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Abstract

:

The spread of a growing number of antibiotic-resistant bacteria (ARB) outside the clinical setting into the environment has been observed. The surface water plays an important role in ARB dissemination by being both habitats and transport systems for microorganisms. The ecological and touristic importance of the Danube Delta make it a European priority for close monitoring of its freshwater system. The main goal of this paper was to analyze how the St. Gheorghe branch of the Danube Delta microbiological contamination and their antibiotic-resistant profile were influenced by climate change, especially the global warming from 2013 up to 2019. In the surface water from all sampling points, total and fecal coliform bacteria showed a constant colony forming units (CFU) increase tendency during the years, with a sharp rise from 1500 CFU/mL in 2015 to more than 20,000 CFU/mL in 2019. The bacterial population’s analyses revealed an indirect proportionality between coliform bacteria density in water and sediment during the years in accordance with global warming. The most commonly identified bacterial strains such as Escherichia coli, Klebsiella oxytoca, Citrobacter freundii and Proteus mirabilis have been shown a resistance rate of approximatively 70% to beta-lactam antibiotics, especially to ampicillin and amoxicillin-clavulanate.
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1. Introduction


In the past few decades, the worldwide waterbodies’ biological quality has deteriorated due to several factors such as human population growth and subsequently the increase of anthropic activities (agriculture, industry, medicine) and global warming [1,2]. The focus on the ecosystem ecology is a consequence of the changing paradigm direction of environmental management. Ecosystems are conceptual and functional units of study that entail the ecological community together with its abiotic environment [3]. The conditions of a tumultuous urbanization of the contemporary civilization have triggered issues linked to water resource pollution and an alarming process of ecological balance deterioration [4,5]. River networks fundamentally differ from most other ecosystems because they are open systems with tight functional linkages to their adjacent ecosystems. Moreover, there are systems that change their physical and ecological properties depending on the spatio-temporal and environmental conditions [6]. The characteristics of bacterial, viral and parasitic pathogens vary under environmental conditions, indicating that probably not a single indicator organism could predict the presence of all enteric pathogens for all types of water and link them to different host-associated fecal pollution. Microbiological methods and alternative fecal indicators have greatly enhanced the capabilities to predict and reduce the health risks associated with the use of surface waters [7]. Directly or indirectly, the water cycle allows microorganisms to move from an aquatic environment to another one, getting into the main sources of water. It is known that the 20th century was characterized by a significant acceleration of the pathogenic microorganism’s evolution that culminated with antibiotic discovery, which exerts selective pressure onto bacterial populations [8,9,10]. The massive increase of antibiotic production and consumption is triggered by the development of antibiotic-resistant bacteria, especially for the coliforms from aquatic ecosystems [11]. In spite of the benefit of antibiotics, in clinical medicine and food animal production, the problem, especially that of commensal bacteria, lies in environmental factors and animal hosts, as well as in the emergence, dissemination and evolution of antibiotic resistance [12].



Microorganisms have the ability to populate all types of ecosystems where they could acquire antibiotic resistance through multiple genetic transfer mechanisms. Water is an important factor in the ecological balance and its pollution has become a problem with major implications on health population, especially when the aquatic system is part of a protected area such as the Danube Delta.



The Danube Delta is the only morphohydrological unit of its type for biosphere reservation. This area represents a particular case among the world’s deltas: it is the most untamed delta in Europe. Moreover, it contains a great dammed surface which represents approximatively 31% of its total surface. This area is not flooded because the protection dams are higher than 10 hydrograde. Considering that discharges are constant, the water volume stored at a certain time in the deltaic space is related to a smaller surface that the surface before erecting the enclosing dams [13].



The Danube River is permanently subject to both natural and anthropogenic pressures. The quality of the river water is under great pressure from these activities with the participation of over 80 million people that generate large quantities of pollutants that the Danube River collects and transports to the mouth in the Black Sea through the Danube Delta [14].



According to Pall E. et al. 2013, in the Danube River basin total coliforms, fecal coliforms and Escherichia coli indicated persistent contamination of the highest values in the summer months. Variation of these parameters could be spatio-temporarily linked to the number of visitors in this ecosystem. The main problem that affects the water quality of the river is the high pollution along the Danube river following different human activities, as well as the population explosion. This phenomenon is raised on the deltaic ecosystem, too [15].



