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Abstract

:

Numerous sections of the Mureş River vary in terms of the abundance of nitrates, ammonia, and orthophosphates; and of correlated lotic sediment bacterial microbiome structures in terms of both diversity and abundance. This highlights the great versatility of microbiomes in being influenced by the physical-chemical characteristics of environments and their spatial changes. Bacteria microbiomes exhibit dynamic and shifting potential and significant tendencies toward self-organization and self-adaptation. These typical features represent an essential ecologic basis for lotic systems having to do with the use and reuse of various kinds of environmental resource as chemical substances. In this respect, trophic processes assure the river ecosystem optimum health ecologic status dynamic and trend, to be reached. The flexibility of shifting bacterial microbiomes is crucial in maintaining this ecological context’s vital role in biogeochemically sustaining other taxonomic groups, which are spatially and temporally continuous. This is especially important for nutrient cycle processes, even for rivers with high levels of negative human impact, in promoting a functional lotic system.
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1. Introduction


Water bodies are profoundly important components of both natural and human systems [1,2,3,4]. Of these, lotic systems are the most diverse, dynamic, and essential for humans, and they are also profoundly influenced by human activity across our planet [5,6]. As a key resource for humans [7,8,9], lotic systems provide water for drinking, irrigation, industry, hydropower, transportation channels, areas for recreation and tourism, etc. However, they also work as a sink for human refuse, in acting as a buffer; they promote the recovery and maintenance of ecosystem health and balance [10,11,12,13,14,15,16,17]. In human impacted lotic systems, environmental flows are a vital tool for managing water in the water-energy-food nexus, environmental flows allocate water among competing uses, within the limits of availability, integrating the water needs of ecosystems with those of other sectors and stakeholders [18,19]. Overall, the water provided and managed within any lotic system, both from quantitative [20,21] and qualitative [22,23] characteristics perspective of an environmental flow, need in-depth knowledge of all the system’s components/compartments. Historically, the field of microbiome research has emerged from environmental microbiome research (microbial ecology) and it provides an interdisciplinary platform and useful approach tool for many fields of interest [24].



Lotic systems’ non-living and living components are characterized by a very high spatial and temporal variability, especially at least since the Industrial Ages [25,26,27,28,29]. This general set of issues exists in numerous subdivisions of the Danube Basin [30,31,32,33,34,35,36,37,38,39,40,41,42,43,44], making them relatively difficult to understand from the perspective of sustainability and management due to their complexity, self-organization, self-adaptation, homeostasis, resilience, autopoiesis, etc. The section of the Mureş River discussed in this paper is not an exception in these respects.



The Mureș River is the largest branch of the Tisza River in the Danube Basin, with a length of 761 km and basin surfaces area of 28,319 km2. Situated in the Carpathian Basin, mostly in the central-western part of Romania (longitude: between 20°11′ E and 25°44′ E; latitude between 45°14′ N and 47°08′ N). It also flows for a short distance in Hungary before entering the Tisza. This river passes through a diverse landscape in its Romanian course. The relief differs greatly differs, with mountains covering approximately 25% of it, approximately 55% consisting of lower highlands, approximately 15% being comprised of valleys and meadows, and approximately 5% being plains [45,46].



The Mureş River watershed was chosen for this research for various reasons: among them, its relatively large area and significance within the Danube Basin [47], the relatively large and important human population existing in this area, including major urban areas [45,46,48], the resulting human impacts and related problems in this basin [49,50,51,52,53,54,55,56]. These factors affect the diversity and the variability of environments over space and time and biocoenosis in the river and its watershed.



The impact of several pollutants has been assessed in terms of the Mureş River’s main features of biodiversity, including phytoplankton, zooplankton, macrozoobenthos, fish, and bacteria. The later has been investigated mainly by targeting specific groups, such as both general and fecal coliforms, fecal streptococci, etc. [57,58,59,60,61,62,63,64]. Overall, there have been relatively few studies of the bacterial communities in rivers across Romania, with only a single large-scale study covering the Danube River, including its Romanian section [65]. Other studies with to do with this river have mostly focused on narrow, targeted goals, such as pathogenic bacteria, coliforms associated with anthropic impact, or bacteria that are resistant to antibiotics [66,67].



