extensive environmental protected areas, but that has the Paranagua Port, one of the greatest Brazilian
port and a potential source for introduction of L. fortunei.

Moreover, our study supports a widespread presence of this species in the main basins in the Parana
state. Some studies have already detected the golden mussel presence in some sites in Tibagi River and
Piquiri River basins [50], [59], and our study expand its presence for a wider stretch of these basins, with a
great prevalence in the last. In the Ivai River, although never reported before, we also found a high number
of sites with L. fortunei eDNA and a high prevalence in the sampled sites (about 50%). Finally, our study
supports a wider distribution of the species in the Iguacu River basin than previous reported. Thus, added to
the bibliographic records, eDNA, larvae and adults of golden mussel have been detected in 118 sites along
the state, what increase 320% the number of sites with its previous presence in Parana state.
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Although is possible that the species does not present established populations in these sites where only
larvae or eDNA were detected, these results support that the golden mussel propagules have been
intensively transferred all over Parana, especially through anthropic actions. The main, but not only,
dispersion vectors inside the state are fish boats without proper sanitization and sand transportation (both by
human activities), and fishes that feed on the species but not digest all of the individuals [57].

The presence of L. fortunei causes impacts in biodiversity and economic losses for hydroelectrical power
plants and water treatment plants, that include decrease of equipment efficiency, need for maintenance and
cleaning of plants, besides operational risks [7], [10]. Thus, considering the potential impacts of the golden
mussel, the present results support a worrying scenario of the golden mussel distribution in Parana state,
that has been rapidly getting worse. In this context, developing strategies for the prevention and/or mitigation
of its negative impacts in Parana and other Brazilian states is essential [7], [10].

When prevention fails, it is necessary to apply very early all the efforts for a potential invasive species
eradication, and it is why actions for early detection is highly recommended. Especially for terrestrial
organisms, plants, for example, it has been possible to eradicate entire populations (but the costs are higher
than prevention, either way) [61]. The effectiveness of eradication programs depends on several factors, and
the stage of the invasion process is determinant. The later eradication programs start, lower are the chances
of success [62], [63]. From then on, the control and mitigation of impacts take place, and the costs increase
again. In the case of L. fortunei, controlling its populations inside facilities has been challenging, once most
of methods proposed have partial efficiency and/or environmental risks [18], [19], [64]-[67]. In this way,
monitoring the species presence and the early detection are keys for its management, once allow the
development of proactive strategies that avoid the establishment of its populations and prevent great
damages into the facilities.

Moreover, monitoring L. fortunei with eDNA presents a great potential for a low cost, precise, efficient
and reliable tool. Once the markers were designed for amplify small mitochondrial DNA fragments, more
abundant in the cell than nuclear DNA [68], they are able to detect even few copies of L. fortunei DNA present
in the environment, and offer higher sensitivity than other markers (e.g. sanger DNA sequencing, larval
detection markers) [33]—-[35]. Furthermore, eDNA sampling requires only a small sample of water that can be
easily collected and preserved at freezer. These particularities allowed us to perform the wider L. fortunei
prospection in Parana state with only few inconclusive samples.

Similarly, this efficient low-cost method have great potential to be used in a broader biological invasion’s
context, encompassing another invasive aquatic species in Parana state and other Brazilian watersheds.
Invasive bivalves besides L. fortunei (e.g. Corbicula fluminae [69], fish [70], [71], and aquatic plants [72] with
potential for ecological and economical damages have been found in this region.

Finally, eDNA presents great importance for detect and monitoring the golden mussel presence and
possible vectors of introduction and dispersion, enabling actions to be taken faster and more efficiently to
prevent and mitigate problems. The detection of introduction and dispersion cores (sites with high propagule
pressure) is essential to allow more targeted interventions, e.g. intensify inspections, institution of local
environmental education and awareness programs, and environmental regulation reviews. Considering that,
and the main species introduction and vectors, we recommend that marinas and ports should be regularly
and continuously monitored for L. fortunei eDNA, as well as ballast waters, one of the main sources for
aquatic species new introductions, including L. fortunei [62], [73], [74]. Ships and boats that navigate in
brackish and freshwater, even as marine waters, should also be assessed for golden mussel DNA presence
in the water taken from the water bodies and used for diverse purposes, like fishing lure and transport of
juvenile fish.
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