Europe’s most valuable wetland isfacing several problems such as nutrient concentrations’ organic pollution, toxic substances, invasive species and hydro morphological alterations [16]. Many efforts are directed to its monitoring and pollution management [17,18].



In the second half of the 20th century, St. Gheorghe branch of the Danube Delta was affected by important hydro technical works thatwere carried outin the natural meander’s cutoff [19]. These structural changes caused the degradation of biotope quality by increasing the current velocity, massive organic deposition, accumulation of nutrient and pollutants, elevated fungal concentration and bacteria, often pathogenic. The high level of nutrients and pathogens that fecal pollution introduces to aquatic environments could have a negative impact on the receiving biota and overall ecosystem health [20]. Commonly the coliforms group demonstrated poor correlation with various pathogenic microorganisms. This could be partly explained by differences in survival and persistence of coliforms and pathogens in different water environments. The total coliforms are Gram-negative bacilli presented in a large number in the gut of humans and other warm-blooded animals. This means that if water is polluted by feces, coliforms can be detected even after extensive dilution. However, the total coliform group lacks specificity as many of them can exist and grow in both water and sediment. The presence of total coliforms in water may be theresult of natural processes and not of fecal pollution. With few exceptions, coliforms themselves are not considered to be a health risk, but their presence indicates that fecal pollution may have occurred, and pathogens might be present as a result [21]. Coliforms (fecal or not) may not only survive but could also become normal microbiota of the freshwater environment. Non-fecal sources such as flora and fauna from that particular area contribute in addition to human discharge fecal contamination to total coliforms population, too.



Moreover, limited data on correlation between levels of coliforms density and pathogens or incidence of diseases limit their use as a fecal pollution indicator. The surface water monitoring of microbial contamination is based on a single fecal indicator and it might not be a satisfactory occurrenceassessment of a particular enteropathogen [6]. Microbial indicators have been used worldwide as a tool to indicate the water body contamination by anthropogenic sources the emergence of antibiotic-resistant bacteria is predictable in any environment where antibiotics are released. Many antibiotics persist in the sediment and in the aquatic environment [22]. Water dissolves industrial antibiotics and particles binding to sediment delay its biodegradation and explain long-term permanence of the drugs in the ecosystems [23].



Beta-lactam agents such as Ampicillin (AMP) and Amoxicillin—Clavulanate (AMC) are among the most frequently prescribed antibiotics worldwide. In Gram-negative pathogens, beta-lactamases remain the most important contributing factor to beta-lactam resistance. Beta-lactamases are bacterial enzymes that inactivate beta-lactam antibiotics by hydrolysis, which results in ineffective compounds [24].



According to ECDC (European Centre for Disease Prevention and Control), a significant consumption of antibiotics was recorded in Romania in 2019, both in the medical sector and in the community. The consumption of antibacterials for systemic use in the community in 2019 classified Romania on an orange code with 22.92–27.66 DDD (defined daily dose) per 1000 inhabitants per day. At the same time, there was an upward trend for the ratio of consumption of broad-spectrum penicillins, cephalosporins, macrolides (except erythromycin) and fluoroquinolones to the consumption of narrow-spectrum penicillins, cephalosporins and erythromycin in the community [25].



The aim of the present study was to emphasize the presence of Gram-negative bacterial group and their antibiotic resistance in the Danube Delta aquatic system. The St. Gheorghe branch of the Danube river, which carries out 22% of the water and sediment volume, was chosen as study area for this study. Nine control sections were established in order to highlight human pressure over the ecosystem functioning. The main objectives aimed atthe presentation of the fecal pollution degree, as well as the isolation and identification of potentially pathogenic bacteria and antibiotic resistance profile in the years of 2013, 2015 and 2019 in the aquatic ecosystem of St. Gheorghe branch.




