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Abstract

:

The Mekong River is one of the largest rivers in the world and hosts the second greatest fish diversity in the world after the Amazon. However, despite the importance of this diversity and its associated biomass for human food security and the economy, different anthropogenic pressures threaten the sustainability of the Mekong River and fish diversity, including the intense damming of the main river. Both the increase in salt-water penetration into the Mekong Delta and the disrupted connectivity of the river may have serious impacts on the numerous freshwater and migratory species. To evaluate the potential of an eDNA approach for monitoring fish diversity, water was sampled at 15 sites along the salinity gradient in the Mekong Delta and along 1500 km of the main stream, from Vietnam to Thailand and Laos. A total of 287 OTUs were recovered, of which 158 were identified to the species level using both reference sequences available in GenBank and references obtained locally. Agglomerative hierarchical clustering and PCA identified up to three main species assemblages in our samples. If the transition from brackish to freshwater conditions represents the main barrier between two of these assemblages, more surprisingly, the two other assemblages were observed in the freshwater Mekong, with a spatial disjunction that did not match any biogeographic ecoregion or the Khone falls, the latter thought to be an important fish dispersion barrier. Between 60% and 95% of the freshwater species were potamodromous. This pioneer eDNA study in the Mekong River at this geographical and ecological scale clearly confirmed the potential of this approach for ecological and diversity monitoring. It also demonstrated the need to rapidly build an exhaustive Mekong fish barcode library to enable more accurate species’ assignment. More eDNA surveys can now be expected to better describe the ecological niche of different species, which is crucial for any models aimed at predicting the impact of future damming of the Mekong.
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1. Introduction


Understanding the mechanisms that determine the distribution of species is crucial for the management of resources, the conservation of species and habitats, and to maintain ecosystem services [1]. Fish are among the most diversified group of the vertebrates, with more than 36,000 species described to date, and fish play a major role in the functioning of aquatic ecosystems as well as in human food security. However, identifying their distribution remains a challenge, because it is difficult to observe them in aquatic environments and due to their mobility. The spatial distribution of a species and its abundance are the results of its evolutionary history, its physiological performances and their biotic interactions, as well as its life history traits. This distribution, and that of communities, is likely to change because of the impact of global changes on aquatic environments, where environmental gradients can be strong, for example, in rivers and estuarine zones [2,3,4]. The environmental pressures will lead to a recomposition of communities and, beyond, to changes in the ecosystem functioning [5].



The Mekong River is the main river in South East Asia, one of the longest rivers in the world, flowing around 4400 km from the Tibetan plateau in China to Vietnam where, after crossing Myanmar, Laos, Thailand and Cambodia, it forms a large delta [6]. With a catchment area of 795,000 km2, the Mekong River hosts the second highest inland fish diversity in the world, with more than 1100 species [7,8,9]. It also supports one of the most productive inland fisheries [10], with about 2.6 million tons of fish landed per year, i.e., 25% of the freshwater catches worldwide. Among the major river systems, the Mekong River and Delta are the most affected by climate change and human activities [9,11,12]. The main threat to the river as a whole is the existing dams, plus numerous dam-building projects that will have major impacts, especially on the fisheries [12]. The Mekong Delta is threatened by saline intrusions originating from the current sea level rise due to climate change [13,14]. The numerous dams on the mainstream have a negative impact on the migratory behavior of many of the fish species and hence on the associated fisheries [9,12,15]. The significant impact of the dams on fish behavior is because they disrupt habitat connectivity and water flow, stop possible migration pathways and influence both the physiology and genetic backgrounds [16]. In that sense, an overview of the fish communities is indispensable before planning any modification of the Mekong catchment to manage and monitor the possible threats to fish populations and communities. Similarly, the limitation of the flow of the Mekong, due to the construction of dams in China and Laos, increases the salinization of the waters in the delta during periods of drought. This was the case in 2016, when the lower Mekong Delta faced serious drought and saline intrusions that damaged agriculture as well as fisheries, and threatened the livelihoods of local people [17,18]. In addition, it is likely that salinity will increasingly affect the freshwater aquaculture in this coastal area, because the duration of the period with increased salinity during the dry season is tending to lengthen from year to year [19]. In 2016, around 14,500 ha of freshwater aquaculture were at risk [17,18]. The building of more dams will inevitably amplify the phenomenon of the salinization of the delta, while at the same time block the migration of many migratory fish species. Understanding the consequences of saline intrusion for fish diversity is thus important to improve the risk assessment for communities, as well as their responses and resilience in changing environmental conditions.



According to simulations [20], or if one extrapolates case studies [16], the impact of the dams on migratory species is predicted to be catastrophic, whereas the impact of water salinization on fish communities in the Mekong Delta is more difficult to assess. One of the reasons is our limited knowledge of fish communities and their spatial distribution in this region. Given the size of the system and the historical events that have affected the region, relatively few studies are available on fish diversity in the Mekong River and Delta and its distribution in relation to the environmental parameters. Ironically, it is dam building that led to the most recent discoveries concerning Mekong fish taxonomy [21]. A longer time ago, in the same context, Kottelat [22] described 64 new species in Laos alone. Ultimately, the hydroelectric projects will probably continue to fund taxonomic surveys in the years to come, since most of the countries involved in the Mekong River Commission (MRC) do not have the necessary human or financial resources to pay for this type of research, which is considered redundant [23]. For example, such investigations clearly do not concern the Mekong Delta, where no hydroelectric dam is planned. More surprisingly, there is no fishery agency in Vietnam, nor a survey network to monitor the impact of changes in catches on the exploited fish diversity [10]. Thus, assessing the consequences of current or future anthropogenic pressures on the Mekong biodiversity requires a rapid increase in our knowledge of the ichthyofauna in the Mekong catchment.



