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Abstract

:

Vibrio cholerae, the bacterium responsible for the disease cholera, is a naturally-occurring bacterium, commonly found in many natural tropical water bodies. In the context of the U.N. Sustainable Development Goals (SDG) targets on health (Goal 3), water quality (Goal 6), life under water (Goal 14), and clean water and sanitation (Goal 6), which aim to “ensure availability and sustainable management of water and sanitation for all”, we investigated the environmental reservoirs of V. cholerae in Vembanad Lake, the largest lake in Kerala (India), where cholera is endemic. The response of environmental reservoirs of V. cholerae to variability in essential climate variables may play a pivotal role in determining the quality of natural water resources, and whether they might be safe for human consumption or not. The hydrodynamics of Vembanad Lake, and the man-made barrier that divides the lake, resulted in spatial and temporal variability in salinity (1–32 psu) and temperature (23 to 36 °C). The higher ends of this salinity and temperature ranges fall outside the preferred growth conditions for V. cholerae reported in the literature. The bacteria were associated with filtered water as well as with phyto- and zooplankton in the lake. Their association with benthic organisms and sediments was poor to nil. The prevalence of high laminarinase and chitinase enzyme expression (more than 50 µgmL−1 min−1) among V. cholerae could underlie their high association with phyto- and zooplankton. Furthermore, the diversity in the phytoplankton community in the lake, with dominance of genera such as Skeletonema sp., Microcystis sp., Aulacoseira sp., and Anabaena sp., which changed with location and season, and associated changes in the zooplankton community, could also have affected the dynamics of the bacteria in the lake. The probability of presence or absence of V. cholerae could be expressed as a function of chlorophyll concentration in the water, which suggests that risk maps for the entire lake can be generated using satellite-derived chlorophyll data. In situ observations and satellite-based extrapolations suggest that the risks from environmental V. cholerae in the lake can be quite high (with probability in the range of 0.5 to 1) everywhere in the lake, but higher values are encountered more frequently in the southern part of the lake. Remote sensing has an important role to play in meeting SDG goals related to health, water quality and life under water, as demonstrated in this example related to cholera.
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1. Introduction


The U.N. Sustainable Development Goal (SDG) targets on Health (Goal 3), Water quality (Goal 6), and Life under water (Goal 14) are all relevant to the study of Vibrio cholerae, the causative bacterium responsible for cholera, and which is endemic to many natural bodies of water, especially in tropical regions. Understanding the factors that determine the distribution and growth of V. cholerae in the natural environment is particularly important for SDG 6 (clean water and sanitation), which has the aim to “ensure availability and sustainable management of water and sanitation for all”. Cholera is a water-associated disease with up to four million cases and 143,000 deaths reported worldwide every year [1]. Ecosystem-based strategies, which involve identifying reservoirs and elucidating movements of disease-causing organisms, have been found to be successful for managing public health issues related to cholera [2,3]. More than 200 sero-groups of Vibrio cholerae are known, of which O1 and O139 are associated with seven cholera pandemics [4]. Other strains of V. cholerae can cause gastroenteritis and can enter hosts through oral or wound routes when exposed to contaminated seafood, seawater or freshwater [4]. In fact, there are at least nine Vibrio sp. that are present in coastal waters that can cause gastroenteritis in humans [4]. Pathogenic cholera bacteria are oral-faecal pathogens transported through drinking water and food. Therefore, the infections could be controlled to a large extent by providing safe drinking water and promoting hygiene habits such as washing hands. Although these strategies have helped in reducing the disease incidence considerably in developed countries, the situation is still grave in developing and underdeveloped countries, where safe drinking water is not often available. The diminishing availability of safe drinking water, and the emergence of antibiotic resistance among Vibrio spp. are two of the major hurdles that WHO faces in its efforts to reduce death due to cholera by 90% and eliminate disease transmission by 2030 [5].



V. cholerae belongs to the genus Vibrio that includes many bacterial species found in coastal waters, of which many are pathogenic. The distribution of V. cholerae strains are influenced by unusual weather conditions associated with climate-variability and climate-change; for example, abnormally warm temperatures, torrential rains, and flooding promotes the growth of V. cholerae in coastal waters of tropical countries [2,6,7,8]. The majority of cholera outbreaks start in coastal regions from where they spread inland [4]. Therefore, the efforts focusing on the elimination of Vibrio spp. infection should start with an understanding of the reservoirs of this species in the estuarine and coastal waters, proceeding to formulation of procedures that would reduce the associated risk, leading to plans for mitigation in the event of an outbreak.



However, the ecology of V. cholerae is complex. It is important to understand the factors that affect the survival, growth and dispersion of the bacteria [9]. V. cholerae are a natural part of aquatic ecosystems, and their growth and distribution are known to be affected by temperature, salinity and pH. The bacteria are known to grow in the water, or in association with phyto- or zooplankton, or in sediments. Of the known 206 serotypes of the species, only two (O1 and O139) are known to be responsible for cholera pandemics. Management of cholera pandemics would be more efficient if a forecast system for the presence of V. cholerae in natural aquatic bodies could be developed, based on environmental monitoring of risks. One approach could be to implement in situ observations as the central strategy, but, in the case of cholera, the bacteria reside in multiple coastal reservoirs and enjoy wide distribution. Therefore, in situ observations alone will not suffice and have to be complemented with satellite remote-sensing tools that give synoptic views of the entire water bodies known to harbor the bacteria. However, no direct methods exist to detect V. cholerae using satellite remote sensing, necessitating the use of indirect methods and indices that are in the nascent stages of development [3,8,10].



