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Abstract

:

The eutrophication of freshwater ecosystems allows the proliferation of cyanobacteria that can produce secondary metabolites such as microcystins. The main aim of this study was to explore the occurrence and concentration of microcystin and the mcyA gene in water bodies located in agricultural, urban, and recreational areas in the karst aquifer of the Yucatan peninsula of Mexico (YPM) and to analyze the water quality variables and chlorophyll-a (Chl-a) associated with their presence. Water samples were collected from 14 sites, and microcystin concentrations were quantified using antibody-based ELISA test. Total DNA was isolated from filters and used for PCR amplification of a fragment of the mcyA gene. Amplicons were cloned and sequenced to identify toxin-producing cyanobacteria present in water. Results showed that water bodies had different trophic status based on Carlson’s trophic state index. Dissolved inorganic nitrogen (DIN: NH4+ + NO3− + NO2−) and P-PO43− concentrations were within a range of 0.077–18.305 mg DIN/L and 0.025–2.5 mg P-PO43−/L, respectively, per sampled site. All sampled sites presented microcystin concentrations within a range of ≥0.14 µg/L to ≥5.0 µg/L, from which 21.4% (3/14) exceeded the limit established in water quality standards for water consumption (1 µg/L). The mcyA gene fragment was detected in 28.5% (4/14) of the sites. A total of 23 sequences were obtained from which 87% (20/23) shared >95% nucleotide identity (nt) with the genus Microcystis and 13% (3/23) shared >87% nt identity with uncultured cyanobacteria. No correlation with the presence of the mcyA gene and microcystins was found; however, a positive correlation was detected between microcystin concentrations with pH and Chl-a.
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1. Introduction


The impact of land-use changes and the associated implications that result in the detriment of water quality need to be explored at a deeper level, especially in vulnerable areas such as karst aquifers, where little information depicting this process is available. It is well known that land-use changes, together with global climate variations, have drastically increased pollution in aquatic environments [1], leading to a decrease in water quality and the consequent trophic changes of aquatic ecosystems [2,3,4]. Moreover, the deterioration of water quality in aquatic bodies that serve as urban or agricultural receiving waters constitute a great concern, since different organic and inorganic pollutants can reach these environments, mainly because of the direct disposal of household and industrial treated and non-treated wastewater and the input of different contaminants by runoff events [5,6].



The rapid input of nutrients into aquatic ecosystems can result in the out-of-control growth of certain toxin-producing cyanobacteria or harmful algal blooms (CyanHAB), which is a serious environmental problem that can harm the health of people and animals. From all the toxin-producing cyanobacteria, the genus Microcystis has been identified as the most frequently associated with CyanHAB occurring throughout the world [7,8,9,10]. Moreover, the frequency and the intensity of CyanHAB occurring in continental aquatic ecosystems have been increasing since the last decade [6,10,11,12], and in tropical areas, the rising temperatures can increase the frequency of Microcystis blooms [8,12]. The toxic events associated particularly with M. aeruginosa often occur through the ingestion or inhalation of water containing microcystins [13,14].



Since the first reported case of a lethal intoxication of livestock that occurred in Australia [15], there have been multiple reports of intoxication of domestic and wildlife species [16,17]. Humans and livestock that drink microcystin-contaminated water can suffer severe health problems, such as toxicity in liver, kidney, heart, lungs, and reproductive organs [18]. Fatal cases caused by cyanotoxins also have been reported in patients in a hemodialysis unit [19]. In Mexico, official water quality standards [20] establish a limit of 1 µg/L for microcystin concentration in drinking water [21]. However, it is important to highlight that in this country microcystins have been reported in superficial water [22,23,24] and in groundwater [25] at concentrations above this limit with an imminent potential risk to human and animal health. Nonetheless, a continuous monitoring of the presence of microcystins is not common, and more efforts should be conducted to prevent microcystin-associated health risks, especially in the Yucatan peninsula of Mexico (YPM), where groundwater from the karst aquifer is the only source of freshwater, and many households in rural areas lack access to clean, safe water [26].



The identification of toxin-producing cyanobacteria can be conducted using traditional methods, such as microscope observation and morphological characters, and molecular methods based on sequence analyses of ribosomal and phycocyanin gene fragments; however, these methods are not entirely useful to discriminate toxigenic and non-toxigenic cyanobacterial strains [27,28,29,30,31]. To overcome this, the Mcy gene sequence analysis has been proposed as a complementary taxonomically informative method since it codes for enzymes (polypeptide synthetase and polyketide synthase) that are involved in microcystin biosynthesis [32]. The operon mcyA-C arrangement was proven to be conserved among toxic cyanobacterial strains belonging to different genera; therefore, a PCR assay that amplifies a fragment of the condensation domain of the mcyA gene fragment [29] has been successfully used for the detection and differentiation of toxic cyanobacteria in aquatic environments [33]. The latter PCR assay has allowed the identification of various cyanobacteria toxin-producing strains and genus, including Microcystis, Dolichospermum (formerly Anabaena), and Nostoc [29], all of which are commonly present in the Yucatan peninsula aquifer [34,35,36], suggesting that this assay can be used in environmental samples in this aquifer. The identification of toxin-producing cyanobacteria in water should be complemented with methods to determine microcystin concentrations, since it has been demonstrated that the presence of toxin genes is not always correlated with the presence of microcystins [2]; therefore, more studies should be conducted in different aquatic environments to determine if microcystin-producing genes can be used as good indicators of the presence of these toxins.