In general, aquatic ecosystems are multidimensional, highly structured, and functionally complex [68,69,70,71,72,73,74]. Such complex adaptive systems imply diversity through a great number and wide variety of interdependent, yet autonomous, parts structured as networks. These also have the ability to change and learn from past events and experiences [75].



The ecological trend of the decreasing health of lotic systems around the World, including major ones [76,77,78,79] that are expected to have high resilience, raises a major concern at least in the scientific world about what management approaches should be used, as well as the potential weaknesses of the present scientific background used in the development of management strategies and actions [80]. Is there enough in-depth scientific knowledge to constitute a basis for real, viable management systems?



It is clear that a diversity of such ecosystem components are essential in providing complexity, self-organization, self-adaptation, homeostasis, resilience, autopoiesis, and dynamics of ecologic sustainability. Each component category is important in enriching and empowering lotic systems. However, a question still remains as to whether there are certain categories of components that more important than others. Which taxonomic groups comprise the communities with the greatest and most expedient capacity for self-organization? Which exhibit nonlinear adaptive behavior and are relatively less dependent on historical events, initial conditions, and present context? Which react and adapt in coordinated fashion to natural and anthropogenic stressors, support other categories of system components/taxonomic groups/communities, and make the ecosystem resilient?



This paper’s major objective is to highlight the bacteria taxonomic group/communities, as a principal decomposing functional compartment, more important than others at least from this paper approach perspective, without to diminish the other taxonomical groups and communities importance in a lotic system, based on the Mureş River study case.




2. Background


Bacteria, the earliest cellular life forms and the primary biomass on the planet, have achieved evolutionary success through rapid evolution, leading to great adaptability [81]. It is clear that accentuated temporal dynamics are a key to the success of bacteria as a taxonomic group. However, what is the role of spatial dynamics in terms of the success of the representatives of this group and the other taxonomic levels with which it is directly or indirectly related? What must be done in order to integrate bacteria into our understanding of lotic systems, as well as their assessment, monitoring, and management?



In general, sediments play an important role in the ecologic state of lotic systems [82,83,84]. The most important ecological processes in lotic systems, such as biogeochemical and nutrient cycling, are mainly accomplished by microbial communities in sediments [85,86,87], accounting for up to 90% of respiration [88,89,90,91,92]. The ability of lotic systems to maintain their biodegradation and bioremediation processes is linked to the diversity of microbial communities in sediments [93]. Despite the fact that river sediment microbiome is much more diverse than the water microbiome [94,95,96], it has still been poorly described [97,98]. Microbial communities are sensitive to changes in the environment physicochemical parameters [99,100,101,102] and can serve as indicators of ecological changes and degradation [103]. Beyond the indication value of the microbial biomes, we intend to reveal in this research their characteristics with to do with rapid adaptation. This characteristic has consequences for significant biogeochemical and nutrient cycling processes, which support other taxonomic groups/communities with less resilience in situations of natural and anthropic disturbance.



Microbial communities in river sediments are comprised of a core group of bacteria. Research on lotic bacterial communities show Proteobacteria and Actinobacteria to be the most abundant phyla [104,105,106,107,108,109,110,111]. Phyla including Bacteroidetes, Cyanobacteria, and Verrucomicrobia were also found to be well represented [112]. Betaproteobacteria is the class best represented numerically as demonstrated in studies of freshwater rivers across three different continents, such as the Elbe River in Europe [113], the Songhua River in Asia [114], and the Ipswich River in North America [115]. Betaproteobacteria was also the best represented class in studies of river sediment [116,117].



Microbiome composition and diversity, however, changes in concordance with natural and anthropic factors. Among the natural factors that have been shown to influence bacterial community composition are salinity, seasonality, temperature, and nutrients. Some studies have even shown a relationship among bacterial community diversity along the river, with diversity increasing downstream [118]. In addition to natural factors, anthropic influence also shapes the microbial communities in river ecosystems. Among the main anthropic influences are presence of wastewater treatment plants, pollution with heavy metals, and pollution from other types of industry and agriculture [119,120,121].



Knowledge of bacterial communities in lotic systems is more limited in comparison with lentic ones; however, knowledge of bacterial communities in river sediments from is even more limited. This only makes them even more important to study, especially given the fact that bacterial diversity research, such as that in the Tongue River (Montana, USA), have found their sediment samples to be the richest and most novel studied to date4.