2. Materials and Methods


2.1. Sampling


Nine sampling locations were selected between Isaccea and the Black Sea: one on the Danube River (S1—Isaccea), two on Tulcea branch (S2—Upstream Tulcea and S3—Downstream Tulcea) and six (S4–S6) on St. Gheorghe branch (Figure 1). The location of sampling sites was selected based on St. Gheorghe branch morphological changes and environmental factors such as different construction alongside meander’s modification that produced major changes in the sediment distribution, the extension of socio-economical activities of tourism, the potentially impact of flood.



The surface water and sediment samples were collected each season (winter, spring, summer and autumn) during 2013, 2015 and 2019. The freshwater samples were collected from the most upper-most water layer in triplicates in sterile containers of 1L according to ISO 19458 [26]. The sediment samples were taken from 3 control points of each according to Stoica et al. 2014a,b [17,18]. A van Veen grab was used for sediment collection at a depth of about 10 cm. The sediment samples were homogenously collected in a sterile container of 500 mL. The samples were transported in the isothermal boxes at 4–5 °C and analyzed immediately after receiving the samples in the laboratory.




2.2. Microbiological Analysis


The densities of total coliform and fecal coliform bacteria from the surface water and sediment samples were performed in duplicate by Most Probable Number (MPN) method (IDEXX) [27], using Colilert-18 medium and incubate the samples at 36 ± 2 °C for 18–22 h (total coliforms) and 44.5 °C for 18–22 h (fecal coliforms). The positive control (Escherichia coli ATCC25922, Citrobacter freundii ATCC 8090 and Enterobacter aerogenes ATCC 13048) and the negative one (Enterococcus faecalis ATCC 29212) were tested. At the same time, a blank control with sterile distilled water was analyzed. The results were represented by the average of replicates from each sample, and they were expressed in CFU/100 mL for both water and sediment samples.



The identification of Enterobacteriaceae strains was based on metabolic reactions with the Omnilog automated system (Biolog, Harward, CA, USA). It has 96 well MicroPlates that incorporate a patented Redox tetrazolium dye that changes color as a result of cellular respiration providing a metabolic fingerprint from a database through a software.



All pathogenic or potentially pathogenic bacteria, based on their known virulence and pathogenic characteristics, were selected for antibiotic profile tests.



The susceptibility testing was performed in duplicate by disk diffusion method on Muller-Hinton agar (Oxoid, Basingstoke, Hants, UK). The antibiograms were performed according to CLSI recommendations [28] with 6 beta-lactam antibiotics such as 30 µg Amoxicillin clavulanate 30 µg (AMC), 30 µg Ceftazidime (CAZ), 30 µg Ceftriaxone (CRO), 30 µg Cefepime (FEP), 10 µg Ampicillin (AMP) and also 10 µg Imipenem (IMP).





3. Results and Discussion


The global temperature has been oncontinuous rise during the years, affecting the Oceans as well as the continents (Figure 2). Pollution, especially greenhouse gases, hasbeen most responsible for such a tremendous temperature raise in such a short time. Overall, global temperature raised almost 2 °C in only 7 years, from the beginning of 2013 up to 2019 [29].



Berkeley Earth, a California based research organization, concluded that 2019 was the second warmest year on Earth since 1850. The global mean temperature was estimated to be 1.28 °C above the average temperature of the late of 19th century (Global Temperature Report for 2019—Berkeley Earth). The year 2019 was also the warmest year in Romania with high temperatures and drought especially in the south of the country where the area of interest for this study is located.



The average temperature measured on St. Gheorghe branch during the studied period matched the trendline of the global temperature variation (Figure 2) which will be further linked with the microbiological development trendline.



Numerous studies have shown that individual bacterial populations are highly dynamic in response to seasonal cycles and chemical factors may trigger changes in the bacterial composition and therefore affecting water quality [29,30,31,32,33]. Similarly, seasonal shifts in water column stability and water temperature may demonstrate an annual pattern of bacterial community variability, against the background of global warming during 2013–2019 (Figure 2). According to JDS (The Joint Danube Survey), the microbiological parameters are very important for Danube river water quality classification in five classes of pollution: little, moderately, critical, strongly and excessively pollution. Based on samples harvested from Romanian’s Danube Delta, strongly fecal class was observed [8]. Organisms in this type of pollution are potentially pathogenic or pathogenic bacteria with gastro-intestinal habitat that can trigger infectious processes in the human body [34,35].