In water bodies in the YPM, both microcystins and toxin-producing cyanobacteria belonging to the genera Dolichospermum (formerly Anabaena), Microcystis, Nostoc, and Oscillatoria [34,35,36] are present; however, to our knowledge, the use of molecular methods to detect the occurrence of the Mcy gene sequence in groundwater from the karst aquifer of the YPM has not been reported. Therefore, the main aim of this study was to explore the occurrence and concentrations of microcystins and the mcyA gene in water bodies in agricultural, urban, and recreational areas in the karst aquifer of the YPM and analyze the water quality, determined by physicochemical and hydrochemical variables and chlorophyll-a (Chl-a) associated with their presence. This study provides a baseline for the understanding of the association of water quality with the presence of microcystin-producing cyanobacteria in different degrees of affectation in bodies of water in urban, agricultural, and recreational areas in one of the largest karst aquifers in the world.




2. Materials and Methods


2.1. Water Collection


Water samples were collected from 14 selected study sites that were distributed in the states of Quintana Roo and Yucatan in the YPM (Figure 1). Three samples were collected in the urban area of the city of Cancun, Quintana Roo, and in the proximity of households (sites C1, quarry lake, C7, pond, and C8, coastal lagoon); six samples were collected in the agricultural area of the municipalities of Panaba and Dzilam in Yucatan (sites A4 to A9, open sinkholes); and five samples were collected in the recreational area locally known as “ruta salvaje,” in the municipality of Lazaro Cardenas, Quintana Roo (sites R6 to R10, open sinkholes).




2.2. Physicochemical Parameters


The basic physicochemical water parameters of temperature (°C), pH, electrical conductivity (EC; μS/cm), and total dissolved solids (TDS; mg/L) and dissolved oxygen (DO; mg/L) were measured in situ, using a portable Hach HQd multi-parameter probe previously calibrated.




2.3. Water Quality Variables


Water samples (50 mL) were manually collected from the surface using high-density polyethylene (HDPE) recipients, previously rinsed with phosphate-free detergent. Nutrients. Water samples were filtered in situ with a 0.22 μm nitrocellulose membrane (Whatman, 7184-002, Tisch Scientific, Cleves, OH, USA). Filtrates were collected in 50 mL Falcon tubes, transported at 4 °C to the laboratory. Spectrophotometric methods were conducted using a UV–Vis spectrophotometer (Eppendorf Bio Spectrometer®, Hamburg, Germany). Nitrite (N-NO2−) was quantified following Strickland and Parsons Handbook [37]; ammonium (N-NH4+) was determined with the salicylate–hypochlorite method [38], and phosphates with the EPA 365.3 procedure method, 1978. Ions. The anions nitrates, sulphates, chloride (NO2−, NO3−, SO42−, and Cl−), and cations sodium, magnesium, potassium, and calcium (Na+, Mg2+, K+, and Ca2+) were quantified by ion chromatography using an Ion Chromatograph 822 IC (Metrohm, Coyoacán, Mexico), with a detection limit of 0.1 mg/L. Total alkalinity was measured by acid titration [21] (Method 310.1 Alkalinity Titrimetric). Chl-a concentration was calculated based on the method of Lorenzen [39]. The Carlson’s Trophic Index was calculated based on the method reported by Fernandez et al. [40]. The Piper diagram was obtained using the Qualigraf-Novo software package, (http://www3.funceme.br/qualigraf/mi/midia/show/3, accessed on 21 March 2021).




2.4. Microcystin Quantification


Water samples (30 mL) were manually collected from the surface and were immediately subjected to a freeze and thaw procedure three times. For the enzyme-linked immunosorbent assay (ELISA), the Microcystins Tube Kit, (Enrofins, Abraxis, Warminster, PA, USA) was used to quantify microcystins/nodularin, following the manufacturer’s instructions. The detection limit based on Microcystin-LR (90% B/B0) was 0.09 μg/L.




2.5. Phytoplankton Collection and DNA Isolation


Water samples (100 L) were concentrated using the Wisconsin micro-plankton sampler (53 µm), to obtain a final volume of 1 L. Concentrates were transported to the laboratory at 4 °C and filtered with a nitrocellulose filter of 0.45 μm (Whatman®, Springfield Mill, PA, USA). Filtrated samples were stored at −20 °C. Total DNA was isolated from the nitrocellulose filter using the DNA Easy Plant Mini Kit (QIAGEN, Hilden, Germany), following the manufacturer´s instructions. Nucleic acids were eluted in 50 μL of molecular quality water and stored at −20 °C.