The bio-complexity of lotic systems various across spatio-temporal scales can be understood in broad, often discontinuous, patterns along longitudinal and lateral dimensions of river networks, as well as local ecological patterns across various temporal and spatial scales [122], especially if the representatives of all major taxonomic groups are considered. Can bacteria be missed or be underestimated from such ecological approaches?



The ecological integrity of lotic ecosystems relies on both structure and function. Structural integrity mainly refers to the qualitative and quantitative composition of biological communities, and functional integrity concerns the rates, patterns, and importance of ecosystem-level processes [123].



Ecosystem size and complexity play comparable roles in regulating biodiversity and ecological status [124]. Can bacteria be missed or underestimated from studies which try to understand the lotic system’s complex structure and functional role?



In this study, we assess the diversity of microbial communities in sediments from sampling sites distributed through 761 km of the Mureş River. A molecular approach was applied for microbial taxonomic group identification and diversity characterization using Next-Generation Sequencing (NGS) of the 16S ribosomal RNA (rRNA) gene as marker. Thirteen sites were sampled and analyzed, and the differences among them were characterized by differences in the chemical characteristics of the sediments, revealing the adaptability characteristics of various microbial communities.




3. Materials and Methods


3.1. River Sector Sampling and Chemical Analysis


Sediment samples were collected along the Mureș River and its tributaries in the spring–fall of 2016, including 13 different river sectors (M1, M2, M4, M6, M7, M8, M9, M10, M11, M12, M14, M15, and M16; Figure 1).



In the altitude range of M1–645 m, the average width of the minor riverbed was 25 m (max. 30 m, min. 20 m). The river has a mountainous appearance, with a steep slope in the center of the riverbed. The substratum consists of boulders and medium-sized stones, and gravel and sandy areas appear toward the banks. There is a stand of willows on the banks.



In the altitude range of M2–358 m, the average width of the minor riverbed 90 m (max. 110 m, min. 70 m), and there is a relatively uniform linear flow. The substrate consists predominantly of medium-sized stones. Boulders appear in the center of the riverbed and, toward the bank, there is gravel covered with a bioderm and the presence of sandy surfaces. Riparian vegetation consists of willows.



In the altitude range of M4–277 m, the average width of the minor riverbed is 60 m (max. 80 m, min. 40 m). It has slower linear flow. The substrate consists of mud, clay, fine and sand; and, toward the center of the riverbed, there are surfaces with small, medium, and large stones on a marl bed. The banks are steep and covered in grassy vegetation and, on the right bank, there are willow trees.



In the altitude range of M6–268 m, the average width of the minor riverbed is 65 m (max. 85 m, min. 45 m). It has a slower smooth flow and, in the riverbed, there is a bottom threshold. The substrate is formed of large and medium stones on mud bed. The course is meandering and the riparian vegetation is grassy, though willow trees also appear in certain places.



In the altitude range of M7–259 m, the average width of the minor riverbed is 65 m (max. 85 m, min. 45 m) and the substratum consists of gravel on a bed of sand. On the banks, there are grassy vegetation and willow trees.



The altitude range of M8–197 m is downstream from the town of Târnăveni on the Târnava Mică River. The riverbed substrate is composed of pebbles and sand covered with mud and periphyton. The maximum riverbed width is 12 m.



The altitude range of M9–288 m is downstream from Copșa Mică on the Târnava Mare River. The riverbed substrate is composed of pebbles and sand covered with black mud and periphyton. The maximum riverbed width is 15 m and, in this sector, the river is meandered and connected with pools in the major riverbed.



The altitude range of M10–238 m altitude is downstream from Blaj on the Târnava River. In this river sector, the major riverbed is large and the minor riverbed reaches approximately 50 m. The river presents a net of secondary branches and backwaters, which in periods of flooding, connects with the minor riverbed. The river substrate is composed of pebbles and coarse sand in the center. Near the banks, there are surfaces with fine sand and clay covered with mud.



In the altitude range of M11–278 m, the average width of the minor riverbed is 70 m (max. 90 m, min. 50 m). The substrate consists predominantly of gravel on a bed of sand and mud, and sandy surfaces appear on the banks.



In the altitude range of M12–218 m, the average width of the minor riverbed is 75 m (max. 95 m, min. 55 m) and the substrate consists of gravel on a bed of sand. On the bank, the gravel is covered with bioderm.