In this context, metabarcoding of environmental DNA (eDNA) would be an appropriate noninvasive approach [24] to describe both the distribution range of the fish species and the fish communities present along the Mekong River and in the Delta. It would also be useful to assess the impact of the salinity gradient in the Delta on fish diversity. So far, this approach has been successfully used to monitor the effect of a dam on the fish community in a reservoir in Laos [25], and to track the presence of emblematic fish species, such as the Mekong giant catfish, Pangasianodon gigas [26] or the clown featherback, Chitala ornate [27]. However, the ability of an eDNA approach to describe the fish communities and diversity in such a large and complex river system has not been demonstrated to date. Beyond the issues concerning the taxonomical coverage of available DNA barcode reference libraries in this environment [28], questions remain about the ability of eDNA to detect a species when it is present, or to confirm the real physical presence of a species when detected. The aim of the present study was thus to answer these two main questions by analyzing the fish diversity along the Mekong River and Delta, using an eDNA approach to provide a snapshot of the fish diversity in the context of dam building and of the increased salinity in the Mekong Delta. The study used the existing reference DNA barcode libraries, completed by a new one built specifically for the purpose (Nguyen et al. in prep.). Jerde et al. [28] tried to evaluate the GenBank taxonomic coverage of Mekong fishes using GAPeDNA [29], but their estimation was inaccurate due to the presence of a large cryptic diversity in the Mekong river, or to the presence of mislabeled DNA sequences (i.e., species misidentification) in GenBank (Nguyen et al. in prep.). Furthermore, it is not clear how the interactions between physico-chemical conditions (temperature, salinity, pH, etc.) and the flow of water in the Mekong River impact on local fish diversity. The eDNA approach was also used to depict the biodiversity observed along the salinity gradient in the Mekong Delta, coupled with a larger geographic scale along the Lower Mekong River up to the Thai river bank near Vientiane, the capital of Laos. The operational taxonomic units (OTU) recovered in the eDNA sampling were assigned to a species obtained from GenBank and from a local Mekong fish library. The benefits of adding local DNA barcoding resources were then evaluated. The question of the eDNA dispersion along the catchment was carefully addressed by inspecting the distribution of the recovered fish species with respect to the general conditions of the water in the Mekong, particularly salinity, and the main biological characteristics of the species in terms of the environment, their position in the water column and known migratory behavior. The overall goal of the study was to test the ability of the eDNA tool to provide an overview of the fish diversity along the Mekong River under dam building pressure and global changes.




2. Materials and Methods


2.1. Study Area


The study was conducted along the lower Mekong River which crosses four countries (Laos, Thailand, Cambodia and Vietnam, Figure 1) and in the Mekong Delta. Between April 2018 and September 2019, 14 sites were sampled along the Thai bank of the river to Cambodia, down to the delta and the river mouth in Vietnam (M01 to M14), and one site was sampled in the Tonle Sap lake tributary in Cambodia (TS). The downstream sites close to the Mekong Delta were representative of the salinity gradient, separated by an increase of salinity of around five (Table 1). The distance from the sea to the sampling site on the river was used as a variable.




2.2. Water Sampling for Environmental-DNA (eDNA) Analysis of Fishes


The environmental-DNA sampling was authorized in Vietnam by the Fisheries Department (Ben Tre Province) for the restricted areas. In Cambodia and Thailand, the local authors were directly involved in the study, which precluded the need to apply for permission. At each sampling site, two replicate water samples were filtered through Sterivex filters, using a Vampire pump. At each site, the sampling protocol comprised of five steps: (1) the pump and tube were cleaned with diluted bleach for 20 s then rinsed with the environmental water to be filtered for 30 s; (2) the sampling bucket was cleaned with diluted bleach for 20 s and then rinsed with environmental water; (3) samples of the environmental water were collected in the bucket at a depth of 2 m, and around 5 L were filtered through 0.22 μm Sterivex filters; generally two to five filters were required per sample, depending on turbidity; (4) the Sterivex filters were dried by pumping air; and (5) the Sterivex filters were filled with RNAlater, both ends were closed with special caps, and finally, the samples were labelled. A total of 30 samples of filtered environmental water were collected at the 15 sites. The salinity was measured in the field, using a Castaway® CTD probe at the same time as the sampling. All of the Sterivex filters were sent to the NatureMetrics Company (UK) for DNA extraction and metabarcoding analysis. The DNA from each Sterivex filter was extracted, using a commercial DNA extraction kit with the protocol modified to increase the DNA yields. The DNA was purified to remove the PCR inhibitors, using a commercial purification kit. The DNAs were subsequently pooled as required. The purified DNAs were amplified with 12 replicate PCRs for a hypervariable region of the 12S rRNA gene to target the fish as part of the eDNA survey [30]. All of the PCRs were performed in the presence of both a negative and a positive control sample (a mock community of known composition). The amplicons were purified and checked by gel electrophoresis, and then quantified using a Qubit high sensitivity kit, according to the manufacturer’s protocol. The high-quality vertebrate sequence data were obtained for 28 of the 30 eDNA samples (one replicate of M05 and one of M11 showed poor quality sequences). For the two replicates for which the PCR reactions were inconsistent and did not pass the quality control tests, an alternative more broad-spectrum assay targeting vertebrates was used (12S V5) [31]. The PCR reactions for the negative control (NC25) were consistently negative. The purified index PCRs were sequenced across three MiSeq runs: 3555–3563 (nine samples) were sequenced using an Illumina MiSeq V2 kit at 15 pM with a 10% PhiX spike; 6554–6575 (seven samples) were sequenced using an Illumina MiSeq V2 kit at 12 pM with a 10% PhiX spike; and 7240–7280 (fourteen samples) were sequenced using an Illumina MiSeq V2 kit at 12 pM with a 10% PhiX spike. The sequence data were processed using a customized bioinformatics pipeline for quality filtering, OTU delimitation and taxonomic assignment. The eDNA metabarcoding was performed using either MiFish [30] or 12S V5 [31]. After filtering, the consensus taxonomic assignments were made for each OTU by means of: (i) sequence similarity searches against the curated Mekong fish reference database; (ii) sequence similarity searches against the NCBI nt database (GenBank); (iii) PROTAX, a probabilistic method for taxonomic classification (species, genus, family, order). Identifications from any source were accepted and in all of the cases, these were consistent at the level at which they were made. The species- and genus-level assignments were automatically retained if supported by unambiguous matches to reference sequences at ≥99% or ≥95% accuracy, respectively. In the cases where there were equally good matches with multiple species, the GBIF public records were used to assess which were most likely to be present in the Mekong. This allowed several ambiguous assignments to be resolved to species level. The OTU table was then filtered to remove low abundance OTUs from each sample (<0.02% or <10 reads, whichever was the greater threshold for the sample). Common contaminant sequences e.g., from human, known feed fish or livestock, were then removed. Unidentified or misidentified taxa can result from incomplete or incorrect reference databases, and taxa may be missed due to low quality DNA, environmental contaminants or the dominance of other species in the sample. The OTUs that could not be assigned to the species level were assigned to the genus, family or order. The non-target (including human and domestic animals) DNA levels were generally low in the samples amplified with MiFish (range 0% to 22.0%; average 2.67%), whereas the samples amplified with 12S V5 had significant levels of non-target DNA (range 83.4% to 99.8%; average 89.2%).