2.6. PCR Amplification and Cloning of the mcyA Gene


Primers mcyA-CdF1 5′ AAA-ATT-AAA-AGC-CGT-ATC-AAA 3′ and mcyA-CdR1 5′ AAA-AGT-GTT-TTA-TTA-GCG-GCT-CAT 3′ that amplify a fragment of ~300 base pairs (bp) of the condensation domain region NRPS mcyA gene were used [29]. PCR amplifications were performed using the Applied Biosystems™ Veriti™ Thermal Cycler, 96-Well (Thermo Fisher Scientific, Karlsruhe, Germany). The reaction mix consisted of a final volume of 25 μL containing 5 μL 1× buffer solution Gotaq® Green Master Mix (PROMEGA, Madison, WI, USA), 1 μL dNTPs 200 μM, 0.5 μL of each forward and reverse primers (Macrogen, Seoul, Republic of Korea), 20 μM, 0.2 μL of Gotaq® DNA polymerase (PROMEGA, Madison, WI, USA) (1×). Aliquots of 1 μL of DNA diluted 1:10 were used as template. PCR cycling conditions were as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C for 30 s, 53 °C for 30 s, and 60 s at 72° C, with a final extension of 10 min at 72 °C. The negative controls were prepared using nuclease-free water as template. Amplified products were visualized in 1% agarose gels stained with ethidium bromide (0.2 μg/mL) under UV light. PCR products of the expected size were ligated into pGEM-T Easy cloning vector (PROMEGA, Madison, WI, USA) following the manufacturer´s instructions. Ligated products were used to transform Escherichia coli T-10 cells by heat shock [41]. Twenty-eight recombinant plasmids bearing expected size fragments were selected for unidirectional sequencing using M13F primers, at Macrogen, Seoul, Republic of Korea. For the PCR inhibition control test, a laboratory sequenced plasmid carrying a fragment of the 23S rRNA gene. Amplification of the 23S rRNA gene was conducted as previously reported [42].




2.7. Sequence Analysis


Sequences were edited using the free software Finch-TV (https://digitalworldbiology.com/FinchTV, accessed on 16 January 2022) to remove the vector sequences. The sequences were subjected to BLASTn analysis to determine the percentage of similarity of each mcyA sequence against all mcyA sequences available in the NCBI database. A total of 23 sequences of the mcyA gene fragment were obtained in this study and reported in GenBank under the following sequential accession numbers: ON156727, ON156728, ON156729, ON156730, ON156731, ON156732, ON156733, ON156734, ON156735, ON156736, ON156737, ON156738, ON156739, ON156740, ON156741, ON156742, ON156743, ON156744, ON156745, ON156746, ON156747, ON156748, and ON156749.




2.8. Phylogenetic Analysis


The matrix was constructed with 23 sequences isolated from water samples from this study and 24 sequences available at GenBank that were selected based on the first hit after a BLASTn search. A consensus phylogenetic tree was reconstructed using the Mega 11 free software [43], using the neighbor-joining method [44]. The bootstrap consensus tree was inferred from 1000 replicates. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates were collapsed in the consensus tree, and bootstrap above this percentage are shown above each node. The tree was rooted using the mcyA gene of Nostoc sp. (Accession number KC699835).




2.9. Statistical Analysis


To establish whether there are significant differences in the physicochemical parameters, nutrients, and microcystin concentrations between the different areas of use (agricultural, urban, and recreational), a PERMANOVA was performed [45] using the PRIMER V6 software [46]. This analysis was carried out using a factor (areas) and a Euclidean distance matrix with 9999 permutations. If there were differences, a pairwise test was carried out to see which land use areas were different (PERMANOVA post hoc pairwise test).



Redundancy analysis (RDA) was used to directly explain the variation in microcystin concentrations (response variables) and the variables of physicochemical and nutrient parameters (explanatory variables). Physicochemical and nutrient parameter values were transformed using the log function, with an additional arbitrary constant of 0.001 to remove zeros before transformation [47]. The RDA analysis procedure was performed in R.4.1.2 [48].



Generalized additive models (GAM) were used to describe the nonlinear relationships of microcystin concentration and nutrient and physicochemical parameters: Chl-a (mg/m3), T (°C), EC (µS/cm), DO (mg/L), pH, N-NH4 (mg/L), N-NO2 (mg/L), N-NO3 (mg/L), P-PO43 (mg/L), and SiO2 (mg/L). GAM procedures were used with the “mgcv” package in R.4.1.2 [48]. The degrees of freedom (edf) were used to determine the amount of smoothing for each parameter; the closer the edf is to 1, the greater the linearity of the curve. p < 0.05 indicated a significant effect of the variables on microcystins. Before nonlinear fitting based on the GAM model, the values of physicochemical and nutrient parameters were log-transformed with an additional arbitrary constant of 0.001 to remove zeros before transformation [47].