In the altitude range of M14–171 m, the average width of the minor riverbed is 75 m (max. 90 m, min. 55 m) and the substrate consists of gravel on a bed of sand and mud. In the bed, there are depressions/pots and, on the banks, there is a strip of willows trees.



In the altitude range of M15–106 m, downstream from Arad, the average width of the minor riverbed is 80 m (max. 95 m, min. 65 m). The substrate consists of gravel on a bed of sand and mud. In the bed, there are depressions/pots and, on the banks, there is a strip of willow trees.



In the altitude range of M16–99 m, at Semlac, the average width of the minor riverbed is 85 m (max. 95 m, min. 70 m). The substrate consists of gravel on a bed of sand and mud. In the bed, there are depressions/pots and, on the banks, there is a strip of willow trees.



The sediment analyzed in this study was collected manually from the surface of the riverbed substrate (at 50 cm water depth) with the help of a plastic vessel. The supernatant was removed and 200 g of sediment were placed in the sample vessel and frozen in the field at −20 °C, and stored at −50 °C once transported to the laboratory. Levels of ammonium nitrogen, nitrates, and orthophosphates in the sediment samples were measured using spectrophotometric methods. Ammonium, nitrogen, and nitrates were extracted from 10 g of sediment using 50 mL of 0.2 M potassium chloride (KCl). The KCl solution was added to the sediment, agitated for 1 h, allowed to clarify by precipitation. The clear supernatant was then decanted, filtered, and used to measure the nitrogen content of the compounds. Ammonium nitrogen levels were measured using the spectrophotometric method specified in the SR ISO 7150-1 September 2001, while nitrates were quantified using the SR ISO 7890-3 March 2000. Phosphorus was extracted from 5 g sediment using 50 mL of 0.5 M sodium bicarbonate (NaHCO3). The solution was incubated for 30 min on a shaker, allowed to precipitate and then the clear supernatant was decanted and filtered. Orthophosphates were measured using the spectrophotometric method of ammonium molibdate according to SR EN ISO 6878 August 2008.




3.2. DNA Extraction and Quantification


From each river sector, DNA was extracted from the sediment samples in triplicate using 500 mg of sediment and the Quick-DNA Fecal/Soil Microbe Miniprep kit (Zymo Research, Irvine, CA, USA), following the manufacturer’s instructions. Briefly, sediment was weighted and added to the tube containing bashing beads and 750 μL of the bashing bead buffer. The tubes were vortexed at maximum speed for 20 min and then centrifuged for 1 min at 10,000× g. The supernatant was combined with the genomic lysis buffer and the lysate was loaded onto a spin column for DNA binding. After two steps of washing, DNA was eluted from the column with the DNA elution buffer. After a final cleaning step for humic acid removal, the amount of DNA was quantified using an 8000 NanoDrop (ThermoFisher, Waltham, MA, USA) and its quality assessed by electrophoresis on a 0.8% agarose gel, followed by storage at −20 °C. For microbial diversity investigations, DNA was sent to the LGC Group (Berlin, Germany) for Next-Generation Sequencing on an Illumina MySeq platform.




3.3. 16S rRNA Gene Metabarcoding Analysis


The gene for 16S ribosomal RNA was amplified using primers targeting the V3–V4 region [125] with specific adapters and barcodes for multiplexing. Libraries were demutiplexed using the Illumina bcl2fastq 2.17.1.14 conversion software (lllumina bcl2fastq San Diego, CA, USA). When the barcode distances between all libraries on the lane permitted, one or two mismatches or “Ns” were allowed in the barcode read. Reads with missing barcodes, one-sided barcodes, or conflicting barcode pairs were discarded. Additionally, reads shorter than 100 nucleotides were discarded. After sorting, the barcode and adapter sequences were removed. The next steps were performed using QIIME 2 workflow [126,127]. First, sequence quality control and feature table construction were carried out using the DADA2 plugin, which corrects amplicon sequence data and filters phiX reads and chimeric sequences [128]. In this step, nucleotides corresponding to the primer sequences were deleted and based on the quality of the reads, forward sequences were trimmed to a maximum length of 280 nucleotides, and reverse sequences to 240 nucleotides. Sequences were aligned with MAFFT [129], followed by a phylogenetic tree construction with FastTree 2 [130]. Replicated sequences at each sampling site were grouped by a mean-ceiling followed by rarefaction [131] to a maximum depth of 8291 sequences. We used a classifier that was developed based on our data using a Naïve Bayes method [132] with the used primer pair [125] and the Greengenes 13.8 database [133] at 99% identity. The generated classifier was then used to reference our sequences with the sklearn plugin [133].