Vembanad Lake, situated along the southwest coast of India, is an ideal site for studying the reservoirs of this pathogen for the following reasons: (1) Water-associated diseases such as cholera and diarrhoea are endemic to the region, and constitute one of the reasons for significant loss in the number of effective working days per person, annually [11,12]; (2) The lake is partitioned into a northern and a southern region by a man-made barrier, with the waters of the northern region being brackish, and those of the southern region being fresh for most of the year, except during the south west monsoon season when the entire estuary becomes a fresh-water basin; and (3) The lake receives a large quantity of sewage containing pathogenic V. cholerae from nonpoint sources, especially during the monsoon season. These unique features of the lake provide a natural laboratory in which we can study the responses of the bacteria to changing environmental conditions and anthropogenic degradation of the ecosystem. In this study, we investigated the association of V. cholerae with phyto- and zooplankton, benthic organisms and sediments in the lake, with regular sampling at ~20-days interval, over a year. We also conducted in vitro laboratory experiments to examine their growth at various salinities and their interactions with plankton and benthic organisms. Based on these observations, we explored the possibility of monitoring V. cholerae in the Vembanad Lake remotely, using proxies applied to satellite ocean-colour data.




2. Methodology


2.1. Sample Collection and Preservation


Water, plankton and sediment samples were collected from thirteen locations (first six (stations 1–6) in the brackish-water region, and the remaining seven (stations 7–13) in the fresh-water regions of the lake, at an interval of ~20 days from April 2018 to May 2019 (Figure 1). The wet seasons of the year, viz., south-west monsoon (June–September) and north-east monsoon (October–November) were combined and addressed as the wet season in the present study. Likewise, winter (December–February) and spring inter-monsoon (March–May) were jointly treated as the dry season.



The salinity and temperature of the water column were measured using sensors attached to a Conductivity, Temperature and Depth (CTD) rosette. The water samples were taken using a 5 L capacity Niskin water sampler (General Oceanics, Miami, FL, USA). Sub-samples for microbiological analyses (250 mL) were transferred aseptically to a sterile polypropylene bottle and transported to the laboratory in an ice-chest for further analysis. Samples for micro-phytoplankton analyses were collected separately by filtering 50 L of surface water through 10 µm pore size bolting silk mesh. The phytoplankton collected on the net were washed with lake-water, transferred to a bottle, fixed with 3% neutralized formaldehyde or Lugol’s iodine solution, and transported to the laboratory for further analyses. Zooplankton samples were collected by horizontal (in shallow waters) or oblique (in deep waters) hauls of 10-min duration using a bongo net (200 µm pore size nylon mesh), fitted with a flow meter. Collected samples were fixed with 4–5% buffered formaldehyde. Sediment samples were collected using a VanVeen Grab (Hydro-Bios, Altenholz, Germany) with a bite area of 0.04 m2. Sub-samples (~100 g) for microbiological analyses were removed aseptically into a sterile polypropylene bottle and the remaining sub-samples were used for analyzing the macrobenthos.




2.2. Enumeration of Phytoplankton, Zooplankton and Macrobenthos


Micro-phytoplankton composition and abundance were analysed using a CX21i model trinocular compound microscope (Olympus, Tokyo, Japan). The samples were sorted into major taxonomic groups and enumerated using a S52 Sedgewick-Rafter chamber (Sree Analytical Inc., Hyderabad, India) with a volume of 1 mL in triplicates [13]. Micro-phytoplankton genera were enumerated using standard identification keys [14,15,16]. Abundance of micro-phytoplankton was expressed as number m−3. A known volume of water sample collected from each station was filtered through pre-weighed GF/F filter paper (0.45 µm pore size) of 47 mm size, and the chlorophyll extracted with 90% acetone for 24 h was measured spectrophotometrically, following standard protocols [17].



Micro-zooplankton biomass was estimated by volumetric method, and their groups were enumerated using standard identification keys [18,19]. Abundance of micro-zooplankton was expressed as number m−3. Sediment samples placed over a 300 µm mesh sieve were washed onboard with gently flowing water, and the retained sediments, along with organisms, were preserved in 5% formalin for studying the macrofauna. Samples for analysis of macrofauna were sorted into major taxonomic groups (e.g., polychaetes, crustaceans, mollusks) and enumerated using stereo-zoom microscopes. Abundance of macrobenthic fauna was expressed as number m−2. The dominant groups of phyto- and zooplankton and macro-benthic fauna contributing up to 90% of the total population were calculated using the dominance plot in Primer 6 software (Plymouth Marine Laboratory, Plymouth, UK)




2.3. Remote Sensing Observations


Lake Surface Water Temperature (LSWT) data for the Vembanad Lake between April 2018 and May 2019 were downloaded from the Copernicus Global Land Service (https://land.copernicus.eu/global/products/lswt; accessed on 3 July 2019). The service provides a Near Real Time level-3 dataset of 1 km, 10-day averaged LSWT from the SLSTR instrument on Sentinel-3A from April 2018-present [20,21]. The data were converted from degree Fahrenheit to degree Celsius, and the mean temperature for the Vembanad Lake for each 10-day period was calculated using all available data.