After an OTU assignment to a taxonomic level (n = 287, species or genus or family or order), the main biological characteristics of each species were recorded from Fishbase [32], using three variables (environment, zone, migratory type). The variable “environment” encompassed three categories (marine, brackish, freshwater) or a combination of them. The variable “zone” encompassed three categories: pelagic; benthopelagic and demersal (including benthic). The variable “migratory type” encompassed five categories: sedentary; catadromous; anadromous; amphidromous and potamodromous. If it was not possible to assign a taxonomic level to an environment, a zone or a migratory type, a missing value was assigned.




2.3. Statistical Analyses


All of the statistical analyses were performed using R software [33]. The average number of reads (i.e., the concentration of species-specific eDNA particles) was calculated for each site and each OTU (species) as a mean of the two replicates and was used as a proxy of abundance per species and per site. The utility of eDNA for quantifying the species abundance and/or biomass is largely debated since it has been demonstrated that a number of species-specific biotic factors or abiotic factors may impact its concentration and biased abundance/biomass estimates (for a review, see [34]). However, Rourke et al. [34], by reviewing 63 published studies that investigated relationships between eDNA and fish abundance, found 90% of positive relationships. Similarly, a mixed-effects meta-analysis of data, from studies that examined in the laboratory or in the natural environments the same relationship between eDNA concentration and species abundance, also concluded that, even if weaker in the natural environments, the eDNA concentration often still explained a substantial variation in abundance [35]. The alpha taxonomic diversity, i.e., the diversity measured in a uniform habitat of fixed size at a given time, was estimated for each site using three indices: S, species richness (total number of species); H′, the Shannon diversity index and J, Pielou’s evenness index. The Shannon index (H′), which accounts for the specific richness and the abundance of individuals of each species, was calculated according to the formula:


   H ′  = −   ∑   i = 1  S    p i   ln   p i      



(1)




where pi is the relative abundance of the species i. H′ is associated with Pielou’s index (J) measuring the evenness of the species:


  J =   H ’   L n  S     



(2)







J = 0 when only one species is present, and J = 1 when the abundance of all of the species is the same. The abundance and the alpha taxonomic diversity indices were plotted on a map at each site along the Mekong River and Delta.



The percentages of the species with the same biological characteristics (environment, zone, migratory type) were calculated for each site. The species with missing information concerning the environment (n = 18) or zone (n = 1) and OTU assigned only to the Order Characiform level were removed before the calculation, whereas for the migratory type, they were kept as “unknown”, as this information is missing or difficult to find for some of the species.



To reveal the community structure along the Mekong River and Delta, a centered Principal Component Analysis (PCA) was carried out on the table of abundance of the species per site. The species and sites were projected along the first two axes of the PCA. To improve the readability, only the species for which more than 50% of the inertia was represented by the first two axes are shown. The environmental data, i.e., salinity and distance from the sea, were then projected as supplementary variables on the PCA axes. Additionally, hierarchical clustering was performed for the species and sites, based on their coordinates on the two main axes of the PCA, using Euclidean distances and Ward’s minimum variance method [36]. In both of the cases, the dendrogram was cut based on Ward’s criterion to identify the homogeneous groups of species/sites. The abundance per species for each group of sites highlighted by the PCA analysis is shown in bar plots for the first 15 most abundant species per group. The PCA was performed using the “ade4” package [37].



The indicator species for the groups of sites resulting from the clustering, or the combinations between the groups of sites, were then identified using the Indicator Value (IndVal) method from the “indicspecies” package [38,39,40,41]. A species is considered to be an indicator of a given group of sites if it is faithful to it (i.e., absent or relatively less frequent in the other groups), and if it is present in all of the sites of that group (constant). As the Delta was oversampled, the group-equalized version of the abundance-based indicator value (      IndVal   ind    g   ) was used, so that the number of sites per group was not considered proportional to the ecological variability of the group. The index for each species and each group of sites was calculated as the product of a quantity A, defined as the average abundance of the species in the group of sites divided by the sum of the average abundance values over all of the groups of sites, and a quantity B, defined as the relative frequency of the occurrence of the species within the group of sites. The significance of the group–indicator species relationship was assessed by calculating the       IndVal   ind    g    index on 9999 random abundance matrices.




2.4. Reconstruction of the Species Distribution Range


To determine if the species distribution range recovered from the metabarcoding of the eDNA is consistent with the current knowledge, for a subset of species, i.e., those representative of the different species assemblages and also observed at more than one sampling site, their distribution range in the Mekong and neighboring province was reconstructed using GBIF.org records (last consulted in 15 June 2022).





3. Results


A total of 287 OTUs corresponding to the putative fish species belonging to 140 genuses and 62 families, were recorded by eDNA among the 15 sampling sites along the Mekong River and Delta. A total of 150 OTUs were assigned to the species level, 76 to the genus, 51 to the family and 10 only to the order level. The proxy of species abundance revealed homogeneous values along the main Mekong River, with a total mean of 338,000 (±491,000 SD) reads, and an increase towards the sea where the highest abundances were found (Figure 2A). The species richness was more heterogeneous and increased along the river upstream, with a mean of 40.7 (±24.7 SD) species per site. The highest values were recorded in the main stream around Nakhon Phanom (M02, Thailand) and Kampong Cham (M05, Cambodia), with 95 and 87 species, respectively (Figure 2B). The species richness was lower and more homogeneous (12–29 species) in the Delta, and higher at sea with 39 species. The Shannon diversity index was also higher along the river upstream (Figure 2C), with a mean of 2.2 (±0.7 SD) for the total Mekong. Finally, evenness, referred to as the Pielou’s index, was homogeneous all along the Mekong (Figure 2D), with a mean of 0.6 (±0.2 SD).