3. Results


3.1. Physicochemical Variables


Physicochemical variables together with Chl-a and microcystin concentrations obtained per site are presented in Table 1. For comparison, all variables were grouped by area (urban, agricultural, and recreational), and the average values (Table 1) were used to determine the concentration differences from highest to lowest within each area. For the pH average value, a difference was observed from recreational, urban, and agricultural areas; for EC, the difference was urban, agricultural, and recreational areas; for DO, the difference was recreational, agricultural, and urban areas (Table 1). From all the average parameters analyzed, the EC showed a significant difference between groups (urban, agricultural, and recreational areas), since the pairwise tests-P (Perm) analysis confirmed that recreational sites were different from agricultural sites (EC A ≠ R p = 0.0019) and that urban sites were different from recreational (EC C ≠ R p = 0.0181).



Chl-a concentrations were not detected in two sites, while in 12 sites concentrations were detected within a range of 0.27 to 112.56 μg/L (Table 1). Based on the use of the Carlson’s Trophic State Index, different trophic levels were found in the water bodies under study. Eutrophic levels were found at two urban sites (C7 and C8), two agricultural sites (A5, A8), and one recreational site (R6). Mesotrophic levels were determined to occur in two agricultural sites (A7, A9) and four recreational sites (R7, R8, R9, and R10). Oligotrophic levels were detected in one urban site (C1) and two agricultural sites (A4 and A6).




3.2. Microcystin Concentrations in Water


Microcystins were detected in all sites ranging from 0.14 to >5 µg/L, with average concentrations (from highest to lower) found in agricultural, urban, and recreational sites as follows: at agricultural sites the average of microcystin concentration was of 0.97 μg/L, whereas in urban sites the average concentration was of 0.46 μg/L, and in recreational sites the average concentration was of 0.36 μg/L (Table 1). However, statistical analyses showed no significant differences (p = 0.2582) between microcystin concentrations in urban, agricultural, or recreational sites. The concentration of microcystins in 21.4% (3/14) of the studied sites was >1.0 μg/ L (Table 1), which is the limit established by water quality standards for drinking water (PROY-NOM-127-SSA1-2017) [20]. These sites were C7 (urban area) and A5 and A7 (agricultural area) (Table 1). The highest microcystin concentration of >5 µg/L was detected in 14% (2/14) of the sites, being C7 (urban area) and A5 (agricultural area).



The redundancy analysis (RDA) showed no correlation between microcystin concentrations and the urban, agricultural, and recreational sites under study (p = 0.2582), as well as with nutrients (p = 0.844). Within all variables under study, a tendency associated with microcystins and Chl-a (F 6.3183, Pr (>F) 0.029) and pH (F 10.9775, Pr (>F) 0.024) were the only variables of significance (Table 2).




3.3. Hydrochemistry


Three water types were identified as follows: (1) calcium–magnesium–bicarbonate (Ca2+, Mg2+, HCO3−) present in recreational sites (R6 to R10); (2) a mixture of calcium–magnesium–chloride (mixture Ca2+, Mg2+, Cl–) present in four agricultural sites (A4, A5, A6, and A8); and (3) chlorinated sodium (Na+ Cl–) present in two agricultural sites (A7 and A9) and three urban sites (C1, C7, and C8) (Figure 2). Significant differences were detected using the Mann–Whitney test (p ≤ 0.05) in regard to the ionic composition (anions Cl– and SO42– and cations Mg2+, Na+, and K+) between agricultural (A5 to A9) and recreational sites (R6 to R10).




3.4. Nutrient Analysis


In 64.3% (9/14) of the sites, the concentration of N-NO2− was below the detection limit (LoD) (Table 3). The concentration range of N-NO3− was from 0.474 to 18.3 mg/L, where the lowest value was detected in site R10 (recreational area) and the highest in site A7 (agricultural site). In 21.4% (3/14), the concentration of N-NO3− was below the LoD (Table 3). For P-PO43−, the concentration range was of 0.38 to 2.5 mg/L, where the lowest value was detected in site R7 (recreational area) and the highest in A6 (agricultural area). In 57.1% (8/14) of the sites, the concentration of P-PO43− was below the LoD (Table 3). Dissolved inorganic nitrogen (DIN: NH4+ + NO3− + NO2−) was within a range of 0.077–18.305 mg DIN/L per sampled site, where the lowest value was detected in site C1 and the highest in site A7, an agricultural site.



Nutrient concentrations obtained from urban, agricultural, and recreational sites were grouped to determine if significant differences were present between areas. The results showed N-NO3− (mg/L) was the parameter that showed statistically significant differences with the PERMANOVA analysis. Differences were found between urban–agricultural (p = 0.0125) and urban–recreational (p = 0.0197). No significant differences (p > 0.05) were observed for N-NH4+, N-NO2−, and P-PO43− concentrations between sites.