Sentinel-2A and -2B Multispectral Imager (MSI) images during April 2018 to May 2019 for the lake were downloaded from the Copernicus Open Access Hub (https://scihub.copernicus.eu; accessed on 3 June 2019). Level-1C products were processed at 10–20 m spatial resolution using ACOLITE, a processor developed for analysis of coastal and inland-water data from Landsat and Sentinel-2 imagery (version 20190326; https://odnature.naturalsciences.be/remsem/software-and-data/acolite; accessed on 4 April 2019). ACOLITE was applied with the dark spectrum fitting approach to perform the atmospheric correction [22,23], and chlorophyll-a concentrations (mg m−3) were calculated using the Ocean Chlorophyll 2-band algorithm (OC2v2; [24] based on the blue (443 nm) and green (561 nm) spectral reflectance and algorithm parameters specific to Landsat-8 and Sentinel-2 sensors (a0 = 0.1977, a1 = −1.8117, a2 = 1.9743, a3 = −2.5635, a4 = −0.7218) [22,25].




2.4. Enumeration of Vibrio cholerae


Filtered water samples (10 mL passed through a 3 µm pore size filter), phytoplankton (collected on filter paper), zooplankton (10 g), macrobenthic fauna (10 g) and sediment (10 g) were enriched separately in alkaline peptone water (90 mL) and kept overnight at 28 ºC in an incubator shaker maintained at 100 rpm. The cell lysate was then prepared from the enrichment broth by boiling [26], and then directly used as the source of DNA template for the screening for the V. cholerae outer membrane protein (Omp) gene using the primer sets of OmpF: 5′CACCAAGAAGGTGACTTTATTGTG3′ and OmpR: 5′GAACTTATAACCACCCGCG’ [27]. The Omp-positive samples were further tested for the presence of the 300 bp size fraction of the genetic element of cholera toxin (ctx) using the forward (ctxAF: 5′AACTCAGACGGGATTTGTTAGGC3′) and reverse (ctxAR: 5′TCTCTGTAGCCCCTATTACGATGT3′) primers specific for the gene of pathogenic V. cholerae [28]. The PCR reaction mixture consisted of EmeraldAmp GT PCR master mix (2X) (Takara, Otsu, Japan), forward and reverse primers (10 pmol µL−1 each) and 1 µL of the crude DNA template. The reaction was performed in a Takara thermal cycler with the following temperature and cycling conditions: initial denaturation (95 °C for 2 min), followed by cycle denaturation (at 94 °C for 30 s), annealing (for 30 s at 60 °C and 58 °C for Omp and ctx gene, respectively), extension (at 72 °C for 45 s) for a total of 30 cycles and a final extension for 5 min at 72 °C. The PCR products were loaded onto agarose gel (1%) impregnated with ethidium bromide; electrophoresis was carried out with 1 × TAE buffer and the result was visualized using a gel documentation system (BioRad, Hercules, CA, USA).




2.5. Salinity Tolerance of V. cholerae


The growth of pathogenic V. cholerae isolated from clinical samples during the 2016 cholera outbreak in Kerala in different salinities (0, 10, 20 and 30 psu) was monitored at four-hour intervals for 24 h. Samples of V. cholerae (1 mL each) grown overnight were inoculated in separate tubes containing an alkaline peptone broth (14 mL). Separate tubes were maintained in triplicate for different salinities and incubation times (0, 4, 8, 12, 16, 20 and 24 h). DNA was extracted from each tube designated for different salinities and time intervals, following the chloroform-isoamyl alcohol method. The concentration of DNA was adjusted to 10 ng µL−1 and was subjected for quantification of 16S rRNA gene (specific to Vibrio sp.) using absolute quantitative real-time PCR technique in a Roche Lightcycler 96- well real-time PCR system (Roche, Rotkreuz, Switzerland) following SyBr green technique. The 10 µL real-time PCR reaction mixture contained 1 µL template DNA and 5 µL of ready-to-use SyBr mix supplemented with 3 µL milliQ water and 0.5 µL each of forward (GGCGTAAAGCGCATGCAGGT3′) and reverse (GAAATTCTACCCCCCTCTACAG3′) primers. The qRT-PCR was initiated by maintaining the tube at 95 °C for 10 min, followed by 40 cycles at 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10 s. The dissociation (melt curve) analysis of amplified products was performed at the end of each cycle to confirm the amplification and detection of confirmed PCR product. Plasmid DNA standard curve equations were used to calculate the absolute copy number of the gene in the samples. Technical and experimental triplicates were maintained for each experiment. The absolute quantification data obtained was analysed with the Roche Lightcycler 96 software (Roche Life Science, Penzberg, Germany) and expressed as copy number per nanogram of DNA.




2.6. In Vitro Testing of Chitinase and Laminarinase Activities of V. cholerae


The chitinase and laminarinase activities of 96 isolates of environmental V. cholerae from the coastal waters of India, isolated previously as part of the Seawater Quality Monitoring Programme (SWQM) of the Ministry of Earth Sciences (MoES), and maintained at Marine Microbial Reference Facility (CSIR-National Institute of Oceanography, Regional Centre Kochi, India), were studied using standard spectrophotometric assays. One hundred microlitres of overnight-grown isolates were inoculated into conical flasks of 50 mL capacity, containing 25 mL of Zobell marine broth. Separate flasks supplemented with 1% substrate of colloidal chitin or laminarin were maintained. The flasks were incubated at 28 ± 2 °C at 120 rpm for 48 h. The supernatants separated by centrifugation at 5000 rpm for 10 min at 4 °C were stored at 4°C for further use as the crude enzyme. Enzyme assays were done in triplicate in 96-well microplates. Chitinase and laminarinase were assayed following the DNS assay [29]. Briefly, 50 µL of the substrate (0.25% w/v) was mixed with 50 µL crude enzymes in a microwell plate and incubated at 28 ± 2 °C for 2 h. Subsequently, 100 µL of 3,5-dinitrosalicylic acid (DNS) reagent (1% DNS prepared in a solution containing 0.5 N NaOH and 30% sodium potassium tartrate) was added and incubated at 95 °C for 5 min followed by cooling for 2 min in ice. DNS reacts with reduced sugar to give a yellow-coloured complex, whose absorbance was measured at 540 nm. Chitinase and laminarinase activities were expressed as µg ml−1 min−1 of glucose released. Standard calibration graphs were prepared from absorbance of different concentrations of glucose (50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 µg mL−1) which had reacted with 100 µL DNS reagent.