The location of sampling sites was selected based on St. Gheorghe branch morphological changes and environmental factors [17,18]. In aquatic systems the detection and counting of all pathogenic Gram-negative microorganisms potentially present were impossible due to a large diversity of the pathogens and methods based on kits for the detection of each of them [36,37]. Thus, for monitoring fecal indicator enterobacteria were analyzed to evaluate the level of microbial water contamination (Figure 3).



The total coliforms densities (CFU/mL) in the surface water (Figure 3a) were at the highest level in 2019, trending upwards from 2019, which correlated with global warming (Figure 2). The statistical evaluation of results (Figure 3a) showed an annual average of 895 CFU/100 mL for total coliforms in surface water in 2013 which reached 32,268 CFU/100 mL in 2019. The ratio between total coliforms and fecal coliforms changed from 2 in 2013 (895 CFU/100mL total coliforms vs. 429 CFU/100 mL fecal coliforms) to 1.4 in 2019 (32,268 CFU/100mL total coliforms vs. 23,120 CFU/100 mL fecal coliforms). These results showed that other possible bacterial strains started to develop when the temperature raised. On the opposite, the average total bacteria from sediments decreased with the temperature raise and the ratio between total coliforms vs. fecal coliforms decrease up to 1 (Figure 3b). The results showed that in 2013 around 60% of the total coliforms were fecal coliforms, but in 2019 almost all the total coliforms were composed of fecal coliforms.



These results could be explained by the impact of the human population, industrial and agricultural growth, pollution and temperature thathighly contributed to wastewater discharge into the environment and the structural modification of the bacterial population. Similar arguments werealso presented by Anna Lenart-Boroń et al. 2017 on the water quality of rivers in Podhale, Poland [38].



In the next step, the microbiological analysis was carried out on each sampling to pinpoint the pollution hot spots along the Delta of Danube.



Overall, the results showed a massive increase intotal coliforms densities in surface water from 2013 to 2019 for all sampling sites (Figure 4A). Amajor gap was created between 2015 and 2019 and it could correlate with global warming. Analyzing the potential pollution hot spots in 2019, a sharp growth of the bacterial density from 7576 CFU/100mL at S2 (upstream town of Tulcea) to 9150 CFU/100mL at S3 (downstream Tulcea) could be observed, then to 36,580 CFU/100mL at S4 (town of Nufarul). The difference between S2 and S3, up to 1574 CFU/100mL could be explained by the microbiological pollution generated by Tulcea town. Furthermore, Nufarul (S4) seemed to generate an important microbiological pollution to Danube, up to 227,430 CFU/100mL. This phenomenon can be explained by the location of rural houses on the waterfront. Therefore, it can be considered a point pollution caused by the direct discharge of wastewater into the natural emissary.



The other counties from S5 to S7 seemed to generate a much smaller amount of microbiological pollution, keeping the microbiological contamination at around 42,000 CFU/100mL.



The decrease in the microbial contamination at S8 (Ivancea’s town) to 29,760 CFU/100mL could the explained by the hydrological work at that area which created meanders and a direct drainage channel. Most of the heavily microbiological contaminated upstream water passed through the channel without contaminating the meanders (sampling point S9).



S9 seemed to have the highest bacterial contamination, most likely due to the addition of the bacterial contamination from the Black Sea, 84,550 CFU/100 mL at the Black Sea confluence.



Overall, during 2013 and 2015, the total coliforms densities remained at very low densities (CFU/100mL) for all sampling sites S1–9, up to 1428 CFU/100 mL in 2013 and up to 3430 CFU/100mL in 2015.