3.5. Generalized Additive Models (GAMs)


GAMs were used to describe the nonlinear relationships of microcystin concentrations with physicochemical and nutrient parameters. Chl-a and pH had a significant effect on microcystin concentrations (p < 0.05). The GAM analysis with the Chl-a variable explained 58.7% of the deviance in terms of microcystin concentrations (Figure 3A) (R2-adjusted = 0.467), and with the pH variable explained 98.5% of the deviance in microcystin concentrations (Figure 3B) (R2-adjusted = 0.954).




3.6. mcyA Gene Sequence Analysis


The successful amplification of the mcyA gene fragment was obtained from 28.5% (4/14) of the sites. A total of 23 sequences were isolated as follows: 30% (7/23) from site A5 (agricultural area), 22% (5/23) from site A7 (agricultural area), 22% (5/23) from site C7 (urban area), 26% (6/23) from site R9 (recreational area). The 23 isolated sequences shared 87 to 100% of nucleotide (nt) identity with previously reported sequences from HAB-forming species and mcyA partial gene sequences available at GenBank (Table 4). A more in-depth analysis showed that the sequences that shared the highest nt identity with the species M. aeruginosa, which represent 48% (11/23) of the total sequences isolated, 43% (10/23) of them shared the highest nt identity with sequences previously isolated from Brazil and 4% (1/23) of them shared the highest nt identity with a sequence previously reported from South Korea (Table 4). The 26% (6/23) of the sequences shared 95–99.7% of nt identity with Microcystis sp. previously reported from Finland and Germany. The rest of the isolated clones, which represent 26% (6/23) of the sequences, shared 87 to 100% of nt identity with previously reported sequences belonging to uncultured cyanobacteria (partial mcyA gene) reported from Canada and Florida (Table 4).




3.7. mcyA Phylogenetic Analysis


The phylogenetic analysis examined the probable relationship between the sequences of the mcyA fragment gene from water samples collected in the YPM relative to their corresponding sequences from GenBank. This analysis involved 47 nt sequences. Results showed that the 23 isolated mcyA sequences obtained in this study were grouped in one major clade, with three subclades (IA, IB, and IC). The subclade IA (bootstrap support of 74%) comprised eight sequences isolated from two agricultural sites (A5 and A7), together with an unidentified cyanobacterium previously reported in Brazil (Figure 4). The subclade IB (with a low bootstrap support of 61%) included two sequences isolated from one recreational site (R9) that grouped with uncultivated cyanobacteria and Microcystis mcyA gene sequences. The subclade IC (with no bootstrap support) comprised 12 sequences obtained from urban (C7), agricultural (A7), and recreational (R9) sites, together with other uncultured cyanobacteria mcyA gene sequences isolated from Canada, Florida, and the USA (Figure 4). The sequence ON156748 isolated from the urban site C7 was the only sequence isolated in this study that did not belong to Clade I, suggesting that it might be a diverse mcyA gene sequence (Figure 4).





4. Discussion


This study provides insights for the understanding of how water quality can be associated with the presence of toxin-producing cyanobacteria and microcystins in water bodies from a karst aquifer. The results obtained here highlight the potential risk to human and animal health in the studied area, since microcystins were detected at all sampled sites. The significant differences found in this study could be attributed to three causes: the first, the geological characteristics of the aquifer matrix presenting different types of water; the second, the geographical proximity to the coast with the consequent influence of saline intrusion into groundwater [49,50]; and the third, the entry of nutrients as the result of anthropogenic-related activities [51]. It is interesting to point out that in this study recreational sites showed the typical homogeneous chemical composition of groundwater that has been previously reported in the YPM [52], whereas urban sites and agricultural sites showed more variability in their chemical composition [53]. Particularly, agricultural sites showed early salinization processes occurring as a result of water type changes from a Ca-Cl water type to a Na-Cl composition [54]; in addition, their highest concentration of nitrate can be most likely attributed to the agricultural influence and runoff from agrochemicals used in the area [53,55].



Karst aquifers present in the YPM have alkaline pH due in part to the interaction of the water with the calcium carbonate contained in the karst [52]. In this study, higher pH values of 8.5 and 9.1 were correlated (R2 = 0.954; p < 0.05) with the highest concentrations of microcystin (≥5 µg/L), independently of the land use location of the water body in urban, agricultural, or recreational areas. It has been reported that light intensity and pH are the main factors that can influence cyanobacterial toxin production; in fact, in an in vitro culture of blue-green algae, microcystin production can increase dramatically between pH values of 7.0 and 9.2 [56]. In addition, in vitro competitive studies between green algae and cyanobacteria have suggested that in tropical climates with high temperatures (up to 35 °C) and alkaline conditions (pH 7–9), Microcystis can grow with advantageous effects over green algae [57]. Since pH is an important variable that can cause a response in Microcystis growth capacity [57], it can be expected that alkaline pH in the YPM aquifer can provide ideal conditions for the growth of toxin-producing cyanobacteria. Therefore, more in-depth studies should be conducted in the area considering not only all the different water body types that are present, but also the water quality changes among different climatic seasons and their relation to the presence of toxins and toxin-producing cyanobacteria.