The sequence data generated in this study were deposited in GenBank/NCBI Sequence Read Archive (SRI)/ under the accession number PRJNA761896 (https://www.ncbi.nlm.nih.gov/sra/PRJNA761896, accessed on 11 October 2021).




3.4. Statistical Analysis


Alpha diversity metrics (observed OTUs Shannon [134], Chao [135], ACE [136], Simpson, and Pielou Evenness [137]), as well as beta-diversity metrics (unweighted UniFrac [138], generalized UniFrac [139]), weighted normalized UniFrac, weighted unnormalized UniFrac [140], Bray-Curtis [141], Euclidean [142], and Jaccard [143] distances were computed using the QIIME 2 diversity workflow. The Euclidean distance was calculated in R 3.5.3 and we employed the Nearest Neighbor clustering method [144] for river sector similitude analysis based on taxonomy and relative abundance. Data were graphed in QIIME 2 using Emperor plot [145] or in R using the ggplot2 package [146]. Canonical correspondence analysis, a constrained ordination method, of the species variability among samples, containing the sediment chemical composition as supplementary variables was done using Canoco 5.



First, we assayed for richness by looking at the Chao1 and ACE indexes. For species diversity we used the Shannon and Simpson indices, while for evenness we computed Pielou Evenness. To compare microbial community structures among the river sectors, we used beta-diversity metrics such as Bray-Curtis and unweighted UniFrac. To identify the bacterial communities in each river sector in relation to the chemical composition of the sediment, we used the ordination methods in Canoco5 and canonical correspondence analysis (CCA).





4. Results


A total of 774,897 high quality reads were obtained after sequencing with an average of 22,139.91 reads per sample replicate. Sequences not affiliated with Bacteria and Archaea were removed. Samples were grouped by mean-ceiling and rarefied to the lowest number of good quality reads (i.e., 8291 corresponding to sample M12) (Figure 2A,B).



The relative abundance of Bacteria and Archaea was calculated at each phylogenetic level for each sample location (Figure 3A,B).



The bacterial phylum Proteobacteria was found to be the most prevalent, with an average abundance of 35.5% in the sequencing libraries, the highest abundance being observed in M2 (45.85%) and the lowest in M12 (16.6%). The second most abundant bacterial phylum was Actinobacteria, at an average of 23.2%, with the highest abundance in sample M1 (33.8%) and the lowest in M9 (9.7%). This was followed by Firmicutes and Chloroflexi, with relative abundances of 12.1% and 9.2%, respectively. Firmicutes was disproportionately represented in the sequencing libraries, from a 3% abundance in M2 and M8, to 25% in M4 and 29% in M12—nearly a 10-fold increase. In the case of Chloroflexi, most sequencing libraries had abundances around the average of 9%, with the exception of M11, where a steep increase to 29.9% was observed. Other bacterial phyla that were well represented are Bacteroidetes (5.5%) and Acidobacteria (3.9%) (Figure 3A). Euryarchaeota, from the domain Archaea, also had a high average abundance in M12, with 28% of all phyla, seven times higher than its average abundance of 4.5%. The increased abundance of Firmicutes and Euryarchaeota in M12 was countered by a decreased abundance of Proteobacteria, the lowest in all the sequencing libraries investigated (Figure 2A). The best represented phyla are in agreement with other similar studies that find Proteobacteria as the best represented in river sediment.



At the class level, Alphaproteobacteria were the best represented, constituting 18.4% of all bacterial sequences analyzed. They were followed by Actinobacteria, with 13.3%, and Clostridia, with only 7.7%. Other well-represented classes of bacteria were Gammaproteobacteria (6.7%), Betaproteobacteria (6.2%), Acidimicrobia (5.5%), Bacili (4.8%), and Anaerolineae (4.3%) (Figure 3B). At the order level, the three most abundant were Actinomycetales, Rhizobiales, and Clostridiales. At the family, genus, and species levels there were greater differences among sampling sites, which renders their average levels basically irrelevant, with some families, genera, and species being better represented in some sequencing libraries to the detriment of others. A high percentage of reads could not be associated with any known taxonomic group, implying a high abundance of possible novel prokariotic taxa. However, a total of 756 amplicon sequence variants (ASV) could be identified at species level.



