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Abstract

The study assessed the cyanotoxin exposure risk for chronic kidney disease of unknown etiology (CKDu) via drinking water,
analyzing microcystins (MCs), nodularin (NOD), and cylindrospermopsin (CYN). In two CKDu endemic areas, Girandu-
rukotte and Dehiattakandiya, Sri Lanka, 154 water samples were collected along with 38 from a CKDu non-endemic area,
Sewanagala, Sri Lanka. Cyanotoxins were detected using high-performance liquid chromatography (HPLC). MCs were
found in 24.3% of CKDu, 17.0% of CKD and 31.7% of Healthy individuals’ well waters in the CKDu endemic areas, with
26.8% of Healthy individuals’ in the non-endemic area. About 93% of water samples exceeded the World Health Organiza-
tion (WHO) guideline value for MCs in drinking water (1 pug/L). For CYN, the prevalence was 46.6% of CKDu, 19.6% of
CKD, 23.2% of Healthy individuals’ in the CKDu endemic areas and 10.7% of Healthy individuals’ in the non-endemic area.
The CYN mean concentration in CKDu well waters was approximately five-fold higher compared to the non-endemic area
(ANOVA, p=0.04). No association was observed between cyanotoxin prevalence in well waters and health status of being
CKDu, CKD or Healthy. Most (35.7%) of CKDu individuals exceeded the WHO-recommended tolerable daily intake value
(0.03 pg/kg bw/d) for CYN. NOD was not detected in any water sample. Prolonged exposure to MCs and CYN in drinking
water may increase stress and weaken the kidneys, rendering it a potential risk factor for CKDu.
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Introduction

Cyanobacterial blooms are often hazardous to aquatic
organisms, livestock, domestic animals and humans due to
their highly toxic secondary metabolites, known as cyano-
toxins (Machado et al. 2017; Weralupitiya et al. 2022).
The most abundant cyanotoxins in freshwater sources are
microcystins (MCs), nodularin (NOD) and cylindrosper-
mopsin (CYN) (He et al. 2022; Manning & Nobles 2017;
Weralupitiya et al. 2022). MCs are cyclic heptapeptide
hepatotoxins produced by various cyanobacterial genera,
including Anabaena, Cylindrospermopsis, Hapalosiphon,
Microcystis, Nostoc and Oscillatoria (Beasley 2020). MCs
enclose deleterious effects on human and animal organs,
particularly brains, heart, lungs, kidneys and the liver (He
et al. 2022; Weralupitiya et al. 2022). Moreover, a study
carried out by Piyathilaka et al. (2015) revealed that the
viability of human kidney cell lines was significantly
decreased due to exposure to microcystin-LR (MC-LR)
for 24 h, indicating the potential risk for human kidneys
(Piyathilaka et al. 2015). More pieces of evidence to prove
the nephrotoxicity of MCs were also reviewed by Xu et al.
(2020). NOD, a pentapeptide hepatotoxin, shares structural
similarities with MC, and is produced by the cyanobacte-
rial species, Nodularia spumigena (Beasley 2020). Even
though NOD’s toxicity on kidneys is inadequately studied,
a case study by Simola et al., (2012) showed renal tubular
necrosis in a dog due to exposure to NOD. CYN, a guani-
dine alkaloid, a hepatotoxin, cytotoxin, and nephrotoxin,
is produced by cyanobacterial genera including Cylindros-
permopsis, Dolichospermum, Aphanizomenon, Umezakia,
Raphidiopsis, Sphaerospermopsis, Lyngbya, Oscillatoria
and Anabaena (Diez-Quijada et al. 2022; Moraes et al.
2021; Scarlett et al. 2020; Yang et al. 2021). The toxicity
of CYN specially targets the kidneys (WHO 2020b).
Human exposure to cyanotoxins could occur mainly
orally by ingesting cyanotoxin-contaminated water or
consuming cyanotoxin-contaminated foods and dietary
supplements. Further, exposure via bathing, cooking, rec-
reational activities, dermal contact and inhalation are also
considered (Codd et al. 2020). Ingestion of large quanti-
ties of cyanotoxin-contaminated water or consumption of
small amounts for a prolonged time would create a chronic
impact (Chorus & Welker 2021). Therefore, provisional
guideline values for MC-LR and CYN in drinking water
have been established by the World Health Organization
(WHO) as 1 and 0.7 pg/L, respectively (WHO 2020a,
2020b). Since the data on NOD are limited, a recom-
mended provisional guideline value has not been imple-
mented. However, scarcity of attention on country-specific
standards or legislation to follow WHO guidelines in many
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developing countries could be a factor in causing acute and
chronic diseases related to cyanotoxin exposure.

CKDu is a form of chronic kidney disease which is
slowly progressive and asymptomatic kidney failure in the
absence of known causative reasons (Pett et al. 2022). In
Sri Lanka, CKDu was first reported from the North Cen-
tral Province (NCP) in the 1990s, and the disease was then
spread to several parts of the dry zone of the country, includ-
ing Uva (Mahiyanganya, Girandurukotte), Eastern (Dehi-
aththakandiya) and North-Western (Nikawewa) provinces.
Even though several causative factors have been hypoth-
esized, the exact cause is still unknown (Hettithanthri et al.
2021). Existing literature on CKDu in Sri Lanka suggests
that the disease is likely acquired through environmental
factors (Hettithanthri et al. 2021; Rajapakse et al. 2016).
Cyanotoxin contamination in freshwaters has raised con-
cerns as a potential causative factor because it is common
in CKDu endemic areas and is much higher than in CKDu
non-endemic areas in Sri Lanka (Liyanage et al. 2016b;
Manage 2019). MCs, CYN, and NOD are the most identi-
fied cyanotoxins in CKDu endemic areas (Liyanage et al.
2016a, 2016b; Manage 2019). Research studies have been
conducted on the prevalence of cyanobacterial species and
cyanotoxins in well waters, reservoirs and irrigation tanks in
the dry zone across the country (Imbulana & Oguma 2021;
Jayatissa et al. 2006; Magana-Arachchi & Liyanage 2012;
Zakeel et al. 2018). Although several studies have examined
cyanotoxins in water sources in the dry zone of Sri Lanka,
assessing the health risks of consuming cyanotoxin-contam-
inated water in CKDu endemic areas is crucial. Compar-
ing these risks with CKDu non-endemic areas will help to
determine if endemic regions face a higher threat. There-
fore, the current study focuses on determining cyanotoxins,
including MCs, NOD and CYN in drinking water sources
from two CKDu endemic areas in Sri Lanka; Giranduru-
kotte and Dehiattakandiya, and a CKDu non-endemic area
in Sri Lanka; Sewanagala, in order to calculate the risk of
exposure to cyanotoxins via drinking water. Furthermore,
a comparative analysis of socio-demographic information
from the particular CKDu endemic areas and non-endemic
area was also carried out.