The entries of nitrogen and phosphorus into the aquatic environment are key factors that promote the growth of cyanobacteria and the production of microcystins and harmful algal bloom formations [24,58,59]. Previous studies in the YPM demonstrate that nitrate concentrations in groundwater from agricultural areas can vary within climatic seasons reaching up to 8 mg/L [60]; moreover, Microcystis sp. is commonly reported to occur in urban and industrial areas [61] and is frequently reported in groundwater along the YPM [34,35,36]. In fact, in mono- or co-cultured systems M. aeruginosa show fast growth rates and high biomass accumulation at nitrate concentrations of 2.5 mg/L [62], which is below the highest values found in this study. Overall, the data reported here raise the potential risk of CyanHAB production by Microcystis species in the YPM.



In this study, ammonium was the main nutrient in water samples collected from urban sites, which could be attributed to the entry of domestic effluent and runoff from waste disposal sites in surrounding households [63] or recent mineralization of organic matter. However, the highest concentrations of N-NO3−, N-NH4+, and P-PO43− were detected in water samples collected in the agricultural area, which can be associated with the extensive use of fertilizers [64]. Furthermore, in the karst system under study, a natural chemical process takes place due to the saturation of carbonates in the water, causing phosphorus to co-precipitate with calcium [65], and, in this study, the majority of the samples showed P-PO43− concentrations below the LoD, especially in urban sites. It has been reported that the maximum growth of M. aeruginosa is determined by dissolved inorganic nitrogen concentration and a minimum of P-PO43−, being the N and P ratio the main factor for growth rates [65], which in this study was found to be variable in urban, agricultural, and recreational areas.



The first report of microcystin concentrations occurring in groundwater in the YPM showed that the toxin was not present in all sampled sites, and the highest concentration detected was of <0.18 μg/L [25]; however, in this study conducted only a few years later, microcystin concentrations above 0.14 μg/L were detected in all of the sites, and the highest concentration was of >5 μg/L, which exceeds the limit established by water quality standards for drinking water in Mexico of 1 μg/L (PROY-NOM-127-SSA1-2017) [20]. The latter might indicate a potential health threat to humans and animals since microcystin concentrations in the karst aquifer of the YPM can be very variable; a more in-depth study considering the water body type, the season, and other environmental factors should be considered for a better understanding of such risks. It is well known that microcystin concentrations can be variable and can change within monthly periods; for example, in Lake Manatee in Florida microcystin concentrations were variable and reached up to 0.47 μg/L over the summer during algal blooms [66]. In Lake Okeechobee, an intense increase in CyanHAB was detected where Microcystis was identified as the dominant phytoplankton species in 2016, when a state of emergency was declared due to the toxicity of the water [67]. In Mexico, microcystins have been reported in concentrations between 4.9 and 78.0 μg/L in water that is used as a drinking source, as recreational areas, or for irrigation [68], in concentrations of >1 μg/L in drinking water sources [69], and in concentrations ranging from 0.2 and 2.4 μg/L in lake water [70]. Even though the number of samples in this study will not allow a generalization of the microcystins problem or the health risk in all water bodies of the YPM, it will be very important to continue exploring the presence of toxins in the water using combined methods that detect not only toxin-producing cyanobacteria but also microcystin concentrations that can represent a health risk.



In this study, the use of molecular methods to identify toxin-producing cyanobacteria based in the mcyA gene were successful to identify species belonging to Microcystis genus; however, there was no correlation with the presence of the mcyA gene and microcystins. In fact, it has been proposed that toxin-producing genes are more than often not proper markers or indicators for the presence of toxins [2]. Nonetheless, there is a need for more data to reach conclusions about aquatic environments; for example, one limitation of this study is that the mcyA was not detected by PCR in all samples, even in samples where microcystins were present. The latter can be attributed to a limited number of samples or the low concentration of microcystins (below 1 μg/L) detected in most of the samples, which might be in part a result of a low concentration of toxin-producing cyanobacteria in the samples under study. Therefore, further studies could include a more diverse set of primers that allow the detection of other microcystin-producing genera such as Synechococcales and Nostocales that are abundant in water bodies in the YPM [34,35,36]. Microcystis or other cyanobacterial species that have the mcyA gene can present recombination events that occur within the sequences of the N-methyltransferase (NMT) domain, giving rise to new variants of the Mcy cluster [71]. Therefore, results from this study highlight the necessity for the implementation of a different set of primers for the detection of the Mcy operon [72] to expand the identification of toxin-producing cyanobacteria in the area, and to determine if toxin gene abundances are correlated with microcystins in this karst aquifer. Overall, this study provides data of the potential human and animal health risk due to the presence of toxins in the water environment and provides the first attempt to explore the use of toxin-producing genes as indicators of toxins in a karst aquifer. Finally, more in-depth studies should be conducted that combine the detection of toxin-producing genes and the toxins, in order to develop useful tools or indicators for the presence of toxins in the water environment of one of the largest karst aquifers in the world.