The main biological characteristics of the species recorded along the Mekong River showed a clear gradient in the type of environment to which the species belong (Figure 3A). The freshwater native species were found upstream (60–99%) and included a proportion able to live in both freshwater and brackish water, whereas downstream, the majority of the species were native of the marine environment (60–70%) and others able to live in brackish water. At the Khone Falls site in Cambodia (M04), 40% of the species were linked to fresh- and brackish-water environments. A significant proportion (20 to 45%) of the downstream species was able to live in all three types of environment. These ubiquitous species were much less represented upstream, but were nevertheless present (1–3%). Based on the zone in the water column in which they live, there was a clear separation of the upstream and downstream fish communities; the upstream species were generally benthopelagic whereas the downstream species were more pelagic (Figure 3B). The demersal species (including benthic ones) were found in almost all of the sites along the Mekong (10–30%), with higher values in Thailand and in the middle Delta. The separation of the communities, using environment and zone variables, followed the same tendency upstream (Figure 3A,B); the demersal type being able to live in both fresh and brackish waters. The proportion of the species among the communities that were able to migrate was very high in the freshwater environments (70–90%), but tended to decrease downstream (Figure 3C); the migratory type was not found among a large proportion of the downstream species (163 species). The anadromous species were significantly present downstream (10–30%), together with the amphidromous species. The presence of the migratory type made it possible to separate the two fish communities; those that live in freshwater being largely potamodromous, and those that live in saline environments being amphidromous or catadromous.



The first two axes of the principal component analysis explained 40.1% of the total inertia of the species-sites abundance table, 28.7% for axis 1, and 11.4% for axis 2, respectively. The species whose cumulated relative contribution to these two axes was above 50% were projected together with salinity and distance to the sea as supplementary variables (Figure 4A). Three main groups of species were identified by clustering their coordinates on axes 1 and 2 (Figure S1, Supplementary Materials): (1) a large batch of species associated with low salinities and located far from the sea (such as Hemibagrus spilopterus, Barbonymus altus, Xenentodon cancila, Sikukia gudgeri, Clupeichthys aesarnensis); (2) a group of species comprising Polynemus melanochir, Barbonymus gonionotus, and several Pangasiidae species (P. macronema, P. larnaudii, P. bocourti), species mainly observed in the sites with low salinity but located relatively close to the sea and (3) a group of marine pelagic species (such as Stolephorus insularis, S. chinensis, Hilsa kelee, Sardinella gibbosa) linked with the highest salinity values and the shortest distance to the sea on the right side of Axis 1 (Figure 4A). The clustering of the sites on the first two axes of the PCA based on their coordinates (Figure S2, Supplementary Materials), clearly identified three groups of sites (Group 1: M01-M05; Group 2: M06-M08+TS and Group 3: M09-M14), projected on the PCA axes (Figure 4B). These groups reflected a well-ordered distribution of the sites along the Mekong, with no spatial overlap. The mean proportions of species abundance in each group revealed different community assemblages (Figure 5). Group 1 was dominated by one third of Oreochromis niloticus (35.6%), whereas other species accounted for less than 10% (Channa striata, Xenentodon cancila, Puntioplites proctozystron), and generally for less than 3%. In Group 2, Polynemus melanochir and O. niloticus together accounted for more than 40%, followed by two species around 9% (Channa micropeltes and Pangasius bocourti). Group 3 was dominated by strictly pelagic marine species (Stolephorus insularis and S. chinensis) which accounted for 56.2%, whereas the third species (Hilsa kelee) accounted for 10.1%. Among the 15 most abundant species per group, no species common to the three groups was identified. Six species were common to Groups 1 and 2. Forty-eight species were identified as indicator species, of which 41 were associated with only one group, and seven with two groups. Thirty-one species were associated with Group 1, four with Group 2 and six with Group 3; seven species were associated with groups 1 + 2 together; no species was an indicator of a combination of groups that included group 3 (Table 2).




4. Discussion


4.1. Limits and Advantages of the eDNA Approach in the Mekong River and Delta


This study is the first large-scale characterization of fish diversity in the Mekong using an eDNA approach. The previous eDNA studies in the Mekong River were usually geographically limited to one dam reservoir, for example in Laos [25], or targeted specific species, such as the giant catfish Pangasianodon gigas [26], or both, such as in Thailand on the clown featherback Chitala ornata [27] or the giant catfish [41]. The overall diversity recorded in this study, with 287 identified OTUs, largely exceeds the diversity recorded in the study by Gillet et al. [25] in which 122 species were characterized. It should also be noted that Gillet et al. [25] used a lower similarity threshold to identify the species (97%) than the one used in the present study (99% of sequence similarity). Using a higher similarity threshold could artificially generate more species than actually present in the river, but in the present case, the only notable impact was that it limited our ability to assign a species name to an OTU, which remains a limited impact, as most of the OTUs presented either a sequence similarity of between 100% and 99%, and when this was not the case, the similarity dropped below 97% in most of the cases. In contrast, using a lower similarity threshold may lead to mixing sister species or species that diverged recently. Using our new local library, we estimated that a threshold of 97% would lead to 52 pairs of species (52 OTUs with between 97% and 99% similarity out of a total of 287 OTUs). Anyway, even when we corrected our dataset using a similar threshold as Gillet et al. [25], our study still characterized more fish diversity, which is not surprising, considering the geographical and ecological scope of our study, which included marine, brackish and freshwater habitats, whereas Gillet et al. [25] limited their study to freshwater.