Materials and Methodology
Sampling Locations and Sample Collection

Water samples were collected from two CKDu endemic
areas; Girandurukotte area in Uva province, Sri Lanka, dur-
ing the wet season (February) and the dry season (August) in
2020 and Dehiattakandiya in Eastern province of Sri Lanka
during the wet season (April) in 2021. To compare, water
samples were also collected from CKDu non-endemic area;
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Sewanagala in the Southern province of Sri Lanka, located

in the same climatic zone, during the wet season (March) in

2021 and 2022. The sampling locations are shown in Fig. 1.
The details of collected water samples are listed in Table 1.
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Fig. 1 Sampling locations in CKDu endemic Girandurukotte and Dehiattakandiya and CKDu non-endemic Sewanagala

Ethical approval for the study was obtained from the
Research & Ethics Review Committee of the University
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Table 1 Details of collected

Water samples
water samples

Sample numbers

CKDu endemic areas

CKDu non-endemic areas

Giranduru- Girandu- Dehiatta- Sewanagala wet season
kotte wet rukotte dry kandiya wet
season season season
Dug Wells CKDu 27 25 10 0
CKD 9 7 0
Healthy 10 10 20 28
Tube wells 1 3 0 1
Reservoirs 6 2 7 4
Springs 1 2 0 0
Hot springs 0 0 0 1
Water plants 3 1 0 2
Community wells 0 1 0 0
Irrigation wells 0 0 0 2
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of Kelaniya, Sri Lanka (UOK/ERC/FS/20/001). Written
informed consent was obtained from each participant for
their participation. A prepared questionnaire was adminis-
tered to each participant of CKDu (n=25), CKD (n=11)
and Healthy (n=28) from Girandurukotte, CKDu (n=11),
CKD (n=06) and Healthy (n=18) from Dehiattakandiya
and Healthy (n=26) from Sewanagala to collect socio-
demographic information and water usage data includ-
ing gender, age, occupation, duration of residency in the
sampling location, family history of having CKDu, dura-
tion lived with CKDu, source of drinking water and daily
intake of water. When analyzing the data, Girandurukotte
and Dehiattakandiya were considered into “CKDu endemic
areas” category with three groups; CKDu, CKD and Healthy
(mentioned as Healthy_Endemic). The CKDu non-endemic
Sewanagala area was considered as “CKDu non-endemic
area” category. The individuals and the water samples from
Sewanagala are mentioned as ‘“Healthy_NonEndemic”. The
people in the Healthy groups were healthy at recruitment
with no clinically diagnosed chronic disease.

Culturing and Morphological Identification
of Cyanobacteria

Water samples were centrifuged at 3500 rpm for 10 min,
and then a mixture of supernatant and the pellet were inocu-
lated into a cyanobacterial-specific BG11 liquid medium.
Cultures were incubated at 28 °C under fluorescent light
with an intensity of 4.8x 10 cm™W — 5.9x 10 cm™*W
in a 16:8 h D/L cycle for four weeks. The obtained cyano-
bacterial cultures were observed under the compound light
microscope (Olympus BH-2), photographed using cellSens
standard imaging software and identified using standard
cyanobacterial keys (Abeywickrama et al. 1986; Komarek
et al. 2014).

Detection of Cyanotoxins in Water Samples
Extraction and Detection of MCs and NOD in Water Samples

The procedure for MCs extraction from the collected water
samples was adapted from Lawton et al. (1994). All reagents
were of analytical-reagent or high-performance liquid chro-
matographic (HPLC) grade. Water samples (250 mL) were
filtered through GF/C filter papers which were then cut into
small pieces, and shaken with 2.5 mL of 70% methanol for
1 h in the orbital shaker. The re-suspended extract was col-
lected into a glass vial. The procedure was repeated, and the
re-suspended extract was combined with the previous. The
extract was evaporated in a vacuum oven at 40 °C. Then
residue was re-suspended in a 2 mL of 70% methanol +0.1%
TFA. The filtrates were freeze-dried, and the residue was
re-suspended in a 2 mL of 70% methanol +0.1% TFA. Both
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extracts were filtered through a 0.22 um syringe filter before
HPLC analysis. The total MCs and NOD concentrations in
both filter paper and filtrates were determined.

HPLC analysis identified the MCs and NOD concerning
the MC standard mixture consisting of MC-RR, MC-YR,
MC-LR (SIGMA-ALDRICH 33578) and NOD standard
(SIGMA-ALDRICH 32539). HPLC analysis was performed
using an Agilent 1260 series HPLC system (Waldbronn,
Germany) with diode array-detector at 238 nm and C
column. The column temperature was 40 °C. The injection
volume was 20 pL. The mobile phase consists of acetoni-
trile 4+ 0.05% TFA and ultrapure water +0.05% TFA. The
flow rate was set to 1 mL/min with the following gradient
program; a linear gradient series starting with 30% acetoni-
trile for 10 min, followed by 35% acetonitrile for the next
30 min and to a final eluent condition with 70% acetonitrile
for 10 min. The toxin peaks were identified using retention
time. Randomly picked samples from both CKDu endemic
and non-endemic areas were compared with spikes and
blank samples. Furthermore, the concentrations of MCs
were determined by calibrating the area under the peak with
corresponding standard series.

Extraction and Detection of CYN in Water Samples

CYN extraction was performed using the same procedure
as MCs and NOD extraction. HPLC analysis of CYN was
conducted according to the protocol described by Welker
et al. (2002). The HPLC analysis was performed using the
ThermoScientific Ultimate 3000 HPLC system consisting of
a Cg column. The injection volume was 20 pL. The mobile
phase was Mili-Q + 0.05% TFA and 50% methanol + 0.05%
TFA. A linear gradient series starting with 100% ultrapure
water +0.05% TFA to a final eluent condition with 0-50%
aqueous MeOH +0.05% TFA after 20 min gave the retention
time of 9 min. Peaks were detected at the UV spectrum of
260 nm with the pure CYN standard (SIGMA-ALDRICH
32087). The toxin peak was identified using retention time.
Randomly picked samples from both CKDu endemic and
non-endemic areas were compared with spikes and blank
samples. Furthermore, the concentration of CYN was deter-
mined by calibrating the area under the peak with corre-
sponding standard series.

Determination of Human Exposure to Cyanotoxins

Chronic Daily Intake (CDI) values were calculated for total
MCs and CYN concentrations found in well water samples,
as the majority consumed well water. Each individual, the
daily drinking water intake was recorded during the sam-
pling. Since the questionnaire was not administered to chil-
dren, the daily intake of children was taken as 1 L per day
(Xiao et al. 2018). Three age stages were considered for the
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calculation; children (0-10 years), adolescents (11-19 years)
and adults (20-80 years). This calculation only included the
individuals who both participated in the questionnaire and
had toxins in their well water samples. Equation (1) was used
for the calculations (Xiao et al. 2018).

(C x IR x EF x ED)

CDI (ug/kg bw/d) = (BW x AT) ey

where CDI is chronic daily intake (ug/kg bw/d), C is the
concentrations of the cyanotoxins in drinking water (ug/L),
IR is the daily intake of drinking water, EF is exposure fre-
quency (d/year), ED is exposure duration (in years: taken
from the questionnaire; the duration lived in the particular
area at each age stage), BW is the average body weight of
children (19 kg), an adolescent (52 kg) and an adult (70 kg),
AT is average time (d).

Statistical Analysis

Data from 105 questionnaires were entered using EpiData
software. The statistical analysis included descriptive sta-
tistics, Chi-square test, and Post hoc pairwise comparisons
of the socio-demographic and water usage data using IBM
SPSS software (version 25.0). The association between the
presence/absence of cyanobacterial genera in well water
samples and health status (CKDu, CKD and Healthy_
Endemic and Healthy_NonEndemic) was analyzed by
Pearson Chi-square test using Origin 2018 software. The
association between the presence and absence of MCs and
CYN in well water samples and health status (CKDu, CKD
and Healthy) was analyzed by Pearson Chi-square test using
Origin 2018 software. The total MCs and CYN concentra-
tions in CKDu, CKD, Healthy_Endemic and Healthy_Non-
Endemic individuals’ well water samples were statistically
compared using Origin 2018 software (ANOVA, p <0.05).