The low bacterial densities could be associated with “good” ecological status of Danube Delta (St. Gheorghe Branch) based on chemical quality elements (oxygen regime, nutrients) previously reported by Stoica et al. (2016) [17]. They emphasized that during 2013, the pH values ranged between 6.65 at S6 (Mahmudia) to 8.23 at S3 (Downstream Tulcea). In terms of oxygen regime, 10% percentile applied on the oxygen concentrations measured during 2013 showed that lowest values of 6.95 mgO2/L at S1 (Isaccea), 7.01 mgO2/L at S2 (Upstream Tulcea), 7.56 mgO2/L at S3 (Dowstream Tulcea), 7.95 mgO2/L at S5 (Balteni) and 7.76 mgO2/L at S7 (Murighiol) were below the very good/good ecological status. Similarly, this fact was also observed in case of nutrients, for instance of N-NO3 concentrations, where the highest values of 90% percentile calculated during 2013 were recorded in almost the same sampling sites (S3, S7 and S9) [17]. Thus, in particular, it was observed that bacterial densities detected in freshwater samples along St. Gheorghe Branch varied depending on punctiform pollution sources (industrial and domestic wastewater discharges, touristic activities and agricultural runoff). The oxygen regime decrease might have beencaused by the total suspended solids increase (data not shown), which could correlate with the organic debris generated by microbial communities [39].



It is worth mentioning that fecal coliform bacteria contamination (Figure 4B) had the same pattern as the total coliform bacteria (Figure 4A). Moreover, the rapport between total and fecal coliform bacteria seems to be up to 2:1 with the exception of S3, S5 and S8 where this rapport was close to 1.1:1 (Figure 4). It seemed that in that locations the fecal contamination contributed up to 93% to the total coliforms amount.



It was interesting to point out that the microbial contamination pattern in sediments over the time (2013–2019) was opposite to the total coliform surface water pattern (Figure 5). It seemed that the bacteria contamination from sediments decreased with global warming. This phenomenon can be explained by the need for bacteria of a larger quantity of nutrients. The experiments of Christian B.W. end Lind O.T. 2007 mentioned that organic carbon utilization by heterotrophic bacteria influenced internal nutrient cycling in freshwater ecosystems. Therefore, bacterial populations moved from water to sediment and the other way around depending on the nutritional conditions that vary with increasing or decreasing temperature, and with the contribution of organic load from punctual discharges [40].



In most sampling sites, with the exception of S1, S2 and S5, the total coliforms densities in 2015 were higher than 2013 and 2019. S1, S2 and S5 have the lowest microbiological contamination for surface waters (Figure 4A).



Overall, the percent of fecal coliforms from the total coliforms was up to 75%, compared to up to 93% in surface water. Another marking differences between surface waters and sediments could be observed on S9 (confluence with Black Sea) where the microbiological contamination in sediments was at the lowest level, regardless on sampling campaign from 2013 to 2019. Analyses performed of both types of samples (surface water and sediment) indicated low densities of coliform bacteria at S9 point throughout the test period, with the exception of surface water in 2019, the explication being given by the change of conditions by the interference with the salt water of the Black Sea and also the production of a significant dilution.



The main issues that Danube and Danube Delta are still facing are high organic load (expressed COD and BOD), pathogenic microbial load, as well as the increase of antibiotic bacterial resistance, high concentrations of heavy metals (copper, nickel, zinc, mercury), organochlorine pesticides (lindane, DDT/DDE/DDDs), PAHs and PCBs, mostly detected in sediment [41].



In the next step of this study, we linked the increase of coliforms densities with their pathogenic and resistance potential of microorganisms. Over fiveEnterobacteriaceae strains were isolated from each control section from both water and sediment samples every year and a total of 648 isolated strains in the three years from which all potentially pathogenic and pathogenic bacteria were subjected to antibiograms and indicated the presence of particular resistance mechanisms. The ratio of total (TC) and fecal (FC) coliforms of the diameters of the inhibition zones for the microorganisms were tested according to the maximum limits allowed by CLSI indicated the existence of beta-lactam resistance mechanisms by the presence of Extended Spectrum of Beta-Lactamases (ESBLs), especially for CAZ, CRO and FEP. The most common bacterial strains identified by Omnilog system in both water and sediment samples during 2013, 2015 and 2019 were Escherichia coli, Klebsiella oxytoca, Citrobacter freundii and Proteus mirabilis. In most cases, approximatively 70% of them have been showed resistance to one or more antibiotics tested, but the results indicated that the diameter of inhibition zone decreases over time (Figure 6). This means that these strains increased their resistance to the antibacterial substance proving an ability to adapt over time. In many cases the diameter of the inhibition zone reached 0 mm for AMC and AMP during the years from 2013 to 2019, which means that the antibiotic had no effect on the bacteria which can develop under normal conditions in the presence of the antimicrobial agent (Figure 7).