5. Conclusions


Microcystins were present at all study sites, regardless of the land use area in which the water was collected, and the concentrations found above the limit of the Mexican standards for drinking water indicate a potential health threat to humans and animals. The alkaline conditions of the karst aquifer correlated with microcystin concentrations, the constant input of nutrients that promote the growth of toxin-producing cyanobacteria, and the widespread presence of microcystins in water bodies of the YPM could increase in the near future the production of CyanHAB. A wide variety of mcyA sequences were recognized from only four samples and one pair of primers.
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Figure 1. Map showing the location of the sampling sites in the Yucatan peninsula in Mexico (YPM). 
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Figure 2. Piper’s diagram showing the values in meq/L of anions (bottom right triangle) and cations (bottom left triangle). The upper rhombus comprises the points of intersection of lines parallel to the vertical axes that join the points of anions (right triangle) and cations (left triangle) of each site. The orange triangles correspond to the urban sites C1, C7, and C8 (chlorinated). Green triangles correspond to the agricultural sites A4, A5, A6, A7, A8, and A9 (chlorinated). The yellow triangles correspond to the recreational sites R6, R7, R8, R9, and R10 (bicarbonate). The blue circles correspond to seawater, whereas the purple circles correspond to groundwater and the red circles to rainwater. 
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Figure 3. Generalized additive models (GAMs) showing a graphical expression between Chl-a (A) or pH (B) and microcystin concentrations. 
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Figure 4. Phylogenetic reconstruction based in the mcyA-sequence-inferred phylogenetic relationships of sequences isolated from water samples in this study. The analysis also includes the mcyA sequence from selected reference sequences available in the GenBank database. Only bootstrap values above 50% are shown. The Microcystis aeruginosa mcyB gene isolate was used as root. All GenBank accession numbers are included in the name of each sequence. 
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Table 1. Physicochemical variables of pH, temperature (T), electrical conductivity (EC), and dissolved oxygen (DO) obtained from each site; and chlorophyll-a (Chl-a) and microcystin (MC) concentrations per site. Average values of each variable are presented in urban, agricultural, and recreational sites.
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	Site
	pH
	T

°C
	EC

µS/cm
	DO

mg/L
	Chl-a

mg/m3
	MC

µg/L





	C1
	8.18
	30.40
	710.00
	6.90
	0.27
	0.51



	C7
	8.54
	27.60
	1205.00
	7.90
	53.46
	>5.00



	C8
	7.10
	27.40
	5050.00
	1.10
	4.81
	0.41



	Average of each variable in urban sites
	7.94
	28.47
	2321.67
	5.30
	19.51
	0.46



	A4
	7.23
	25.90
	1231.00
	1.80
	n.d.
	0.15



	A5
	9.07
	25.20
	824.00
	5.00
	112.86
	>5.00



	A6
	7.49
	26.90
	1010.00
	1.50
	n.d.
	0.81



	A7
	7.57
	26.90
	1372.00
	9.10
	2.14
	2.77



	A8
	8.40
	28.80
	1058.00
	15.70
	25.06
	0.98



	A9
	7.04
	27.90
	1700.00
	1.10
	2.94
	0.14



	Average of each variable in agricultural sites
	7.80
	26.93
	1199.17
	5.70
	23.83
	0.97



	R6
	8.01
	26.30
	460.00
	6.90
	43.44
	0.34



	R7
	7.86
	26.40
	648.00
	13.00
	2.67
	0.28



	R8
	7.95
	27.20
	561.00
	9.10
	1.34
	0.54



	R9
	8.35
	28.40
	531.00
	9.00
	2.06
	0.39



	R10
	8.39
	27.40
	459.00
	8.40
	1.60
	0.25



	Average of each variable in recreational sites
	8.11
	27.14
	531.80
	9.28
	10.22
	0.36







n.d. = not detected.













 





Table 2. Redundancy analysis (RDA).
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	RDA1
	PC1





	Eigenvalue
	2.4337
	0.7521



	Proportion Explained
	0.7639
	0.2361



	Cumulative Proportion
	0.7639
	1







Total variance = 1.0000; RDA was not statistically significant at p > 0.05.