Results and Discussion

Comparative Analysis of Socio-Demographic
Information

CKDu is suggested as a disease that may occur due to
environmental risk factors; predominantly affect agricul-
tural communities with limited socio-economic resources
(Hewapathirange et al. 2023). The current study aimed to
detect potential factors for CKDu, therefore a questionnaire
analysis was carried out before any foregone conclusion.
According to the results, 83.3% and 64.7% of CKDu and
CKD individuals were males, while 73.1% of the Healthy_
NonEndemic were also males. (Figure S1). The prevalence
of CKDu among males was significantly higher (p =0.001)

compared to females in the present study. As per the stud-
ies on CKDu prevalence in the world and Sri Lanka, most
men involved with agricultural work were more affected than
women (Johnson et al. 2019; Lowe & Kumarasinghe 2021;
Ruwanpathirana et al. 2019), which showed an agreement
with the results of the present study. In the current study,
the majority of CKDu individuals were between 46 and
65 years of age. The mean age for CKDu male individu-
als was 61.6+2.1 years, while 56.6 + 3.9 years for CKDu
female individuals (Table S1). However, no significant dif-
ference (p=0.375) was reported in age with the health sta-
tus (CKDu, CKD and Healthy), but those who were aged
over year 55 were more likely to have CKDu. The results on
age of the groups agree with the previous studies on CKDu
in Central America and CKDu in India, which was more
common among men aged 20-50 and 30-60, respectively
(Johnson et al. 2019). The occupation of the majority of
individuals in the present study was farming, and in compar-
ison with the CKDu non-endemic area (80.8%), more num-
ber of individuals from CKDu endemic areas (84.8%) were
involved in farming (Figure S2). However, no significant dif-
ference was reported between the occupation and the health
status (p=0.221). The majority of CKDu (77.8%), CKD
(82.4%) and Healthy_Endemic (76.9%) were residents for
up to 40 years to date, while 57.5% of Helathy_NonEndemic
were residents in the location for up to 40 years (Figure S3).
However, the duration of residency in the particular location
did not show a significant difference with the health status
(p=0.287). When considering only the CKDu group, 77.8%
individuals lived 1 to 10 years with the disease CKDu, while
the rest (22.2%) lived for more than ten years (Figure S4).
As per the results of the study, 44.0% of CKDu individuals
have or had CKDu-affected family members, while 17.6% of
CKD and 3.8% of Healthy_Endemic individuals have or had
CKDu-affected family members. The relationship between
the family history of having CKDu and the health status
was statistically significant (p =0.000). Interestingly, none
from Healthy_NonEndemic individuals’households have or
had CKDu-affected family members. The finding could be
added as evidence to prove the causative factors for CKDu
are within the particular geographical locations.

Previous literature on the socio-demographic analysis of
CKDu endemic areas in Sri Lanka provides evidence that
the majority considered well water as their primary water
source (Gobalarajah et al. 2020; Pett et al. 2022; Ruwan-
pathirana et al. 2019). Reservoirs and tanks serve as the
main water sources for the agricultural purposes in the dry
zone of the country. Meanwhile, people depend on ground
water sources such as dug wells and tube wells to fulfill
their daily necessities (Cooray et al. 2019). According to the
socio-demographic analysis of the current study, 61.1% of
CKDu individuals used wells as their drinking water source,
while its usage was reduced (25.0%) after the diagnosis of
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CKDu disease. Apart from wells, prior to the disease CKDu,
the CKDu individuals were consuming water from differ-
ent sources such as agricultural wells, canals and tube wells
(Figure S5). Interestingly, before the community water sup-
ply was given to the households, the usage of agricultural
wells was common among 35.3% of CKDu and 30.6% of
CKD individuals while it was not much common in the
Healthy_Endemic individuals’ (3.8%). The intake of water
per day was more than 2 L among 52.8% of CKDu indi-
viduals, which reported the highest among the other groups
(p=0.001) (Figure S6). Nevertheless, there’s a scarcity of
the water studies on other different water sources such as
irrigation wells and agricultural wells (Pett et al. 2022).

Morphological Identification of Toxin-Producing
Cyanobacterial Genera

Cyanobacterial growth could be observed despite the sample
location and health status (Table 2). From the total collected
well water samples, only 75 samples (48.4%) showed the
presence of one or two toxin-producing cyanobacterial gen-
era. Among them, 33.3, 20.0, 29.3 and 17.3% were CKDu,
CKD, Healthy_Endemic and Healthy_NonEndemic indi-
viduals’ well water samples, respectively. No significant

difference was reported in the prevalence of toxin-produc-
ing cyanobacterial genera among CKDu, CKD, Healthy_
Endemic and Healthy_NonEndemic categories (Chi-square,
p=0.26). The current study only morphologically identified
the cyanobacteria genera present in well waters. Neverthe-
less, it is recommended to perform molecular identification
of cyanobacterial genera of the well waters in the CKDu
endemic and non-endemic areas in the dry zone in com-
parison with the wet zone, and analyze the correlation of the
prevalence of cyanobacterial species with CKDu.
Considering the sampling locations, from total well
water samples collected from Girandurukotte during the wet
season, 23.9, 15.2 and 10.8% of well water samples from
CKDu, CKD and Healthy_Endemic individuals showed the
growth of one or two toxin-producing cyanobacterial genera.
The growth of toxin-producing cyanobacteria such as Oscil-
latoria sp. and Phormidium sp. were observed in CKDu,
CKD and Healthy_Endemic individuals’ well water samples.
Apart from the mentioned cyanobacteria, Microcystis sp.,
Nostoc sp. and Pseudoanabaena sp. growth was observed in
CKDu individuals’ well water samples. The growth of Ana-
baena sp., Merismopedia sp. and Nostoc sp. was observed
in CKD individuals’ well water samples. Furthermore, the
Healthy_Endemic individuals’ well water samples also

Table 2 Morphologically identified potential MCs, NOD and CYN-producing cyanobacterial genera in collected water samples

CKDu endemic areas

CKDu non-endemic areas

Girandurukotte wet

Girandurukotte dry

Dehiattakandiya wet Sewanagala wet season

season season season
Wells CKDu  Microcystis Fischerella Anabaena -
Nostoc Hapalosiphon Aphanothece
Oscillatoria Phormidium  Nostoc Oscillatoria
Pseudoanabaena Oscillatoria Phormidium
Phormidium
Raphidiopsis
CKD  Anabaena Oscillatoria Anabaena -
Merismopedia Aphanothece
Nostoc Merismopedia
Oscillatoria Oscillatoria
Phormidium Phormidium
Healthy Chroococcidiopsis Nostoc Anabaena Anabaena
Microcystis Phormidium Aphanothece Chroococcidiopsis
Nodularia Microcystis Leptolyngbya
Oscillatoria Oscillatoria Oscillatoria
Phormidium Phormidium Phormidium
Raphidiopsis Pseudoanabaena Raphidiopsis
Tube wells Merismopedia Oscillatoria - -
Oscillatoria Nostoc
Reservoirs Microcystis Merismopedia Anabaena Oscillatoria
Nodularia Oscillatoria Phormidium

Oscillatoria

Oscillatoria -
Raphidiopsis

Water plants (influent)

Community wells -
Irrigation wells - _

Anabaena

Phormidium

Merismopedia Phormidium

Phormidium

- Phormidium
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showed the growth of Chroococcidiopsis sp., Microcystis
sp., Nodularia sp., and Raphidiopsis sp. Oscillatoria sp. was
observed in other water samples such as tube wells, reservoir
samples, and water plant samples. In addition, Merismope-
dia sp. and Raphidiopsis sp. were also observed in tube wells
and water plant samples, respectively while Microcystis sp.
and Nodularia sp. were observed in reservoir water sam-
ples. Interestingly toxin-producing cyanobacterial growth
was observed only in an untreated water sample collected
from a water plant, but no cyanobacterial growth was seen
in treated water samples.