Overall, all antibiograms have shown the increase in the resistance profile over the years in a different manner, highlighting the growth of the multidrug resistance of bacterial strains. Moreover, during the study, phenomena of synergism and antagonism between beta-lactams could be observed, especially for AMP. Although carbapenems (IMP) are life-saving antibiotics for the treatment of infections caused by antibiotic-resistant ram-negative bacilli, especially ESBL-producing enterobacteria, these tests demonstrate the resistance of Enterobacteriaceae to IMP, most likely due to the frequent use of this class of antibiotics.



If the recording of significant values of coliform bacteria density indicated a high degree of fecal pollution in certain areas of the studied zone, the presence of antibiotic-resistant and multidrug-resistant enterobacteria accentuated the pathogenic potential in the aquatic ecosystem. The mechanisms of pathogenicity and resistance can be easily transmitted among bacterial populations in the aquatic environment and can be supported by the intake of nutrients and antibiotics discharged so that the studied area can serve as a reservoir of antibiotic resistance genes.




4. Conclusions


Climate warming triggered by both natural and anthropogenic factors is a phenomenon unanimously accepted by the international scientific community, being already highlighted by the analysis of observational data over long periods of time.



This phenomenon was correlated with the microbiological pollution during 2013–2019 time period, in the Danube Delta aquatic ecosystem on Sf. Gheorghe branch. The global warming pattern during 2013–2019 overlapped the raise of microbiological contamination in the surface water and their antibiotic resistance in all nine sampling sites.



The differences between the bacterial densities from water and sediment showed the sedimentation effect of microorganisms by decreasing the density in water compared to that in the sediment.



The results of the S9 sampling point proved to be useful in demonstrating the influence of marine salinity on freshwater microorganisms by decreasing of total coliform bacteria number and also the effect of bacterial concentration dilution caused by currents formed at the confluence between the two categories of surface water.



Bacterial populations isolated and characterized have an antibiotic resistance potential to antibiotics, especially to AMP, AMC and FEP.



Overall, this study showed a continuous raise of the microbiological pollution which represent reservoirs of antibiotic-resistant bacteria, being detected bacteria with pathogenic potential that showed resistance to several beta-lactam antibiotics.
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Figure 1. The sampling sites on the St. Gheorghe Branch (S1 = Iscaccea, S2 = Upstream Tulcea, S3 = Downstream Tulcea, S4 = Nufaru, S5 = Balteni, S6 = Mahmudia, S7 = Murighiol, S8 = Ivancea, S9 = Black Sea confluence). 
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Figure 2. Variation of the global temperature gradient on land and ocean between2013–2019 [29]. 
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Figure 3. Temporal variation of total coliform bacteria (CT) and fecal coliform bacteria (CF) densities (annual averages) in the surface water (a) and sediment (b) from St. Gheorghe branch during 2013–2019. The densities of total and fecal coliform bacteria (CFU/100 mL) were seasonal quantified in all 9 sampling sites (S1 to S9) during all three sampling periods. 
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Figure 4. Spatial and temporal variation of total (A) and fecal (B) coliform bacteria densities of each sampling section from Sf. Gheorghe branch (S1 to S9) in surface water in 2013, 2015 and 2019. All studies represent one of three independent experiments. 
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Figure 5. Spatial and temporal variation of total (A) and fecal (B) coliform bacteria densities of each sampling section from Sf. Gheorghe branch (S1 to S9) in sediments in2013, 2015 and 2019. All studies represent one of three independent experiments. 
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Figure 6. The ratio of total (TC) and fecal (FC) coliform bacteria in surface water and sediment during analysis period. All studies represent one of three independent experiments. 
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Figure 7. Diameters (mm) of the antibiotic inhibition zones for the most common bacterial strains identified from surface water and sediment samples of St. Gheorghe branch in 2013, 2015, 2019. All studies represent one of three independent experiments. 
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