 





Table 3. Concentrations of ammonium N-NH4+ (LoD 0.007 mg/L), nitrite N-NO2− (LoD 0.005 mg/L), nitrate N-NO3− (LoD 0.05 mg/L), and orthophosphates P-PO43− (LoD 0.05 mg/L) detected in each selected study site. Average values are presented in urban, agricultural, and recreational sites.
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	Site
	N-NH4+ mg/L
	S.D.
	N-NO2− mg/L
	S.D.
	N-NO3− mg/L
	S.D.
	P-PO43− mg/L
	S.D.





	C1
	0.028
	0.001
	0.024
	0.001
	0.025 *
	-
	0.025 *
	-



	C7
	0.14
	0.002
	0.0025 *
	-
	0.025 *
	-
	0.025 *
	-



	C8
	0.731
	0.001
	0.0025 *
	-
	0.025 *
	-
	0.025 *
	-



	Average of each variable in urban sites
	0.30
	
	0.01
	-
	0.03
	-
	0.03
	-



	S.E.
	0.18
	
	0.01
	
	0.00
	
	0.00
	



	A4
	0.0035 *
	-
	1.587
	0.040
	4.12
	0.220
	0.025 *
	-



	A5
	0.103
	0.001
	0.0025 *
	-
	0.902
	0.096
	0.025 *
	-



	A6
	1.072
	0.017
	0.0025 *
	-
	0.776
	0.027
	2.5
	0.053



	A7
	0.0035 *
	-
	0.019
	0.000
	18.3
	2.290
	1.04
	0.010



	A8
	0.0035 *
	-
	0.0025 *
	-
	0.824
	0.096
	1.09
	0.005



	A9
	0.35
	0.033
	0.185
	0.02
	6.41
	0.137
	0.025 *
	-



	Average of each variable in agricultural sites
	0.26
	
	0.30
	
	5.22
	
	0.78
	



	S.E.
	0.16
	
	0.24
	
	2.54
	
	0.37
	



	R6
	0.11
	0.008
	0.0025 *
	-
	0.669
	0.041
	0.025 *
	-



	R7
	0.0035 *
	-
	0.03
	0.000
	1.78
	0.096
	0.38
	0.001



	R8
	0.0035 *
	-
	0.0025 *
	-
	0.377
	0.013
	0.62
	0.016



	R9
	0.0035 *
	-
	0.0025 *
	-
	0.64
	0.027
	1.31
	0.022



	R10
	0.0035 *
	-
	0.0025 *
	-
	0.474
	0.013
	0.025 *
	-



	Average of each variable in recreational sites
	0.02
	
	0.01
	
	0.79
	
	0.47
	



	S.E.
	0.02
	
	0.005
	
	0.23
	
	0.21
	







* = Below limit of detection (LoD); S.D. = standard deviation; S.E. = standard error.













 





Table 4. Sequence analysis of the mcyA gene describing the sequence ID, and the results of the BLASTn search.
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Sequence ID Accession Num

	
GenBank Description

	
Query Coverage

	
Percentage of Nucleotide Identity

	
Accession Number and Location from Where the Sequence was Isolated






	
A7-1 ON156737

	
Microcystis aeruginosa NPLJ-4 peptide synthetase (mcyA) gene, partial cds

	
97%

	
97%

	
JQ771629.1 BRAZIL




	
A7-2 ON156738

	
97%

	
99%




	
A7-3 ON156739




	
A7-6 ON156740




	
C7-3 ON156741




	
|C7-5 ON156742




	
C7-6 ON156743




	
R9-5 ON156746




	
R9-6 ON156747




	
C7-7 ON156744

	
99%

	
97%




	
A5-1 ON156727

	
Microcystis aeruginosa NRERC-214 (mcyA) gene, partial cds

	
95%

	
95%

	
MN872296.1 South Korea




	
A5-2 ON156728

	
Microcystis sp. 199 partial mcyA gene

	
95%

	
99%

	
AJ515452.1 Finland




	
A7-7 ON156733




	
A5-5 ON156730

	
98%




	
A5-4 ON156729

	
98%

	
98%




	
R9-2 ON156734

	
Microcystis sp. HUB 5.2.4 partial mcyA gene

	
95%

	
99.70%

	
AJ515451.1 Germany




	
R9-3 ON156735




	
A5-6 ON156731

	
Uncultured cyanobacterium clone 01LO-IB7 (mcyA) gene, partial cds

	
95%

	
98.60%

	
EF424325.1 Canada




	
R9-1 ON156745

	
Uncultured cyanobacterium clone 1 (mcyA) gene, partial cds

	
95%

	
97.30%

	
FJ160469 USA Florida




	
R9-7 ON156749

	
89%

	
100%




	
C7-1 ON156748

	
Uncultured cyanobacterium clone 4 (mcyA) gene, partial cds

	
95%

	
87%

	
FJ160473 USA Florida




	
A5-3 ON156736

	
Uncultured cyanobacterium clone 6 protein (mcyA) gene, partial cds

	
98%

	
93.31

	
KM270503.1 Canada




	
A5-7 ON156732

	
95%

	
94.8
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