During the dry season in Girandurukotte, the growth
of cyanobacteria, including toxin-producing genera, was
observed. The prevalence of toxin-producing cyanobacte-
rial genera was observed in 20.5, 2.27 and 8.81% CKDu,
CKD and Healthy_Endemic individuals’ well water samples,
respectively. The recorded cyanobacterial genera were Fish-
erella sp., Hapalosiphon sp., Nostoc sp., Oscillatoria sp.,
Phormidium sp., and Raphidiopsis sp. in CKDu individu-
als’ well water samples. The only toxin-producing cyano-
bacterial genera observed in CKD well water samples were
Oscillatoria sp., while the well water samples of Healthy_
Endemic showed the growth of Nostoc sp. and Phormidium
sp. The water samples collected from tube wells showed the
presence of Oscillatoria sp. and Nostoc sp. One reservoir
water sample showed the growth of Merismopedia sp. Fur-
ther, Anabaena sp. was observed in a community well water
sample collected from Girandurukotte during the dry season.

Among the well water samples collected from Dehiatta-
kandiya during the wet season, 13.5% CKDu, 18.9% CKD
and 37.8% Healthy_Endemic well water samples showed
the growth of toxin-producing cyanobacterial genera. The
prevalence of Anabaena sp., Aphanothece sp., Oscilla-
toria sp., and Phormidium sp. were common. Apart from
that, one well water sample from CKD showed the growth
of Merismopedia sp. while two well water samples from
Healthy_Endemic showed Microcystis sp., and Pseudoana-
baena. Interestingly, an untreated water sample collected
from a water plant showed the growth of Merismopedia sp.
and Phormidium sp.

Well water samples collected from Healthy_NonEndemic
individuals, also showed the growth of potential toxin-pro-
ducing cyanobacterial genera which were common in the
water samples from CKDu endemic areas, such as Anabaena
sp., Oscillatoria sp., Phormidium sp. and Raphidiopsis sp.
Furthermore, the two Healthy_NonEndemic well water sam-
ples showed the growth of Chroococcidiopsis sp. and Lep-
tolyngbya sp. The collected water samples from reservoirs
showed the prevalence of Oscillatoria sp. and Phormidium
sp. while water samples from water plants and irrigation
well water samples showed only the growth of Phormidium
sp. However, toxin-producing cyanobacterial genera did not
originate from the hot spring water sample.

Among the reported toxin-producing cyanobacterial
genera, Anabaena, Aphanothece, Chroococcidiopsis, Fis-
cherella, Hapalosiphon, Merismopedia, Microcystis, Nostoc,
Oscillatoria, Phormidium and Pseudoanabaena are known
as MCs-producing cyanobacterial genera while Anabaena,
Oscillatoria and Raphidiopsis are known as CYN -pro-
ducing cyanobacterial genera. Several water samples from
CKDu endemic Girandurukotte as well as CKDu non-
endemic Sewanagala revealed the prevalence of potential
NOD producers such as Nodularia sp. and Leptolyngbya sp.
(Wood et al. 2020).

Morphologically identified, several MCs and CYN-
producing cyanobacterial genera in the current study are
presented in Fig. 2. In comparison, the prevalence of MCs-
producing cyanobacterial genera was higher in well water
samples collected from CKDu, CKD and Healthy_Endemic
individuals’ during the wet season than in the dry season
(Fig. 3a). CKDu endemic Dehiattakandiya well water sam-
ples showed the highest prevalence of toxin-producing
cyanobacterial genera (Fig. 3a, b). However, diversity among
the cyanotoxin-producing cyanobacterial genera could be
observed in CKDu well water samples compared to other
groups (Table 2). The findings in the current study agree
with the results of a previous study conducted by Liyanage
et al. (2016b), which documented the prevalence of cyano-
bacterial sp. in CKDu and CKD individuals’ well waters
in CKDu endemic Girandurukotte (Liyanage et al. 2016b).
The study by McDonough et al. (2020), aligns with the find-
ings of the current study as well, indicating the growth of
cyanobacterial sp., particularly Microcystis, in well water
samples in the CKDu endemic Medawachchiya area, Sri
Lanka (McDonough et al. 2020).

Detection of Cyanotoxins in Water Samples

Overall, the reported concentrations of total MCs and CYN
ranged between Not detected to 65.14 and Not detected to
3.64 ug/L respectively in all water samples from CKDu
endemic areas (n=154). They were Not detected to 30.80
and Not detected to 0.93 pg/L in all water samples from
CKDu non-endemic area (n=238).

Upon the examination of well water samples (n=155)
collected from both CKDu endemic areas and the CKDu
non-endemic area, it was reported that 41 samples (26.4%)
showed the presence of MCs while 56 samples (36.1%) con-
tained CYN. From the well water samples, which showed the
presence of MCs, 24.3, 17.0, 31.7, and 26.8% were CKDu,
CKD, Healthy_Endemic and Healthy_NonEndemic sam-
ples. Nevertheless, an association between the presence
and absence of MCs in well water samples with the status
of being CKDu, CKD and Healthy was not observed (Chi-
square, p=0.08). In the case of well water samples indicat-
ing the presence of CYN, 46.4, 19.6, 23.2 and 10.7% were
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Fig.2 Morphology of identified toxin-producing cyanobacterial genera a Oscillatoria sp. b Merismopedia sp. ¢ Anabaena sp. d Phormidium sp.

e Nostoc sp. f Microcystis sp

Fig.3 The prevalence of a
potential MCs-producing
cyanobacterial genera in well
water samples b The potential
CYN-producing cyanobacterial
genera in well water samples

as a percentage (CKDu: CKDu
individuals’, CKD: CKD
individuals’, Healthy_Endemic:
Healthy individuals’ from
CKDu endemic areas, Healthy_
NonEndemic: Healthy individu-
als' from CKDu non-endemic
area)

@ Springer

(@)

Prevalence (%)

b

—~
~

Prevalence (%)

120]
100 -
80 -
60 -
40 -
20 4
0.
80 -]
70

60 -]
50 -

CKDu

CKDu

CKD

CKD

- Girandurukotte Wet Season
Girandurukotte Dry Season
- Dehiattakandiya Wet Season
[:] Sewanagala Wet Season

T T L +
Healthy_Endemic Healthy_NonEndemic

.

Healthy_Endemic  Healthy_NonEndemic

Well water samples



Risk Attribution for Chronic Kidney Disease of Unknown Etiology (CKDu) with Cyanotoxin Exposure

from CKDu, CKD, Healthy_Endemic and Healthy_NonEn-
demic well water samples. Despite this, no association was
observed between the presence or absence of CYN in well
water samples and the disease condition of CKDu, CKD, or
Healthy (Chi-square, p=0.21).