Of the 756 ASVs, 25 were present in all of the samples analyzed, displaying a wide distribution. The sum of all unique ASVs, including those found only in one sampling site, was 229 (30.29% of total). Overall, sites M11 and M12 exhibited microbial community compositions that appear most different from the others (Figure 4).



Species diversity in each river sector was assessed by computing multiple alpha diversity indices. First, we assayed for richness by looking at Chao1 and ACE indexes. We observed that M9 had the highest species richness, in contrast with the lowest richness in M11 (Figure 5A). These values mirrored the number of observed ASVs at each location (Figure 5A). For species diversity, Shannon and Simpson indices were used, while for evenness, the Pielou evenness index was computed. The Shannon index indicated M9 as the site with the highest species diversity while the Simpson index shows M8 to be the most diverse (Figure 5B,C). Sample M11 has the lowest species diversity based on these two indices (Figure 5B,C). Evenness measurements by the Pielou index shows M8 to have the highest level, while sample M11 remains the lowest (Figure 5D).



To compare microbial community structures between the river sectors, we used beta-diversity metrics such as Bray-Curtis and unweighted UniFrac The Bray-Curtis dissimilarity metrics shows us the differences in ASV abundance while unweighted UniFrac also takes into account the phylogenetic relatedness between the species present in each river sector. Results of the beta-diversity metrics were plotted with the Emperor Plots of the Principal Coordinates Analysis of the beta-diversity metrics was plotted using Emperor Plots in Qiime 2 (Figure 6). The Bray-Curtis distance shows most river sectors group together with a few sites being outliers (Figure 6A). Sectors M11 and M12 stand out as the most different from the others, while M1 and M2 form a distinct group, as well (Figure 6A). When phylogeny is taken into account using unweighted UniFrac, a similar pattern is observed (Figure 6B). Again, bacterial communities in most river sectors seem to be similar, which is underscored by their clustering on the plot. However, once again, river sectors M11 and M12 stand out from both the other sectors and from each other (Figure 6B).



To understand the possible drivers of bacterial community structure in the investigated sediments, a chemical analysis was performed, targeting nitrate, ammonia, and orthophosphate concentrations (Table 1).



We looked at how bacterial communities at each river sector relate to the chemical composition of the sediment using the ordination methods in Canoco5. Canonical correspondence analysis (CCA), a constrained ordination method, was chosen because it can directly extract the variation that is explainable by the measured environmental variables. In unconstrained ordination, the axes of maximum variation in species composition are extracted first, and then the environmental variables are fit to them. We find that total variation is 2.00969 and the explanatory variables account for 48.98%. The adjusted explained variation is 31.97%. The permutation test results on all axes show an f value of 2.9 and a p value of 0.009. As with the beta-diversity analysis presented above, we see most river sectors cluster together, while sectors M11 and M12 are divergent (Figure 7). However, this analysis shows that the bacterial community in river sector M11 correlates with high concentrations of orthophosphates while the bacterial community in river sector M12 correlates with high concentrations of ammonia (Figure 7). All other river sectors cluster at the intersection of the axes suggesting no marked influence by the sediment chemical composition (Figure 7). A slight negative correlation with the number of orthophosphates can be seen in sectors M2, M15, and M6 and with ammonia in sector M8 (Figure 7). If an unconstrained canonical analysis is employed, the results mirror the ones from constrained analysis in terms of variation and the extent to which the explanatory variables account for this variation (2.00969 and 48.98%, respectively).




5. Discussion


The continuous historical human presence and activities with negative effects on the Mureş River water are various and significant: numerous localities including big ones, forestry, timber production and wood processing, agriculture (crops and animal husbandry, pasture and hay, vineyards, orchards), non-ferrous industry, tools and machinery industry, chemical industry, metallurgy, glass, porcelain, ceramics and earthenware, pulp and paper, building materials, food, light industry (textiles, fur and footwear), etc. [45,147]. Therefore the diverse water quality along the studied river induce conditions for the diversity of the sediment microbiomes.