3. Results


3.1. Salinity


Vembanad Lake shows a dynamic range in salinity from 0 to 32 psu (Figure 2A). The lowest salinity occurred during the southwest monsoon (June-September), with salinity equal to or close to zero being maintained for a longer duration in the fresh-water region of the lake than in the brackish-water region. The highest salinity of 32 psu occurred in the dry summer (March–May) at some stations in the brackish-water region, but the salinity remained below 13 psu in the fresh-water region even during this time.



Growth experiments in the laboratory (Figure 2B) showed a reduction in the growth of V. cholerae with increasing salinities. The growth was comparable for all salinities during the initial 20 h and preference to different salinities became evident in the last four hours (Figure 2B).




3.2. Surface Water Temperature


Temperature of the surface water in the entire lake varied between 23 °C in the wet season and 36 °C in the dry season during the study (Figure 3). The temperature drops rapidly from maximum in May to minimum in July, and progressively climbs back to the maximum. The difference in surface temperature between the brackish and freshwater regions was low (less than 0.6 °C). The mean surface temperature of the lake estimated from satellite remote sensing showed a pattern similar to in situ observations.




3.3. Environmental Reservoirs of Vibrio cholerae


The PCR screening of samples for the 588 bp size fraction of Omp gene amplified using the forward (OmpF) and reverse (OmpR) primers showed widespread presence of environmental V. cholerae in association with water, micro-phytoplankton, micro-zooplankton and macrobenthos, but their association with the sediment samples was poor to nil (Figure 4). V. cholerae was found more frequently in the water column of the brackish-water region when compared with the freshwater region, during both wet and dry seasons (Figure 4). During the wet season, more than 80% of filtered water from the stations near the bar-mouth (stations 1, 2 and 3) showed the presence of V. cholerae, whose presence decreased towards station 13. V. cholerae was found to be more scattered over the whole lake during summer, with no clear spatial pattern. Interestingly, the filtered water samples of stations 1, 2, 4 and 5 collected during the monsoon, which were Omp gene positive, also showed positive reactions to ctx gene in the PCR.



Phytoplankton emerged as the preferred hosts of environmental V. cholerae throughout the lake (Figure 4). During the wet season, V. cholerae was present in more than 60% of the phytoplankton collected from both brackish and freshwater regions, with those collected near the bar-mouth (i.e., in the vicinity of the industrial city of Cochin, stations 1–4) showing V. cholerae presence in 100% of the samples. Note that these observations were consistent with the laboratory results (Figure 2B) which showed enhanced growth of V. cholerae in low salinity. Furthermore, the phytoplankton collected from stations 4, 5 and 8 during the wet season, which had V. cholerae positive to the Omp gene, also showed the presence of ctx gene. V. cholerae was detected in >80% of phytoplankton samples collected from stations 3, 5–7, 60–80% of samples from stations 1, 4, 10, 11, and 13 and 40–60% of samples from the remaining stations. Association of V. cholerae with phytoplankton remained high during the dry season (always higher than 40%) but was less than in the wet season.



During the wet season, the zooplankton-associated V. cholerae was observed in all samples collected from stations 3–6, 60–80% of samples from stations 1, 2, 9 and 11–13 and <40% of samples from stations 7 and 10 (Figure 4). This pattern changed during the dry season, where >80% of zooplankton from stations 6 and 11–13, 60–80% from stations 5, 7 and 10, and 40–60% from stations 4,8 and 9 showed association with V. cholerae. Zooplankton associated with V. cholerae reduced markedly to 20% of samples at stations 1, 2 and 3 during the dry summer season.



Association of V. cholerae with sediment was low in the entire Vembanad Lake and was detected in only less than 20% of samples collected from stations 4 and 10 (Figure 4). On the other hand, V. cholerae was present in association with macrobenthos in more stations, especially during summer. The association of V. cholerae with macrobenthos from stations 2–6 was high during the wet season and low during the dry season (Figure 4). The association between macrobenthos and V. cholerae was less prevalent (<40% of samples) in the fresh-water region during both wet and dry seasons, with the exception of stations 10 and 13 during the dry season.



In vitro laboratory studies on isolates of environmental V. cholerae from the study area showed laminarinase and chitinase activities of more than 50 µgmL−1min−1 among 75% of isolates (Supplementary Figure S1). Nearly 50 % of the isolates had activities above 100 µgmL−1min−1.




3.4. Remote Sensing and Risk Mapping


Because of the high association of V. cholerae with phytoplankton, we examined more closely the quantitative relationship between phytoplankton in the lake, using chlorophyll concentration as the measure of phytoplankton biomass, and the risk of environmental cholera bacteria in the water. Field measurements of chlorophyll concentration in the brackish-water region were high, with occasional incidences of algal blooms (Figure 5A). The chlorophyll concentration in the lake was between 3 and 12 µg L−1 in most of the samples but exceeded 20 µg L−1 during bloom situations. The chlorophyll concentration was at its lowest in May and November, and highest in February in the northern, brackish region of the lake. Representative satellite images (Figure 5B) also showed these patterns.