When the results were arranged according to sampling
location and the sampling season, none of the well water
samples, the tube well sample, reservoirs water samples,
the spring water sample and water plant water samples
from CKDu endemic Girandurukotte during the wet season
showed the presence of MCs. The reason may be that the
concentrations were lower than the detection level of HPLC
in the current study.

Nevertheless, the mean concentration of CYN in well
water samples collected from CKDu, CKD and Healthy_
Endemic individuals in the same sampling location during
the same season were 0.0085 +0.0040, 0.0028 +0.0015 and
0.0014 +0.0009 pg/L, respectively. These reported concen-
trations of CYN in the well water samples from Giranduru-
kotte wet season were below the WHO-recommended pro-
visional guideline value for CYN (drinking water: 0.7 ug/L
and recreational exposure: 6 pug/L) (WHO 2020b). Only two
out of six reservoir samples from Girandurukotte wet season
showed the presence of CYN with concentrations of 0.19
and 0.34 pg/L. Neither the tube well water sample nor the
spring water sample showed the presence of CYN. However,
two out of three untreated water samples from water plants
reported the presence of CYN with concentrations of 0.02
and 0.007 ug/L. These reported concentrations of CYN in
the above water samples from the Girandurukotte wet season
were below the WHO-recommended provisional guideline
value for CYN (drinking water: 0.7 pug/L and recreational
exposure: 6 pug/L) (WHO 2020b).

In the same sampling location during the dry season,
total MCs in CKDu, CKD and Healthy_Endemic well water
samples recorded the mean concentrations of 5.42 +2.94,
5.02+2.92, 1.064 + 1.064 pg/L, respectively. The water
sample from the community well revealed a notably elevated
value of 98.4 ug/L for total MCs, which drastically exceeded
both the WHO-recommended provisional guideline values
for MCs in drinking water (1 pg/L) and for recreational
exposure (24 ng/L) as well (WHO 2020a). The water sample
from the water plant showed the total MCs concentration of
7.76 ng/L. s. Only one out of three tube well water samples
showed the presence of total MCs with a high concentration
of 11.36 pg/L which exceeded the WHO-recommended pro-
visional guideline value for MCs in drinking water (1 pg/L).
None of the water samples from reservoirs and springs from
Girandurukotte wet season showed the presence of MCs.

Only two well water samples from CKDu individu-
als (3.64 ug/L and 0.82 pg/L), in the Girandurukotte
dry season exceeded the provisional guideline value
for CYN (drinking water: 0.7 pg/L and recreational

exposure: 6 pug/L). However, the mean concentrations of
CYN in CKDu, CKD and Healthy_Endemic individu-
als” well water samples were 0.259 x 107! +0.145x 107!,
0.071 +£0.015 and 0.044 +0.009 pg/L. Three out of two
tube well samples reported CYN concentrations of 0.03
and 0.30 pg/L. Only one out of the two reservoirs and a
spring water sample reported the presence of CYN with
concentrations of 0.04 and 0.06 pg/L, respectively. The
CYN concentrations of the water sample from the water
plant and the community well water sample were 0.35 and
0.08 pg/L. These reported values were below the WHO-
recommended value for CYN (drinking water: 0.7 pug/L
and recreational exposure: 6 ug/L).

CKDu endemic Dehiattakandiya in wet season recorded
the mean concentrations of total MCs in CKDu, CKD
and Healthy_Endemic individuals’ well water samples
as 0.39+0.29, 2.07 £0.75, and 1.38 £0.32 pg/L, respec-
tively. The mean concentrations of total MCs in CKD
and Healthy_Endemic individuals’ well water samples
exceeded the WHO-recommended provisional guideline
value for MCs in drinking water (1 ug/L). Out of the seven
reservoir water samples, in six samples, MCs was detected
with concentrations of 3.21, 1.61, 1.07, 1.03, 3.59 and
0.98 pg/L which exceeded the WHO-recommended provi-
sional guideline value for MCs in drinking water (1 pug/L).

CYN was detected in one out of ten CKDu individuals’
well water samples from Dehiattakandiya in wet season,
the reported concentration was 0.008 pug/L. The mean con-
centration of CYN in Healthy_Endemic individuals’ well
water samples was 0.0053 +0.0040 ug/L. However, the
recorded values did not exceed the WHO-recommended
provisional guideline value for CYN (drinking water:
0.7 pg/L and recreational exposure: 6 pg/L). CYN has not
been detected in CKD well water samples and reservoir
water samples.

The control area in the study, Sewanagala, during the wet
season, showed the presence of MCs and CYN with mean
concentrations of 4.05+1.56 and 0.082 +0.0036 pg/L in
well water samples. The mean concentration of total MCs
exceeded the WHO-recommended provisional guideline
value for MCs while the mean concentration of CYN did
not surpass the value. The tube well sample collected from
Sewanagala during the wet season showed the presence of
MCs with concentrations of 19.21 pg/L, which passed the
WHO-recommended provisional guideline value for MCs in
drinking water (1 pg/L). Among the four reservoir samples,
only one showed the presence of MC-YR with an elevated
concentration of 20.24 ug/L, exceeded the WHO-recom-
mended provisional guideline value for MCs in drinking
water (1 ug/L). CYN was not detected in the tube well sam-
ple. Both irrigation well water samples reported MCs with
9.25 pg/L and 17.04 pg/L concentrations. The hot spring
sample did not show the presence of MCs.
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CYN was detected in two out of four reservoir water
samples from Sewanagala, with concentrations of 0.03 and
0.01 pg/L. The hot spring sample did not show CYN.

The mean concentrations of MCs and CYN in well
water samples from both CKDu endemic areas and the
non-endemic area are summarized in Table 3. However,
the cyanotoxin: NOD was not detected in any of the tested
water samples even though possible nodularin-produc-
ing cyanobacterial genera were morphologically identi-
fied. The reason may be due to the concentration of the
NOD in the water samples being lower than the detect-
able levels of the current study. When considering only
the well water samples from CKDu endemic areas and the
CKDu non-endemic area, the mean concentration of total
MCs in well water samples varies as Healthy_NonEn-
demic > CKD > CKDu > Healthy_Endemic (Fig. 4a). No sig-
nificant difference was observed in total MCs concentration

among CKDu, CKD, Healthy_Endemic and Healthy_Non-
Endemic well water sample groups (ANOVA, p> 0.05). The
mean CYN concentrations vary as CKDu > CKD > Healthy _
Endemic > Healthy_NonEndemic (Fig. 4b). Interestingly, the
mean concentration of CYN in CKDu well water samples
was significantly higher than that of Healthy_ NonEndemic
(ANOVA, p=0.04) well water samples. However, there are
a limited number of previous studies which reported the
concentration of CYN in water sources in Sri Lanka. The
study done by Liyanage et al. 2013 reported mean CYN
concentration in Jaya ganga, Kala wewa, Nuwara wewa and
Tissa wewa in CKDu endemic Anuradhapura area in the dry
zone, as 0.104, 0.091, 0.255 and 0.0967 ng/ml, respectively
(Liyanage et al. 2013). The study by Abeysiri et al. 2018
reported mean concentrations of CYN in CKDu individuals’
well waters in CKDu endemic Medirigiriya area in the dry
zone, were between 0.38 +0.01 pg/L to 1.45+0.08 pg/L and