Microbial communities are an essential link in the lotic trophic chain. They are both shaped by the environment in which they live and, in turn, they shape their environment [148]. Our knowledge of the diversity of microorganisms in sediments from rivers is relatively limited for Romania. One major limitation is the inability to culture such microorganisms using classical culturing techniques. However, our knowledge of these organisms has increased exponentially with the advent of new high-throughput sequencing technologies [95,96]. In this study, we used the 16S ribosomal RNA gene as a barcode for identifying bacterial diversity in river sediments using an NGS approach. We observed that the bacterial communities’ diversity is conditioned and shaped by sediment chemical composition, i.e., nitrogen (nitrates, ammonia) and phosphorus (orthophosphates) concentrations.



When looking at the relative abundance of bacterial phyla in the different river sectors, we found Proteobacteria to be the most abundant. This result is in agreement with results from other similar studies [111,112,113,114]. Other phyla that were abundant in our study are Actinobacteria, Firmicutes, and Chloroflexi. Although these bacteria phyla are similarly abundant across most of the river sectors, some river sectors stand out by having other phyla dominant. In sector M11, there is a high abundance of Chloroflexi, while Proteobacteria and Firmicutes are less well represented compared to the other river sectors. This pattern can be associated with higher orthophosphate quantities. Sector M12 also exhibits a low abundance of Proteobacteria while Firmicutes and the Archaea phyla Euryarchaeota are much better represented compared to other sites, this structure can be associated with higher ammonia quantities. From the beginning, we see differences in bacteria abundance and diversity among the different river sectors.



The bio-ecological roles of the main identified taxa are diverse and complex, for example: Proteobacteria offer extreme metabolic diversity [148]; Actinobacteria play an essential role of recycling biomaterials by decomposing complex mixtures of polymers in dead plants and animals and fungal materials and in producing important bioactive natural metabolites [149]. The Firmicutes importance rely on their characteristic as biofertilizers, biocontrol agents, metals uptake enhancers [150] Chloroflexi provide the filamentous scaffolding around which flocs are formed, to feed on the debris from lysed bacterial cells, to ferment carbohydrates and to degrade other complex polymeric organic compounds to low molecular weight substrates to support their growth and that of other bacterial populations; also remove nitrogen and phosphorus [151], etc.



We see an almost perfect correlation between Chao1 and ACE, and a very strong correlation with the observed species. This suggests the sampling depth was appropriate and representative for the samples. As expected, the Chao1 and ACE indices are above the observed species. The more species in a sample, with the greater the difference between the observed species and Chao1 and ACE.



Sector M9 has the highest species richness and also the highest Shannon index value. This is expected since the Shannon index relies mostly on species richness. Sector M8 has the highest Simpson diversity because this index also takes into account the evenness of the species distribution. Since river sector M8 has a high level of species richness and the greatest species evenness, it is not surprising that it has the highest Simpson diversity index value. Sector M11 stands out as having the lowest species abundance, richness, diversity, and evenness. It is possible that due to the high orthophosphate concentration, few bacteria species/systematical categories can find their ecological optimum in these conditions. It has been shown that nutrient availability shapes bacterial community structure [152,153,154]. Our results show high orthophosphate levels are associated with low bacterial diversity.



Even at the outset, it is obvious that sectors M11 and M12 are divergent from the others. Just by visually looking at the community structure, these sectors stand out. When we then look at diversity, this difference is confirmed. First, we see through alpha diversity that M11 has very low species diversity. Then, beta-diversity further confirms that the M11 bacterial community is different from the other river sectors. M12 is not as striking, though it is just as divergent from the other samples, including M11. These are the two extremes: M12-species which prefer or are able to tolerate high levels of ammonia (nitrogen in this form), and M11-species which are associated with high levels of orthophosphates.



Out of 13 sampling sites, 2 stand out as being the most divergent in terms of bacterial community composition and one has the lowest diversity. These differences can be explained by differences in the chemical composition of the sediments at the respective sites and they reveal the adaptive characteristics of these microbial communities as a basis for the lotic ecosystem’s complexity, self-organization, self-adaptation, homeostasis, resilience, autopoesis, ecological status, changes over time, and (last but not least) uninterrupted ecologic connections and processes. All of these are needed to sustain the other community categories and the proper overall functioning of the lotic system.