To convert the association between chlorophyll concentration and environmental cholera bacteria into a quantitative relationship, the total range of in situ chlorophyll data from each of the two regions of the lake were partitioned into a number of subsets (statistical class intervals) of varying widths (smaller class intervals were used when more observations were available in that sub-range). Then for each class interval in chlorophyll concentration, we counted the number of positive CPR (Omp) associated with phytoplankton and divided it by the total number of samples in that class interval, to obtain a probability that phytoplankton were positively associated with V. cholerae in that class interval of chlorophyll. The probability in each class interval was then plotted against the chlorophyll at the mid-point of that class interval for the brackish water (Figure 6A) and fresh-water (Figure 6B) regions. Note that the relationship is a positive, saturating one for the brackish-water region (Figure 6A), but linear and negative for the fresh-water (Figure 6B). The numbers against each point in the graph represent the number of observations that were used to calculate the probability.



Clear patterns emerged only when broad class intervals were used. The limitation was that some class intervals had only a few observations, and were as low as a single value for two points in Figure 6A, with chlorophyll-a concentrations greater than 70 mg m−3. However, those two points are consistent with their nearest neighbouring point on the chlorophyll axis, which is representative of 3 points. All five of these high-chlorophyll points were associated with environmental V. cholerae. Smooth functions were then fitted to the two sets of data. Because the number of samples is low in some of the class intervals, the results are quite vulnerable to outliers. The fitted relationships for the northern part of the lake shown in the figure:


  P  ( b )  = 0.28    (  ± 0.07  )  ×  (  1 −  e   (  − 0.076   ( ± 0.047 × B  )     )  + 0.70  (  ± 0.065  )   



(1)




where P represents the probability that environmental cholera is present in the water, b represents brackish-water region of the lake, and B is the in situ phytoplankton biomass expressed as chlorophyll concentration (mgm−3). The uncertainties are provided as   ±   standard error. The relationship for the southern fresh-water (f) region is given by:


  P  ( f )  =   − 0.0088    (  ± 0.00097  )  × B + 0.7150  (  ± 0.017  )       



(2)







We note that Equation (1) (Figure 6A) is influenced strongly by five observations with chlorophyll concentrations greater than 50 mgm−3. However, we could not find any reason to suspect these concentrations. Replicates were consistent with each other for those samples, corresponding phytoplankton absorption measurements (not shown) were also unusually high, and the three class intervals are consistent with each other. In dealing with the southern part of the lake (Equation (2)), one outlier—a single observation with a very high chlorophyll-a value, with double the value of the closest observation—was omitted. The fit to the northern part of the lake is based on 129 paired observations of chlorophyll-a and V. cholerae presence/absence, binned into 10 class intervals in chlorophyll-a. The fit to the southern part is based on 107 paired observations in four class intervals, after omitting the one outlier. Because chlorophyll concentration is amenable to remote sensing, these relationships can be used to convert chlorophyll data from satellites (Figure 6C) to risk maps (probability that environmental V. cholerae bacteria are present in the water) for environmental cholera bacteria (Figure 6D). The contrast in the results between brackish and freshwater regions is interesting and could not be explained on the basis of temperature or salinity: The north-south differences were also apparent when the risk from environmental cholera was plotted against temperature or salinity (figure not shown). On the other hand, these differences may be related to differences in phytoplankton community composition, which is examined next.



Skeletonema (26.3%) and Microcystis (28.3%) were the dominant genera of micro-phytoplankton in the brackish and freshwater regions of the lake respectively during the dry summer season (Figure 7). During this season, three genera (Skeletonema (26.3%), Aulacoseira (18.3%), and Anabaena (15.8%)) and two genera (Microcystis (28.3%) and Aulacoseira (22.1%)) constituted more than 50% of the community cell abundance in the brackish-water and fresh-water regions respectively. Such dominance by a couple of genera was not evident during the wet season (Figure 7). Differences in community structure were also observed for macro-zooplankton and macro-benthos (Supplementary Figure S2) between the northern and southern parts of the lake and between the wet and dry seasons.





4. Discussion


The incidence of cholera and the presence of its causative organism, V. cholerae, have been reported historically from coastal regions of the Indian Ocean [3,30,31,32]. In the Vembanad Lake, the environmental V. cholerae was most abundant in the water column of the brackish water region during the monsoon (wet season), when the entire lake, including the brackish water region, turns limnetic. The huge volume of freshwater from six major rivers discharging into the lake, coupled with the 2018 floods that were labelled as the worst deluge of the century, increased the freshwater impact on the lake during the wet season. An area of almost 15,000 km2 drains into the lake [33], and the biggest city of Kerala, Kochi, on the northern banks of Vembanad Lake, is home to almost 700,000 people, with a population density of 7100 km−2. Bacterial pollution from land drainage was evident from the presence of clinically pathogenic, i.e., ctx positive, V. cholerae in the water samples collected from stations 1 to 4 during the study. Laboratory experiments reported here (Figure 2B) and previous studies indicate that salinities less than 20 psu are favourable for the growth of V. cholerae [34]. So, both the enhanced drainage of infected water into the lake, combined with low salinities, would have favoured the proliferation of V. cholerae during the wet season. On the other hand, the enhanced inflow of river water and land drainage would also have increased the flushing rate of the lake during this season, allowing the polluted waters to be flushed out to the coastal waters sooner than during the dry summer months.