Table 3 Mean concentrations of total MCs and CYN in well water samples from the CKDu endemic areas and non-endemic area

Mean concentrations + SE of total MCs and CYN (ug/L) in well water samples

CKDu endemic areas

CKDu non-endemic area

Girandurukotte wet season

Girandurukotte dry season

Dehiattakandiya wet season

Sewanagala wet season

MCs CYN MCs CYN MCs CYN MCs CYN
CKDu ND 0.0085+0.0040 5.42+2.94 0.259+0.145  0.398+0.29  0.0008+0.0008*  — -
CKD ND 0.0028+£0.0015  5.02+2.92 0.071+£0.015  2.07+0.75 ND - -
Healthy ND 0.0014+0.0009  1.064+1.064*  0.044+0.009 1.38+0.32 0.0053 +0.0040 4.05+1.56 0.0082+0.0036

ND: not detected, *detected in only one sample

Fig.4 The comparison of the
mean concentrations of a total
MCs and b CYN in well water
samples from CKDu endemic
areas and non-endemic area
(CKDu: CKDu individu-

als’, CKD: CKD individuals’,
Healthy_Endemic: Healthy indi-
viduals’ from CKDu endemic
areas, Healthy_NonEndemic:
Healthy individuals' from
CKDu non-endemic area)
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0.2740.04 pg/L to 1.2540.08 pg/L while the study reported
no CYN in the water samples from CKDu non-endemic
Hambantota area in the dry zone (Abeysiri et al. 2018). The
CYN concentration in the water sources in the wet zone
of the country has not been reported in previous literature.
However, the study done by Yatigammana and Perera 2017,
reported the presence of potential CYN-producing cyano-
bacterium; Cylindrospermopsis raciborskii in Gregory Lake
in Nuwara Eliya in the wet zone (Yatigammana & Perera
2017). Jayatissa et al. 2006 analyzed the presence of toxi-
genic cyanobacterial species in reservoirs from the Dry zone
and the wet zone. Nevertheless, the study did not detect
CYN-producing cyanobacterial species in the reservoirs in
the wet zone (Jayatissa et al. 2006). Therefore, the analysis
of CYN concentration and CYN-producing cyanobacteria is
crucial. CYN is known as a potential nephrotoxic compound.
Since most of the CKDu and CKD individuals’ well water
samples from CKDu endemic areas contain CYN in the pre-
sent study, it may damage the already weakening kidneys;
when consumed for a prolonged period.

Human Exposure to Cyanotoxins

The results of total Chronic Daily Intake (CDI) (Table S2)
reveal that among the population (n=39) exposed to well
waters containing MCs, 23.1, 17.9, 30.7 and 28.2% of
CKDu, CKD, Healthy_Endemic and Healthy_NonEn-
demic individuals exceeded the WHO-recommended toler-
able daily intake value of MCs (0.04 pg/kg bw/d) (WHO
2020a). Similarly, for CYN, among the population (n=42)
who consume from well waters contained CYN, 35.7, 16.6,
11.9 and 9.52% of CKDu, CKD, Healthy_Endemic and
Healthy_NonEndemic individuals respectively surpassed the
WHO-recommended tolerable daily intake value for CYN
(0.03 pg/kg bw/d) (WHO 2020b).

When considering the sampling sites, five CKDu indi-
viduals (55.5%), three CKD individuals (33.3%) and one
Healthy_Endemic individual (11.1%) from CKDu endemic
Girandurukotte population (n=9) exceeded the WHO-rec-
ommended tolerable daily intake value of MCs. In the CKDu
endemic Dehiattakandiya population (n=19), four CKDu
individuals (21.0%), four CKD individuals (21.0%), and
eleven Healthy_Endemic individuals (57.9%) exceeded the
WHO-recommended tolerable daily intake value of MCs. In
the CKDu non-endemic Sewanagala population, all eleven
exceeded the recommended value for MCs. Furthermore, in
the case of CYN, fifteen CKDu individuals (44.1%), seven
CKD individuals (20.5%) and five Healthy_Endemic indi-
viduals (14.7%) in the CKDu endemic Girandurukotte popu-
lation (n=34) exceeded the WHO-recommended tolerable
daily intake value of CYN. No individuals’ CDI from the
CKDu endemic Dehiattakandiya exceeded the recommended
value for CYN, while four individuals (66.6%) from CKDu

non-endemic Sewanagala (n=6) exceeded it. According to
the questionnaire, most individuals with CKDu consume
more than 2 L of drinking water and the majority of CKDu
individuals have lived in the CKDu endemic area for a long
time. Therefore, exposure to these cyanotoxins, especially
for CYN via water consumption, could be higher for them
than the other groups. However, when considering the other
water sources, such as reservoirs, springs, community wells
and irrigation wells, the CDI would be higher than in the
well waters since the recorded cyanotoxin concentrations
were comparatively high. Besides drinking water, it would
add an extra exposure risk from cyanotoxins for the residents
via recreational activities, cooking, consuming cyanotoxin-
contaminated food and other domestic work. Furthermore,
the CDI of cyanotoxins via drinking water of an individual
may vary depending on the cyanotoxin concentration in
water sources during dry and wet seasons (according to the
results of the present study). As per the questionnaire, most
individuals were farmers, and most CKDu individuals con-
sumed agricultural water before their disease was diagnosed.
Therefore, the risk of daily exposure to cyanotoxin-contam-
inated water is higher in CKDu individuals when compared
to other groups.

Conclusion

The socio-demographic analysis of the current study
revealed that CKDu is significantly associated (p <0.05)
with being a male and CKDu individuals are more likely
to have a family history of CKDu. Diversity among the
cyanobacterial genera which potentially produce microcys-
tins, nodularin, and cylindrospermopsin, was observed in
CKDu well water samples compared to CKD and Healthy
well water samples. The mean concentration of total micro-
cystins in CKDu non-endemic Sewanagala well water sam-
ples reported the highest while the well water samples from
Healthy individuals from CKDu endemic area reported the
lowest. However, no significant difference was observed
in total microcystins among the well water samples from
CKDu, CKD and Healthy individuals’. The mean cylindros-
permopsin concentration was significantly higher in CKDu
well water samples when compared to CKDu non-endemic
Sewanagala well water samples. For cylindrospermopsin,
most CKDu individuals exceeded the WHO-recommended
tolerable daily intake value (0.03 pg/kg bw/d). Regardless of
the sampling location, almost all the water samples exceeded
the WHO-recommended provisional guideline value for
drinking water (1 ug/L) for microcystins, which reveals a
potential risk of weakening the kidneys with chronic expo-
sure. Even though nodularin-producing cyanobacteria gen-
era was morphologically identified in well water samples,
the cyanotoxin, nodularin was not detected in any of the
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tested water samples. Overall, exposure to nephrotoxic
cyanotoxins such as microcystins and cylindrospermop-
sin via drinking water, especially sub-surface water, may
increase the health risk to individuals with chronic exposure.
The study recommends regular analysis of cyanotoxin con-
tent in drinking water and advocates incorporating cyano-
toxin assessment, based on WHO guidelines, as a standard
parameter in national water quality testing.