The fish diversity we recorded almost completely matched the species recorded by Rainboth et al. [42] in the Mekong River and Delta; among the 158 OTUs identified at the species level, only 10 were not listed (Table S1). Two out of the 10 corresponded to the species described too recently to be reported by these authors: Acantopsis ioa was described in the Mekong River in 2017 [43]; and Decapterus smithvanizi was described in 2013 from specimens collected in Indonesia and Thailand but also presumed to be present in the South China Sea [44]. All of the other species were not necessarily new records, as according to GBIF (consulted in April 2022), only two were not previously described in the Mekong or were probably introduced for the purpose of aquaculture, such as the West African Cichlid, Sarotherodon melanotheron or the cyprinid Cirrhinus cirrhosus. The two species that could be new to the Mekong are Nemipterus bipunctatus (Nemipteridae) and Gobiopterus lacustris (Gobiidae). The first species is a marine species with a large distribution range in the Indian Ocean stretching from the Red Sea to the Straits of Malacca [45] but with only two records in the Gulf of Thailand (GBIF.org 2022). The presence of this species in the Mekong Delta (at site M10) can be considered as probable, and should be considered as a new record for the Mekong, thereby extending a little the known distribution range of this species. In contrast, the presence of Gobiopterus lacustris in the Mekong at site M2 in Thailand is more doubtful, since this freshwater species is endemic of Luzon, in the Philippines (Fishbase consulted in April 2022) [32]. However, the two GenBank sequences labelled Gobiopterus lacustris (NC_040003 and MG581362) that presented 100% identity with our 12S sequence eOTU164 were probably misidentified, since the specimens used to establish the DNA barcodes were collected in China. These specimens have been confused with Gobiopterus chuno, a species on the list compiled by Rainboth et al. [42], and for which 12S sequences presented 99% identity (LC049793) with eOTU164. This last result underlines the need for a curated reference barcode library for the eDNA analyses. Recently, Pham et al. [46] used a DNA barcoding approach to identify juveniles or small crypto-benthic species collected in Con Dao (Vietnam) and estimated that up to 30% of the OTUs recovered in the samples could not be identified precisely due to species misidentification or mislabeled sequences in BOLD (the international DNA barcode library of the iBOL consortium). The taxonomic uncertainty concerning the DNA barcodes used for species identification is well-known and has already been flagged in numerous barcoding studies [46]. In this context, BOLD proposes an interim taxonomic nomenclature to circumvent these taxonomical issues, by assigning all of the DNA barcodes available in the BOLD library with a barcoding index number (BIN) that correspond to an OTU [47]. However, the barcoding marker used for the fish species identification in BOLD, and hence the assignment of a barcode to a BIN, differs from the markers used in the eDNA investigations. While the DNA barcoding studies use the sequence polymorphisms of 652 base pairs of the cytochrome oxidase 1 (COI) fragment, for technical reasons, the markers used in the eDNA metabarcoding studies are shorter and mainly target other mitochondrial genes, such as the 12S RNA. Thus, in BOLD, it is not possible to link an OTU identified on a 12S marker to a BIN, unless the specimens used to establish a local DNA barcode include both the 12S and the COI sequences. This process has started (Nguyen et al. in prep), and was used in the present study. This first attempt to build a bridge between the BOLD library and the local library used for eDNA now needs further promotion. The investigations of fish diversity based on eDNA could be greatly improved if all of the taxonomical knowledge generated by BOLD was taken into consideration. In fact, the disconnection between the “DNA barcoding” and “eDNA metabarcoding” communities is striking, and despite all of the experience gained from barcoding surveys, the people who use metabarcoding for species identification largely underestimate the problems involved in a DNA based species identification. While Marques et al. [29] noted that the main limitation of the eDNA inventories was the incompleteness of the species sequences available in public genetic databases, there was no reference in the literature to the mislabeled sequences in these databases or the high frequency of cryptic species among the species with a large distribution range [48,49,50,51]. To our knowledge, this issue has never been addressed in the eDNA studies, even though species misidentification or the presence of cryptic species may have a serious impact on the ability of the method to depict the global diversity. This is especially true for the use of a checklist of local species to determine the species distribution range at a larger geographic scale. The DNA barcoding studies deeply modified our perception of diversity by demonstrating that the morphometric characters usually used to delimit species largely underestimate species diversity, but overestimate the distribution range of numerous species. Using an uncurated library to assign a sequence to a species or using metabarcodes that are unable to distinguish between the phylogenetically close species, represent a step backward in our understanding of species diversity and distribution. For this reason, all of the species assigned using OTUs were particularly carefully checked in the present study.



The second much more widely debated issue in the eDNA investigations is the taxonomic gap in the reference libraries used to assign a DNA sequence to a species [29]. According to Jerde et al. [28], depending on the pairs of primers and the mitochondrial portion (i.e., the metabarcode), less than 50% of the total basin-wide fish species richness would be represented in GenBank. However, this estimation is most probably overestimated, since Jerde et al. [28] used the GAPeDNA interface to assess the global genetic database completeness for Mekong fish and for the metabarcodes used so far in eDNA investigations. As mentioned earlier, the approach used by Marques et al. [29] overestimated the DNA barcode availability of libraries such as GenBank. Using our more local DNA library, we were able to improve the species identification by up to 22%. Nevertheless, 55% of the eOTU remains un-identified at the lowest taxonomic rank, which calls for more barcoding effort and at least the identification for the same specimen of both 12S and the COI sequences.