Several previous studies have reported that temperatures within the range from 10 to 30 °C are suitable for V. cholerae [35,36]. The water temperatures observed in the lake, both from in situ and satellite measurements, stayed consistently high, in the range 26–36 °C, though the average surface temperatures for the lake rarely go above 32 °C (Figure 3), suggesting that warmer temperatures are probably short-lived and highly localised. While it appears reasonable to suppose that the lake temperatures, when less than 30 °C, would favour survival and growth of V. cholerae, we do not know whether heat waves of higher temperatures, even if sporadic, might serve to control the bacterial population. Materna et al. [37], studying the fundamental niche (without interference from other organisms, Hutchinson [38]) of a V. cholera strain isolated from a patient in Bangladesh, reported a “maximum permissible temperature” of 41 °C and an optimal temperature of 28.3 °C from laboratory experiments in which the bacteria were subjected to a range of temperatures and salinities. However, as noted by Takemura et al. [39], the fundamental niche of an organism might have a broader range than its realized niche in the field. Their compilation of field observations (Figure 5 in Takemura et al. [39]) suggests that temperatures higher than 30 °C might have an inhibitory effect on V. cholerae. It has been suggested that higher water temperatures under climate change would favour the growth of V. cholerae and their migration into new geographic areas in temperate waters, leading in turn to higher reported cases of associated diseases (e.g., [40,41]). But what would happen when the water temperatures rise above the optimal temperatures for the bacteria, as seems to be happening in the Vembanad Lake? Because of the reported differences between realised niches and fundamental niches, temperature-controlled laboratory experiments on strains of V. cholerae isolated from the lake may not be sufficient to answer this question. Continued monitoring of the lake, especially in extreme temperatures, has to be considered as well. The results would have broader applications than just for Vembanad Lake.



Climate change and associated variations in precipitation, temperature and other drivers might also increase the incidence of cholera across the globe in the future [41,42]. In fact, extreme weather, such as heavy freshwater influx due to the once-in-a-century floods in Kerala, and water temperature >32 °C in the dry season, occurred during our study period. The existence of warm temperature and moderate to low salinity in the lake for a significant portion of the year, combined with a supply of polluted water, both through river discharge or through land drainage, is conducive to the proliferation of the pathogen. An important question, for lakes such as the Vembanad Lake, is whether such incidences of extreme weather might become more frequent in the future under various climate-change scenarios, and whether they would materially change the threat from V. cholerae in the lake.



Pandemics of cholera are associated with clinically pathogenic strains of V. cholerae (i.e., ctx positive), and this strain was detected at stations 1 to 4 during the wet season. This could be due to leakage from ill-equipped sewage treatment plants in the city of Kochi on the banks of the lake, or due to mixing of septic sewage and lake water during the floods [43]. Such a possibility, if proven, points to a possible human-to-water pathway for the pathogenic bacteria, and to the possibility that the local population are carriers of the pathogen, even when there are no reported cases of cholera in the region. In fact, Kanungo et al. [44] pointed out that “notification of cholera cases in India is extremely deficient”. Finkeletein [45] also noted that the bacteria might survive during the intervening periods between epidemics through undiagnosed, transiently-infected, asymptomatic people. Another route of survival is through association with aquatic organisms such as phyto- and zooplankton. Further clinical studies are required to identify the sources of pathogenic V. cholerae in the waters of Vembanad Lake. Eradication of cholera associated with the lake would then follow a four-step procedure: First, increase testing and treatment to eliminate the infections in the local population; second, improve sewage treatment to eliminate the supply of pathogenic bacteria in the waters of the lake and rivers; and third, improve our understanding of the association of the bacteria with the life forms in the water to generate reliable risk maps, and engage with the policy makers, stakeholders and local population to facilitate evidence-based decision making processes.



Phytoplankton in the Vembanad Lake were found to be the preferred hosts of environmental V. cholerae, with zooplankton also showing high association with the bacteria. The in vitro experiments conducted on nearly 100 isolates of environmental V. cholerae from the lake showed that majority of the isolates had high (i.e., > 50 µgmL−1min−1) laminarinase and chitinase activities. These enzyme activities suggest that laminarin, which is a storage glucan, or chitin in the cell wall of certain types of plankton could explain why V. cholerae are attracted to them [46,47,48]. The attachment of V. cholerae to phyto- or zoo-plankton or benthic organisms in the aquatic environment also affects their ability to participate in nutrient cycling, particularly the utilization of laminarin and chitin biopolymers [3]. V. cholerae is now recognized as an important player in the aquatic carbon cycle [49]. Interestingly, the relationship between chlorophyll and environmental V. cholerae in the water changed in a marked fashion between the brackish and freshwater regions of the lake (Figure 6A,B), which could be related to the changes in the dominant phytoplankton types. The influence of seasonal shift in taxonomic composition of phytoplankton on the distribution of clinical V. cholerae in coastal systems has been reported previously [50].