Limitations

The study analyzed cyanotoxins in water sources in only
one CKDu non-endemic area in Sri Lanka. Future stud-
ies on analyzing cyanotoxins, especially microcystins and
cylindrospermopsin, in drinking water sources in CKDu
non-endemic areas in the dry zone as well as in the wet
zone are recommended. The study did not identify toxigenic
cyanobacteria in drinking water to the species level. Further
studies are recommended to identify the cyanobacterial spe-
cies in the well water in CKDu endemic areas by molecu-
lar identification. The study did not follow the cyanotoxins
recovery methods.
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tary material available at https://doi.org/10.1007/s12403-025-00724-1.

Acknowledgments We acknowledge the National Science Foundation,
Sri Lanka (Grant No. ICRP/NSF-NSFC/2019/BS/01), for funding for
the research.

Author Contributions All authors contributed to the study conception
and design. Material preparation, data collection and analysis were
performed by Sanduni Bandara, Sammani De Silva, Meththika Vithan-
age and Dhammika Magana-Arachchi. Conceptualization, supervision,
project administration reviewing and editing were done by Dhammika
Magana-Arachchi, Rasika Wanigathunga, Meththika Vithanage and
Anushka Upamali Rajapaksha. The first draft of the manuscript was
written by Sanduni Bandara and all authors commented on previous
versions of the manuscript. All authors read and approved the final
manuscript.

Funding This work was supported by the National Science Foundation
of Sri Lanka (Grant No. ICRP. FC/2019/BS/01).

Data Availability The datasets generated during and/or analyzed during

the current study are not publicly available but are available from the
corresponding author on reasonable request.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical Approval The ethical approval was granted by the Research &
Ethics Review Committee of University of Kelaniya, Sri Lanka (UOK/
ERC/FS/20/001).

Consent to Participate Informed consent was obtained from all indi-
vidual participants included in the study.

@ Springer

References

Abeysiri H, Wanigasuriya K, Manage PM (2018) Detection of cylin-
drospermopsin and microcystin-LR in well water of CKDu prev-
alence Medirigiriya. Sri Lanka Pure Appl Sci 17:656

Abeywickrama B, Abeywickrama L, Arulnanam P, Jansen M (1986)
The genera of the freshwater algae of Sri Lanka-Part II. MAB
Publication: No. 15

Beasley VR (2020) Harmful algal blooms (phycotoxins). https://doi.
org/10.1016/B978-0-12-409548-9.11275-8

Chorus I, Welker M (2021) Toxic cyanobacteria in water: a guide to
their public health consequences, monitoring and management.
Taylor & Francis

Codd GA, Testai E, Funari E, Sviréev Z (2020) Cyanobacteria,
cyanotoxins, and human health. Water Treat Purif Cyanobacte-
ria Cyanotoxins. https://doi.org/10.1002/9781118928677.ch2

Cooray T, Wei Y, Zhong H, Zheng L, Weragoda SK, Weerasooriya
R (2019) Assessment of groundwater quality in CKDu affected
areas of Sri Lanka: implications for drinking water treatment.
Int J Environ Res Public Health 16(10):1698

Diez-Quijada L, Puerto M, Gutiérrez-Praena D, Turkina MV, Cam-
pos A, Vasconcelos V, Cameidn AM, Jos A (2022) In Vitro Tox-
icity evaluation of cyanotoxins cylindrospermopsin and micro-
cystin-LR on human kidney HEK293 cells. Toxins 14(7):429.
https://doi.org/10.3390/toxins 14070429

Gobalarajah K, Subramaniam P, Jayawardena UA, Rasiah G, Rajen-
dra S, Prabagar J (2020) Impact of water quality on chronic
kidney disease of unknown etiology (CKDu) in Thunukkai divi-
sion in Mullaitivu District. Sri Lanka BMC Nephrol 21(1):1-11

He Q, Wang W, Xu Q, Liu Z, Teng J, Yan H, Liu X (2022) Micro-
cystins in water: detection, microbial degradation strategies,
and mechanisms. Int J Environ Res Public Health 19(20):13175.
https://doi.org/10.3390/ijerph192013175

Hettithanthri O, Sandanayake S, Magana-Arachchi D, Wanigatunge
R, Rajapaksha AU, Zeng X, Shi Q, Guo H, Vithanage M (2021)
Risk factors for endemic chronic kidney disease of unknown
etiology in Sri Lanka: Retrospect of water security in the dry
zone. Sci Total Environ 795:148839. https://doi.org/10.1016/j.
scitotenv.2021.148839

Hewapathirange S, Madagedara A, Chandrajith R, Nannayakkara N
(2023) A critical evaluation of anthropological, biochemical,
and geo-climatic factors related to chronic kidney disease with
unknown etiology in Sri Lanka. Environ Dis 8(1):13-19. https://
doi.org/10.1093/ndt/gfac070.002

Imbulana S, Oguma K (2021) Groundwater as a potential cause of
Chronic Kidney Disease of unknown etiology (CKDu) in Sri
Lanka: a review. J] Water Health 19(3):393-410

Jayatissa L, Silva E, McElhiney J, Lawton L (2006) Occurrence of
toxigenic cyanobacterial blooms in freshwaters of Sri Lanka.
Syst Appl Microbiol 29(2):156-164

Johnson RJ, Wesseling C, Newman LS (2019) Chronic kidney dis-
ease of unknown cause in agricultural communities. New Engl J
Med 380(19):1843-1852. https://doi.org/10.1056/NEJMral813
869

Komarek J, KasStovsky J, Mares J, Johansen JR (2014) Taxonomic
classification of cyanoprokaryotes (cyanobacterial genera)
2014, using a polyphasic approach. Preslia 86(4):295-335

Lawton LA, Edwards C, Codd GA (1994) Extraction and high-
performance liquid chromatographic method for the deter-
mination of microcystins in raw and treated waters. Analyst
119(7):1525-1530

Liyanage M, Magana-Arachchi D, Chandrasekharan N (2013) Iden-
tification of Cylindrospermopsin and Cylindrospermopsis raci-
borskii from Anuradhapura district. Sri Lanka J Ecotechnol Res
17(1):23-28


https://doi.org/10.1007/s12403-025-00724-1
https://doi.org/10.1016/B978-0-12-409548-9.11275-8
https://doi.org/10.1016/B978-0-12-409548-9.11275-8
https://doi.org/10.1002/9781118928677.ch2
https://doi.org/10.3390/toxins14070429
https://doi.org/10.3390/ijerph192013175
https://doi.org/10.1016/j.scitotenv.2021.148839
https://doi.org/10.1016/j.scitotenv.2021.148839
https://doi.org/10.1093/ndt/gfac070.002
https://doi.org/10.1093/ndt/gfac070.002
https://doi.org/10.1056/NEJMra1813869
https://doi.org/10.1056/NEJMra1813869

Risk Attribution for Chronic Kidney Disease of Unknown Etiology (CKDu) with Cyanotoxin Exposure

Liyanage HM, Magana Arachchi DN, Chandrasekaran NV (2016a)
Genetic divergence among toxic and non-toxic cyanobacteria of
the dry zone of Sri Lanka. Springerplus 5:1-13

Liyanage M, Magana-Arachchi D, Priyadarshika C, Abeysekara T,
Gunaratne L (2016b) Cyanobacteria and cyanotoxins in well
waters of the Girandurukotte, CKDu endemic area in Sri Lanka;
do they drink safe water? J Ecotechnol Res 18(1):17-21