4.2. Mekong Aquatic Environment and Fish Distributions


Among the main results of this eDNA investigation of the Mekong fish diversity, there was a clear spatial delimitation between the brackish and marine species distributions vs. the freshwater species. If the freshwater species clearly dominated over the marine and brackish species at the freshwater sites (M1 to M8), the pattern was inverted as soon as the salinity reached five (at site M9) and higher levels (M10 to M14). The sharp partition of the freshwater and marine species along a salinity gradient is common to estuaries worldwide. Although some physiological explanations have been put forward for the absence of freshwater species in the brackish and marine waters, such as their inability to develop chloride cells in gill filament epithelia, Whitfield [51] suggested that other factors, such as predation and competition, may also prevent the penetration of these species in mesohaline (M9 to M11 with salinity 5 to 17) or even more saline waters (M12 to M14 with salinity 21 to 30). Beyond the ecological reasons for such differences in the species assemblage, this finding clearly demonstrates that the potential persistence of the eDNA associated with the Mekong river flux that is able to artificially extend the spatial presence of a species [52] did not bias our detection of fish assemblage with respect to the salinity gradient. Various abiotic and biotic factors influence the aqueous eDNA decay rates [53], the most frequently mentioned in the literature being temperature [54], pH [55], sediment load [56], the species biomass [54] and the microbial abundance and composition [55,57,58]. Numerous studies using experimental approaches or meta-analyses of different eDNA datasets have tried to evaluate the relationships between these factors and the rate of eDNA decay, but obtained contrasting results, probably due to interactions between complex factors (for a review, see [58]). Furthermore, the river dynamics add complexity due to stream eDNA advection and dilution [52]. By evaluating the longitudinal variation of carp eDNA along a river downstream from a farm, the latter authors demonstrated that after 900 m the eDNA concentration decreased drastically, but was still detectable 3 km farther on. However, for all of the above-mentioned reasons, no generalizations can be made and the simulations performed by Nukazawa et al. [52] did not match the field observations. In the present context, considering the chemistry of the Mekong River water, the eDNA dilution due to the numerous tributaries connecting to the main channel and the distance between our samples sites (10 km between sites M8 and M9), it is probable that the picture of fish species assemblage recovered through the eDNA metabarcoding was not affected. In conclusion, the global spatial fish distribution along the Mekong River showed a clear and expected pattern for the different groups of species in the presence of abiotic factors, the saline environments being clear barriers, with no outliers in the eDNA results, i.e., no marine species found in the freshwaters or the reverse.



More surprisingly, the present study highlighted two spatially structured species assemblages in the freshwater Mekong River that do not correspond to any biogeographic pattern described to date [9,59]. While the Tonle Sap diversity showed a clear proximity with the neighboring, downstream Mekong sites (M6, M7 and M8) until the water became more saline, in contrast, the upstream locations (M1 to M5) shared statistically similar species assemblage (Figure 5). The most amazing result is certainly the proximity of the Khone Falls site to more upstream sites. In contrast, the most recent study on fish biogeography along the Mekong River revealed nine biogeographical regions (from upstream to downstream: two successive Headwater Regions in China—the Upper Region corresponding to the Mekong part flowing in the Yunnan province and the Middle Region encompassing the Chinese border and the North of Laos; the Middle Region corresponding to the south of Laos; the Nam Chi-Nam Mun Region; the Se San-Se Kong Sre Pok Region; the Tonle Sap Region; the Estuary Region in Vietnam). Based on the information concerning distribution, each of the regions hosted a unique fauna with different dominance or endemism at the genus level, and seven regions based on the “fish migration system” and hierarchical cluster analysis [9]. This study was only based on a list of species taken from a literature survey. In the middle Mekong and Delta, these regions tend to overlap and correspond, even if the lower system extends until the Khone Falls in Cambodia [9]. The Tonle Sap acts as a unique entity, separate from the other upstream or downstream regions. Our study, only based on the eDNA distribution, provides more detailed information on the distribution, for example, with a link between more downstream sites. Upstream, the fish communities were more linked and were homogeneously distributed, the Khone Falls not representing a real barrier to distribution. The results of an overview of the ecosystem connectivity in the Mekong River Basin based on a combination of hydrological river types, ecological regions and the extent of the floodplain and carbonate outcrop data [60], tended to match our results, as in our study the Khone Falls did not act as a barrier to connectivity either. The two ecoregions highlighted by Abell et al. [59], namely the Mekong Delta and the Khorat Plateau, also matched our hypothesis concerning the fish distribution. Nevertheless, these patterns need to be confirmed through more eDNA sampling along the Mekong.



The comparison of some species distribution in the Mekong based on GBIF records and eDNA metabarcoding was largely congruent (Figure 6). Using eDNA data, species such as Ilisha melnostoma (Figure 6A), Hilsa kelee (Figure 6B), Polynemus melanochir (Figure 6C) and Johnius borneensis (Figure 6D), that are known to have little affinity for freshwater conditions, had a clear distribution range limited to the Mekong estuary. On the other hand, the species not yet recorded in the Mekong Delta, such as Mystacoleucus marginatus (Figure 6L), Cosmochilus harmandi (Figure 6M), Hypsibarbus malcolmi (Figure 6N) and Sikukia gudgeri (Figure 6O), remained absent from this part of the Mekong. Interestingly, using the eDNA showed the distribution range of some of the species to be limited to the Mekong Delta, whereas the GBIF records demonstrated a much larger distribution range in the Mekong for Labeo chrysophekadion (Figure 6E) or Pangasius krempfi (Figure 6G). However, these species are known to undertake seasonal migration for feeding or reproduction [61], which could mean that a time-limited eDNA sampling campaign may artificially restrict the spatial range of distribution of a species. Using the ratio otolith 87Sr/86Sr and Sr/Ca in Pangasius krempfi, Tran et al. [62] demonstrated that this species is an anadromous fish that breeds in the freshwater regions in the Mekong mainstream along the Laos–Thailand border or in Cambodia, and then at early stages, migrates to the Mekong Delta, and spends most of its lifetime in the brackish and marine environments. Concerning Labeo chrysophekadion, Sokheng et al. [61] assumed the presence of several populations with different behavior in the Mekong River. While the populations present in Laos and Thailand were hypothesized to migrate into tributaries and small streams to feed when the water starts to rise, in Vietnam, its abundance throughout the flood plain would limit its migration and facilitate its detection using the eDNA approach.



The metabarcoding of the eDNA thus appears to be a very powerful tool to rapidly identify the fish communities and their distribution along the Mekong River and Delta. Our study provides a snapshot taken at the time of sampling and could be used as a reference for future studies. The power of the technique was revealed when sorting the sites as a function of saline environments (marine, brackish delta, freshwater delta, freshwater sites, etc.) to obtain an accurate description of both the biodiversity and community distribution. The salinity acted as the main driver of the fish distribution. The pelagic species were more present in the more saline waters and in the Delta, whereas the benthopelagic species were more present upstream in the freshwater conditions. The more demersal species were encountered in all of the environmental conditions along the Mekong. Both the environmental conditions and the life zones of the species were able to clearly distinguish the distributions of the fish communities along the Mekong when the eDNA was used. Although our survey remains preliminary with respect to the spatial and temporal distribution or ecological niches of the fish species, the data acquired should encourage additional sampling to target more locations/habitats in the Mekong, and contrasting migratory behavior makes the temporal/seasonal sampling highly desirable.