We explored the possibilities of using the relationship between the chlorophyll concentration and environmental V. cholerae as a potential tool for developing remote-sensing-based risk maps of environmental V. cholerae for the entire lake (Figure 6). The potential of satellite remote sensing for forecasting cholera outbreaks has been noted in a number of previous studies, with chlorophyll concentration and other environmental variables such as sea surface temperature and precipitation emerging as suitable predictive variables, from different studies at different localities [7,8,51,52]. The risk map presented in this paper for the Vembanad Lake can only be considered as preliminary, partly because of the influence of poorly-sampled high chlorophyll values on the emerging patterns. Furthermore, operational implementation of such risk maps should be preceded by a thorough investigation of candidate algorithms for atmospheric correction of the satellite data, and for retrieval of chlorophyll concentrations, to identify algorithms that perform best in the study area. Retrieval of chlorophyll-a concentrations from satellite data is particularly difficult in optically-complex coastal and inland waters [53], such as Vembanad Lake. The algorithm selection has to take such complexities into account, along with the bio-optical environment of the lake. Such an in-depth study falls outside the scope of the present study, but would form the logical next step in a future study. The north-south difference in the relationships between V. cholerae and chlorophyll-a necessitates an artificial break in the risk map, where the algorithms are switched. Overcoming this weakness would require that we investigate further the underlying cause.



The contrast in the relationship between satellite chlorophyll and probability of finding environmental V. cholerae in the brackish and fresh-water regions of the Vembanad Lake could be potentially related to the differences in phytoplankton community composition between these regions. The difference in phytoplankton composition could be attributed to the changes in the hydrodynamics between these regions induced by the manmade salt water barrier, Thanneermukkom bund, located between stations 9 and 10 (Figure 1) [54], in addition to the natural differences in the hydrodynamics of the lake: The northern part is open to the sea, and is subject to salt-water incursion, whereas the southern part is largely fed by land drainage and river inflow. The dominant group of micro-phytoplankton in the Vembanad Lake was diatoms, whose contribution (by cell number) varied from 30 to 37% in the wet season and 39–72% during the dry season in brackish and fresh water regions respectively. The association of environmental V. cholerae with diatoms could be similar to the interaction between zooplankton and V. cholerae, in which the bacteria attach themselves to the chitinous layer. Durkin et al. [55] have characterised chitin synthase genes from different diatom species and identified nanofibrils of chitin that help in girdle formation in centric diatoms and also in other diatoms which do not secrete chitin fibrils, suggesting their possible role in cell wall formation along with silica. However, direct and specific interactions between diatoms and environmental V. cholerae has not been reported previously. An indirect indication of this effect was found in the studies of Neogi et al. [56], who found a positive correlation between the abundance of toxigenic V. cholerae with chitin fraction in the <20 µm fraction of phytoplankton. On the other hand, the secondary metabolites produced by diatoms such as Skeletonema have been found to inhibit the growth of V. cholerae [46], and Turner et al. [57] have reported a negative correlation between diatom and V. cholerae abundances. In fact, Olofsson et al. [58], studying Vibrio parahaemolyticus isolated from the south-west coast of India, reported that the dinoflagellate Prorocentrum micans facilitated the persistence of the bacteria, whereas the diatom Skeletonema tropicum inhibited it. Taken together, the results of Olofsson et al. [58] and Wang et al. [59] suggest that some diatoms have the capability to inhibit more than one species of Vibrio bacteria.



Cyanobacteria are the second major group of phytoplankton in the Vembanad Lake, which contribute 10–20 % of dominant phytoplankton in brackish water dominated regions during wet and dry seasons, while their contribution shifted from 12% in the wet season to nearly 45% in the dry season in the freshwater dominated region. Many of the cyanobacteria such as Anabaena, Microcystis and Oscillatoria are well known reservoirs of V. cholerae [60,61,62]. The association of environmental V. cholerae with cyanobacteria is known to be of a mutualistic type, in which the Vibrio spp. are accommodated within their polysaccharide sheaths by providing nutrients and oxygen, and in return, the respiratory CO2 produced by the bacteria is utilized by the phytoplankton for photosynthesis [63]. Islam et al. [6,63] have demonstrated the association of V. cholerae with phytoplankton samples collected from Bangladesh and were able to detect V. cholerae in the mucilaginous sheath of Anabaena variabilis using fluorescence microscopy. This association was correlated with the presence of the mucilage binding hap gene in V. cholerae [64]. The association with phytoplankton in the fresh-water part of the lake was over 60% during the wet season, when Anabaena was the dominant species, consistent with the positive association reported by Islam and colleagues from Bangladesh [6,63]. However, the changes in the community structure are not sufficient in themselves to explain the dynamics of environmental V. cholerae in the study area. A complex interplay of seasonal and regional changes in the abiotic environmental conditions such as salinity and temperature, the varying influx of the bacteria from rivers and land drainage, and the flushing rate of the lake, all probably combine with ecosystem properties of the lake, to determine the observed patterns in the distribution of the bacteria.



The contrast in the results between the brackish water and fresh water dominated regions of the lake remains intriguing, and merits further study. A fruitful avenue of future research would be to explore the functional relationships that underpin the association between different groups of phytoplankton and environmental V. cholerae. The role of diatoms certainly merits further study to establish whether their relationship with V. cholerae is positive or negative, and to establish the causative agents and processes. If the nature of such relationships between V. cholerae and phytoplankton genera is better understood, it would open up the possibility of developing satellite algorithms for detecting phytoplankton types such as diatoms and blue-green algae in Vembanad Lake, for refining the initial risk map presented here.