6. Conclusions


More than 50% of the sampling stations (M1, M2, M4, M8, M9, M11, M12) along the Mureş River vary significantly in terms of sediment physical-chemical characteristics (nitrates, ammonia, and orthophosphates) and their correlated bacteria microbiome structure, diversity, and abundance at different taxonomical levels (from phylum to species). This reveals the highly flexibility/adaptability character of microbiomes in space and time in relation to the environment’s physical-chemical context and spatial changes.



The bacterial microbiome’s dynamic temporal and spatial flexibility reveals a high level of self-organization and a self-adapting capability. This characteristic represents a fundamental ecological base for lotic systems’ different environmental resource use (chemical substances) patterns and recycling through trophic processes. This assures the river ecosystem optimum health ecologic status dynamic and trend, to be potentially reached.



The easily shifting bacterial microbiome reveals this ecological compartment’s key role in sustaining other taxonomic groups through biogeochemical and nutrient cycles and processes, which are the not very fragmented in space and time. This is true even in lotic systems experiencing the negative effects of human activities.
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Figure 1. The map of the Mureş River watershed with the sample sites with geographical coordinates are: M1 (46 94567–025 29396), M2 (46 73324–024 70280), M4 (46 44489–024 04081), M6 (46 42958–023 97672), M7 (46 38317–023 82367), M8 (46 31335-024 24526), M9 (46 11949-024 19757), M10 (46 16397-023 88426), M11 (46 130371-023 64135), M12 (46 04262–023 55594), M14 (45 91626–022 81669), M15 (46 0849.06-021 1642.063), M16 (46 10957-020 94043). 
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Figure 2. (A) The relationship between the sequencing depth and the number of OTUs observed after rarefaction to the lowest sample size. (B) The relationship between the sequencing depth and the Shannon index observed after rarefaction to the lowest sample size. 
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Figure 3. (A) Bacterial diversity at phylum level at each river sector standardized to 100%. The taxonomic levels are represented in descending order from bottom to top, except the last group. (B) Bacterial diversity at the class level at each river sector standardized to 100%. The taxonomic levels are represented in descending order from bottom to top, except the last group. 
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Figure 4. Cluster dendrogram of class relative abundance based on Euclidean distance and using nearest neighbor clustering. 
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Figure 5. (A) Microbial alpha diversity plots for observed OTUs, Chao1, and ACE (M1–M16 sampling stations). (B) Microbial alpha diversity plots for the Shannon index (M1–M16 sampling stations). (C) Microbial alpha diversity plots for the Simpson index (M1–M16 sampling stations). (D) Microbial alpha diversity plots for the Pielou evenness index (M1–M16 sampling stations). 
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Figure 6. (A) Microbial beta-diversity through Emperor Plots of the principal coordinates analysis output for Bray-Curtis distances. (B) Microbial beta-diversity through Emperor Plots of the principal coordinates analysis output for Unweighted UniFrac distances. 
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Figure 7. ‘Constrained’ ordination using the CCA method; total variation = 2.00969; explanatory variables account for 48.98% (adjusted explained variation is 31.97%) (M1–M16 sampling stations). 






Figure 7. ‘Constrained’ ordination using the CCA method; total variation = 2.00969; explanatory variables account for 48.98% (adjusted explained variation is 31.97%) (M1–M16 sampling stations).



[image: Water 13 03518 g007]







[image: Table] 





Table 1. Chemical composition of the sediment samples.
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	River Sector
	Nitrates (μg/g)
	Ammonium (μg/g)
	Orthophosphates (μg/g)





	M1
	1.586402
	35.63673
	30.67308



	M2
	3.869318
	5.922449
	16.88462



	M4
	1.726912
	23.18776
	25.38462



	M6
	5.614232
	30.82041
	25.14423



	M7
	0.522472
	14.53469
	33.31731



	M8
	3.888952
	9.432653
	40.09615



	M9
	3.928839
	33.47347
	29.90385



	M10
	6.625468
	37.3102
	46.97115



	M11
	1.629462
	2.249388
	102.5962



	M12
	4.846442
	156.3673
	60



	M14
	3.415297
	21.71837
	38.60577



	M15
	0.463483
	1.449388
	17.01923



	M16
	7.6875
	16.12653
	37.25962
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