4.3. Migratory Fishes in the Mekong and Their Conservation


The main issues with fish biogeography along the Mekong River and Delta are the migratory behavior of the different fish species and the impact of dam building [9,12]. The present study showed that migratory species were present all along the Mekong, with high percentages upstream (70 to 95%). The eDNA survey reinforces the concerns about the building of more dams along the main river. Only the amphidromous and anadromous species would have a chance of surviving, as more of these species were found in the Delta and estuarine area, where no dams are planned. The future life cycles of all of the potamodromous species in the Mekong are at risk. In their review, Kang and Huang [9] concluded that there were seven separate but not independent migratory systems. Many of the species are able to cross the different systems. Large projects, such as cascade dams with an amplification effect, could have irreversible ecological consequences, mainly by obstructing the fishes’ migration pathways [9]. Around 90% of the fish species in the Mekong River are migratory and 50% of the fisheries include long-distance migrants [63]. It goes without saying that our results reinforce the issue of migratory fish species in this area, and that substantial conservation measures are required as soon as possible.





5. Conclusions


This is the first environmental DNA survey along the Mekong River and Delta that could be used as a benchmark in the region for future measures to guarantee the conservation of this complex ecosystem. Our results concerning the fish distribution with their potential adaptive strategies towards salinity, and the zone in the water column in which they live are consistent, and match expected and precise patterns. The distribution of the communities was more homogeneous than expected, and showed three main regions linked to salinity or to the Tonle Sap lake environment. The freshwater area above the Tonle Sap was also more homogeneous than previously thought. The impact of future dam building along the Mekong will then be very different regarding these regions. First, the region including the Delta and its biodiversity will be less impacted, as no dam construction is scheduled in the near future, and only around 20% of fish species are amphidromous. The fish diversity of the second region, including the Tonle Sap and sites downstream up to the Delta, could have a more serious effect, even if dam building is not scheduled in this area, but because 70 to 90% of species are potamodromous. Finally, the most threatened area is located upstream, from Vientiane, in Laos and Thailand, to Kampong Cham in Cambodia, because the numerous dams will be constructed in the main Mekong River, and more than 60% of the fishes are migratory, reinforcing the warning of Nuon et al. [64]. This study reinforced existing concerns and raises a red flag about future dam construction along the main river, as many of the species encountered were potamodromous. The message here is that the conservation of migratory fish species in this large freshwater environment must become a priority, otherwise they are doomed.
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Figure 1. Sampling sites along the Mekong River; (bottom right) detailed map in the Mekong Delta. 
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Figure 2. Abundance (A) and fish diversity indices: species richness (B); Shannon diversity (C); and Pielou’s evenness (D) indices at each site along the Mekong River and Delta. 
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Figure 3. Proportion (% of abundances) of biological characteristics of fish species recorded with eDNA at each site along the Mekong River and Delta including three main categories: (A). environment; (B). life zone in the water column; and (C). type of migration. 
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Figure 4. Centered principal component analysis (PCA) of the species-site abundance table: (A). species with relative contribution of more than 50% to axes 1 and 2, and groups of species identified by clustering. Environmental variables (salinity and distance to the sea) are projected as supplementary variables; (B). Sites and groups of sites identified by clustering. Additional species from group 1 are: Amblyrhynchichthys micracatus; Bangana sp.; Barbonymus sp1; Barbonymus sp2; Chitala ornate; Clupeichthys aesarnensis; Cyprinidae sp5; Cyprinidae sp12; Cyprinidae sp13; Cyprinidae sp16; Cyprinidae sp17; Hemibagrus sp2; Mastacembelus sp.; Mystus bocourti; Pangasius sp2; Paralaubuca sp2; Paralaubuca sp3; Parambassis sp.; Rasbora dusonensis; Probarbus jullieni; Sikukia gudgeri. C; Siluriformes sp1; Syncrossus helodes. 
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Figure 5. Mean abundance percentages for the first 15 species of the groups highlighted by the PCA of the species. 
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Figure 6. Species distribution range in the Mekong River and Delta (in blue) of some fishes inferred from records stored in the GBIF.org database (most recent consultation 20 June 2022) (black dots) and obtained from analyses of eDNA (red dots). (A): Ilisha melastoma; (B): Hilsa kelee; (C): Polynemus melanochir; (D): Johnius borneensis; (E): Labeo chrysophekadion; (F): Clupeoides borneensis; (G): Pangasius krempfi; (H): Puntioplites falcifer; (I): Barbonymus altus; (J): Hemibagrus spilopterus; (K): Xenentodon cancila; (L): Mystacoleucus marginatus; (M): Cosmochilus harmandi; (N): Hypsibarbus malcolmi; (O): Sikukia gudgeri. 
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Table 1. Information on sampling sites along the Mekong River and Delta. Sites are classified based on their distance from the sea.
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Site Code

	
Location

	
Coordinates

	
Sampling Date

	
Salinity

	
Distance from the Sea (km)