Cholera outbreak is the outcome of a combination of different processes such as the supply and growth of V. cholerae in the environment and the interaction of humans with the infected water. The risk of infection is high in areas where people depend on natural water for drinking, washing and recreation. Mapping the risk of exposure to infection based on the presence of V. cholerae in association with plankton and the application of remote-sensing techniques for continuous monitoring of changes in risk over the entire water body would serve to reduce the spread of infection. As shown in Figure 1, the number of phytoplankton samples that were associated with V. cholerae, relative to total number of samples analysed remained high throughout the lake (>40%), with risk increasing towards 100% closer to the areas of high population density (vicinity of Kochi city). Note that the risk increases when the association of the bacteria with water and zooplankton are also considered. Mapping risk solely based on in situ sampling is a time-consuming and expensive process. It will always suffer from sparse sampling and cannot provide the real-time information needed for policy makers. Combining the in situ information with satellite observations provides a cost-effective and fast method for extrapolating the results to the whole lake (Figure 6), with the possibility of updating the risk map with every new satellite overpass under cloud-free conditions. Operational advisories based on a decision support system thus developed can be provided to the stakeholders and policy makers. The ranking of a lake or areas of a lake based on the prevalence of pathogenic Vibrio will help reduce human contact with the water in such areas, to avoid disease outbreaks and thus support the idea of eradicating cholera by 2030, and thus contribute to SDG 3 on health, and in particular to target 3.3 that includes bringing an end to epidemics of water-borne and other communicable diseases by 2030. But more importantly, our goal must embrace the elimination of the illness in the infected, and often unreported cases in the local population and the improvement to sanitation facilities to eradicate the contamination of natural water bodies by pathogenic bacteria and viruses through untreated sewage.




5. Conclusions


We have reported here the first findings of an intensive study of V. cholerae dynamics in Vembanad Lake, a tropical lake-estuarine system on the coast of Kerala state in south-western India. The lake exhibits many of the traits, and experiences many of the threats, encountered in a large number of tropical estuaries: It is subject to monsoon dynamics, with consequent high seasonality in rainfall, salinity, river inflow, currents and temperature; There is a gradient in population density along the banks of the lake, changing from high density at the mouth of the estuary surrounded by a big city, gradually decreasing to relatively low density in the rural, agricultural areas at the other end of the lake; and it harbours a high diversity of aquatic communities, which also change with location and season. Vembanad Lake thus provides a natural laboratory for investigating the dynamics of V. cholerae under a diverse set of environmental conditions, such that sustained observations in this lake should lead to identification of agents and conditions that favour the survival of this bacteria in endemic regions.



The study has revealed that the environmental bacteria are present in unattached state in the water, or in association with phytoplankton, zooplankton, macrobenthos and sediments, with the association being highest with phytoplankton and poorest with sediments. The dynamics of the distribution are complex, with spatially and seasonally distinct patterns in their distribution. It appears that a variety of abiotic environmental factors, such as temperature, salinity, precipitation, and river inflow and biotic factors such as phytoplankton concentration and community structure, appear to have a role in dictating the observed patterns. The results have pointed to new avenues of research to elucidate these links further. Notable among them is the response of the bacteria to very high temperatures (>30 °C), and the mechanisms that dictate the favourable and unfavourable associations between various types of phytoplankton and V. cholerae. Such additional information would help further refine the preliminary, satellite-based risk maps that have emerged from the study.



The case study presented here highlights the interconnections between SDG 3 (health) and SDG 6 (availability and sustainable management of water and sanitation for all). SDG 14 and 15, that deal with marine and freshwater ecosystems, also come into play, as we strive to understand the dynamics of environmental cholera bacteria in natural aquatic systems, and the biotic and abiotic factors that control them.
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Figure 1. Study area showing the sampling locations in the Vembanad lake. Stations are ranked based on the number of phytoplankton samples in which environmental Vibrio cholerae was detected, relative to the total number of samples examined, with extreme risk (black) corresponding to 80 to 100% of samples being positive, high risk (red) with 60–80% of samples being positive and seasonally risky (blue) in which 40–60% of samples showed the presence of V. cholerae. Locations of Kochi city, industrial areas and tourism spots mentioned in the main text are also labelled. 
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Figure 2. (A) Spatio-temporal variation of salinity in the brackish-water (stations 1–6) and fresh-water (stations 7–13) regions of the Vembanad Lake; and (B) the growth of pathogenic isolate of V. cholerae at different salinities. 
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Figure 3. In situ observations in the 13 stations (blue) and the lake-averaged satellite (red) estimate of the temporal variation of temperature in the Vembanad Lake during the study. 
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Figure 4. Distribution of Vibrio cholerae in sediment (red), macrobenthos (purple), micro-zooplankton (ash), micro-phytoplankton (green) and filtered water (blue) samples during wet (A) and dry (B) seasons in the Vembanad Lake. 
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Figure 5. Spatio-temporal variation of chlorophyll in the Vembanad Lake measured using (A) in situ and (B) satellite remote sensing. In (A), the lower half of the figure (stations 1–6) constitute the brackish-water region of the lake, and the upper half (stations 7–13) constitute the fresh-water region of the lake. In (B), dark grey represents missing data. Land is delineated as light grey and ocean as light blue. 
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Figure 6. The relationship between satellite chlorophyll and probability of finding environmental Vibrio cholerae in the (A) brackish water (BW) and (B) fresh water (FW) regions in the Vembanad Lake. Note that a number of observations are used to generate each of the points in the graph, and the number of observations used are indicated against each point. (C) Representative satellite image (for 23 February 2019) of chlorophyll and (D) the corresponding risk map of environmental V. cholerae incidence in the lake, generated from the relationships shown in (A,B) for the two parts of the lake. 
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Figure 7. Dominant groups of micro-phytoplankton in the brackish water (BW) and freshwater (FW) regions of the Vembanad Lake during dry and wet seasons. 
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