	
Latitude

	
Longitude






	
M01

	
Nong Khai, Thailand

	
17°49.740′ N

	
102°41.878′ E

	
Sept. 2019

	
0.0

	
1529




	
M02

	
Nakhon Phanom, Thailand

	
17°3.735′ N

	
104°45.268′ E

	
Sept. 2019

	
0.0

	
1158




	
M03

	
Ubon Ratchathani, Thailand

	
15°23.823′ N

	
105°32.737′ E

	
Sept. 2019

	
0.0

	
903




	
M04

	
Khone Falls, Stung Treng, Cambodia

	
13°34.815′ N

	
106°0.178′ E

	
Aug. 2019

	
0.0

	
646




	
TS

	
Tonle Sap, Kampong Thom, Cambodia

	
12°31.099′ N

	
104°27.334′ E

	
June 2019

	
0.0

	
443




	
M05

	
Kampong Cham, Cambodia

	
12°0.442′ N

	
105°28.461′ E

	
June 2019

	
0.0

	
417




	
M06

	
Dong Thap, Vietnam

	
10°24.514′ N

	
105°36.764′ E

	
May 2019

	
0.0

	
143




	
M07

	
Tien Giang, Vietnam

	
10°19.488′ N

	
106°0.396′ E

	
May 2018

	
0.1

	
90




	
M08

	
Chau Thanh, Ben Tre, Vietnam

	
10°18.699′ N

	
106°26.909′ E

	
Apr. 2018

	
1.0

	
39




	
M09

	
Binh Dai, Ben Tre, Vietnam

	
10°16.266′ N

	
106°31.494′ E

	
Apr. 2018

	
5.9

	
29




	
M10

	
Binh Dai, Ben Tre, Vietnam

	
10°15.048′ N

	
106°37.698′ E

	
Apr. 2018

	
10.7

	
18




	
M11

	
Binh Dai, Ben Tre, Vietnam

	
10°12.114′ N

	
106°44.166′ E

	
Apr. 2018

	
16.6

	
5




	
M12

	
Binh Dai, Ben Tre, Vietnam

	
10°10.703′ N

	
106°45.793′ E

	
Apr. 2018

	
21.3

	
2




	
M13

	
Binh Dai, Ben Tre, Vietnam

	
10°7.254′ N

	
106°48.948′ E

	
Apr. 2018

	
26.7

	
0




	
M14

	
Vung Tau, Vietnam

	
10°19.188′ N

	
107°1.494′ E

	
Apr. 2018

	
30.0

	
0
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Table 2. Indicator species for each group of sites. *** p < 0.001, ** p < 0.01, * p < 0.05.
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Order

	
Group

	
p




	
  Familly




	
  Species






	
Osteoglossiformes

	

	




	
 Notopteridae

	

	




	
   Chitala ornata

	
1

	
0.0286 *




	
Clupeiformes

	

	




	
 Engraulidae

	

	




	
   Stolephorus chinensis

	
3

	
0.0005 ***




	
   Stolephorus insularis B

	
3

	
0.0012 **




	
   Coilia rebentischii

	
3

	
0.0245 *




	
 Clupeidae

	

	




	
   Clupeichthys aesarnensis

	
1

	
0.0308 *




	
   Clupeoides borneensis

	
2

	
0.0108 *




	
   Hilsa kelee

	
3

	
0.0045 **




	
Gonorynchiformes

	

	




	
 Chanidae

	

	




	
   Channa striata

	
1

	
0.0170 *




	
Cypriniformes

	

	




	
 Botiidae

	

	




	
   Syncrossus helodes

	
1

	
0.0304 *




	
 Cyprinidae

	

	




	
   Amblyrhynchichthys micracanthus

	
1

	
0.0304 *




	
  Bangana sp.

	
1

	
0.0041 **




	
   Barbonymus altus

	
1

	
0.0006 ***




	
   Barbonymus gonionotus

	
1 + 2

	
0.0005 ***




	
  Barbonymus sp1

	
1

	
0.0049 **




	
  Barbonymus sp2

	
1

	
0.0006 ***




	
   Cosmochilus harmandi

	
1

	
0.0320 *




	
  Cosmochilus sp2

	
1

	
0.0320 *




	
  Cyprinidae sp12

	
1

	
0.0308 *




	
  Cyprinidae sp13

	
1

	
0.0308 *




	
  Cyprinidae sp16

	
1

	
0.0055 **




	
  Cyprinidae sp20

	
1

	
0.0294 *




	
  Cyprinidae sp9

	
1 + 2

	
0.0399 *




	
   Hypsibarbus malcolmi

	
1

	
0. 0055 *




	
   Hypsibarbus wetmorei

	
1

	
0. 0049 **




	
   Labeo chrysophekadion

	
1

	
0.0163 *




	
   Mystacoleucus marginatus

	
1

	
0.0311 *




	
  Paralaubuca sp2

	
1

	
0.0165 *




	
  Paralaubuca sp3

	
1

	
0.0311 *




	
   Probarbus jullieni

	
1

	
0.0311 *




	
   Puntioplites falcifer

	
1

	
0.0014 **




	
   Puntioplites proctozystron

	
1 + 2

	
0.0088 **




	
  Puntioplites sp.

	
2

	
0.0328 *




	
   Sikukia gudgeri C

	
1

	
0. 0047 **




	
  Sikukia sp2

	
1

	
0.0294 *




	
Siluriformes

	

	




	
  Siluriformes sp1

	
1

	
0.0308 *




	
 Bagridae

	

	




	
   Hemibagrus spilopterus

	
1

	
0.0048 **




	
   Mystus bocourti

	
1

	
0.0308 *




	
 Pangasiidae

	

	




	
   Pangasius bocourti

	
1 + 2

	
0.0005 ***




	
   Pangasius larnaudii

	
1 + 2

	
0.0440 *




	
   Pangasius macronema

	
1 + 2

	
0.0111 *




	
 Siluridae

	

	




	
Belodontichthys truncatus

	
1

	
0.0304 *




	
Gobiiformes

	

	




	
 Gobiidae

	

	




	
  Gobiidae sp4

	
2

	
0.0077 **




	
Synbranchiformes

	

	




	
 Mastacembelidae

	

	




	
  Mastacembelus sp.

	
1

	
0.0047 **




	
Cichliformes

	

	




	
 Cichlidae

	

	




	
   Oreochromis niloticus

	
1 + 2

	
0.0408 *




	
Beloniformes

	

	




	
 Belonidae

	

	




	
   Xenentodon cancila

	
1

	
0.0006 ***




	
Perciformes

	

	




	
 Polynemidae

	

	




	
   Polynemus melanochir

	
2

	
0.0081 **




	
Acanthuriformes

	

	




	
 Sciaenidae

	

	




	
   Johnius carouna

	
3

	
0.0042 **




	
   Johnius borneensis

	
3

	
0.0246 *
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