Lowe C, Kumarasinghe N (2021) Identification of social and occupa-
tional risk factors associated with CKDu (chronic kidney disease
of unknown etiology) patients living in an agricultural community
in Kebithigollewa, Sri Lanka

Machado J, Campos A, Vasconcelos V, Freitas M (2017) Eftects of
microcystin-LR and cylindrospermopsin on plant-soil systems: A
review of their relevance for agricultural plant quality and public
health. Environ Res 153:191-204

Magana-Arachchi DN, Liyanage HM (2012) Determining the pres-
ence of cyanotoxins in water reservoirs of Anuradhapura, using
molecular and bioassay methods. J Natl Sci Found Sri Lanka
40(2):157-167. https://doi.org/10.4038/jnsfsr.v40i2.4443

Manage PM (2019) Cyanotoxins: a hidden cause of chronic kidney
disease of unknown etiology (CKDu) in Sri Lanka-a review

Manning SR, Nobles DR (2017) Impact of global warming on water
toxicity: cyanotoxins. Curr Opin Food Sci 18:14-20. https://doi.
org/10.1016/j.cofs.2017.09.013

McDonough LK, Meredith KT, Nikagolla C, Middleton RJ, Tan JK,
Ranasinghe AV, Sierro F, Banati RB (2020) The water chemis-
try and microbiome of household wells in Medawachchiya, Sri
Lanka, an area with high prevalence of chronic kidney disease of
unknown origin (CKDu). Sci Rep 10(1):1-12. https://doi.org/10.
1038/541598-020-75336-7

Moraes A, Freire D, Habibi H, Lowe J, Magalhdes V (2021) Cylin-
drospermopsin impairs tubular transport function in kidney cells
LLC-PKI1. Toxicol Lett 344:26-33

Pett J, Mohamed F, Knight J, Linhart C, Osborne NJ, Taylor R (2022)
Two decades of chronic kidney disease of unknown aetiology
(CKDu) research: existing evidence and persistent gaps from
epidemiological studies in Sri Lanka. Nephrology 27(3):238-247

Piyathilaka M, Pathmalal M, Tennekoon K, De Silva B, Samarakoon
S, Chanthirika S (2015) Microcystin-LR-induced cytotoxicity and
apoptosis in human embryonic kidney and human kidney adeno-
carcinoma cell lines. Microbiology 161(Pt_4):819-828. https://
doi.org/10.1099/mic.0.000046

Rajapakse S, Shivanthan MC, Selvarajah M (2016) Chronic kidney
disease of unknown etiology in Sri Lanka. Int J Occup Environ
Health 22(3):259-264. https://doi.org/10.1080/10773525.2016.
1203097

Ruwanpathirana T, Senanayake S, Gunawardana N, Munasinghe A,
Ginige S, Gamage D, Amarasekara J, Lokuketagoda B, Chulasiri
P, Amunugama S (2019) Prevalence and risk factors for impaired
kidney function in the district of Anuradhapura, Sri Lanka: a
cross-sectional population-representative survey in those at risk
of chronic kidney disease of unknown aetiology. BMC Public
Health 19:1-11

Authors and Affiliations

Sanduni Bandara'?
Meththika Vithanage'3#

P4 Meththika Vithanage
meththika@sjp.ac.lk

>4 Dhammika Magana-Arachchi
dhammika.ma@nifs.ac.lk

- Sammani De Silva' - Rasika Wanigatunge?
- Dhammika Magana-Arachchi'

Scarlett KR, Kim S, Lovin LM, Chatterjee S, Scott JT, Brooks BW
(2020) Global scanning of cylindrospermopsin: critical review
and analysis of aquatic occurrence, bioaccumulation, toxicity and
health hazards. Sci Total Environ 738:139807. https://doi.org/10.
1016/j.scitotenv.2020.139807

Simola O, Wiberg M, Jokela J, Wahlsten M, Sivonen K, Syrjd P
(2012) Pathologic findings and toxin identification in cyanobac-
terial (Nodularia spumigena) intoxication in a dog. Vet Pathol
49(5):755-759. https://doi.org/10.1177/0300985811415703

Welker M, Bickel H, Fastner J (2002) HPLC-PDA detection of
cylindrospermopsin—opportunities and limits. Water Res
36(18):4659-4663

Weralupitiya C, Wanigatunge RP, Gunawardana D, Vithanage M,
Magana-Arachchi D (2022) Cyanotoxins uptake and accumula-
tion in crops: phytotoxicity and implications on human health.
Toxicon. https://doi.org/10.1016/j.toxicon.2022.03.003

WHO (2020a) Cyanobacterial toxins: microcystins

WHO (2020b) Cyanobacterial toxins: cylindrospermopsins

Wood SA, Kelly L, Bouma-Gregson K, Humbert JF, Laughinghouse
HD IV, Lazorchak J, McAllister T, McQueen A, Pokrzywinski K,
Puddick J (2020) Toxic benthic freshwater cyanobacterial prolif-
erations: challenges and solutions for enhancing knowledge and
improving monitoring and mitigation. Freshw Biol 65(10):1824.
https://doi.org/10.1111/fwb.13532

Xiao C-C, Chen M-J, Mei F-B, Fang X, Huang T-R, Li J-L, Deng
W, Li Y-D (2018) Influencing factors and health risk assessment
of microcystins in the Yongjiang river (China) by Monte Carlo
simulation. Peer] 6:¢5955

Xu S, Yi X, Liu W, Zhang C, Massey 1Y, Yang F, Tian L (2020) A
review of nephrotoxicity of microcystins. Toxins 12(11):693.
https://doi.org/10.3390/toxins 12110693

Yang Y, Yu G, Chen Y, Jia N, Li R (2021) Four decades of progress in
cylindrospermopsin research: the ins and outs of a potent cyano-
toxin. J Hazard Mater 406:124653. https://doi.org/10.1016/j.jhazm
at.2020.124653

Yatigammana S, Perera M (2017) Distribution of Cylindrospermopsis
raciborskii (cyanobacteria) in Sri Lanka. Ceylon J Sci. 46(3)

Zakeel M, Weerasinghe P, Wijayawardhana H, Kumari B (2018) Pre-
liminary study to find occurrence and dynamics of toxic cyano-
bacteria in Nuwara wewa and Nachchaduwa wewa, two man-made
reservoirs in Sri Lanka

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

- Anushka Upamali Rajapaksha3

Molecular Microbiology and Human Diseases Project,
National Institute of Fundamental Studies, Kandy, Sri Lanka

Department of Plant and Molecular Biology, Faculty
of Science, University of Kelaniya, Kelaniya, Sri Lanka

@ Springer


https://doi.org/10.4038/jnsfsr.v40i2.4443
https://doi.org/10.1016/j.cofs.2017.09.013
https://doi.org/10.1016/j.cofs.2017.09.013
https://doi.org/10.1038/s41598-020-75336-7
https://doi.org/10.1038/s41598-020-75336-7
https://doi.org/10.1099/mic.0.000046
https://doi.org/10.1099/mic.0.000046
https://doi.org/10.1080/10773525.2016.1203097
https://doi.org/10.1080/10773525.2016.1203097
https://doi.org/10.1016/j.scitotenv.2020.139807
https://doi.org/10.1016/j.scitotenv.2020.139807
https://doi.org/10.1177/0300985811415703
https://doi.org/10.1016/j.toxicon.2022.03.003
https://doi.org/10.1111/fwb.13532
https://doi.org/10.3390/toxins12110693
https://doi.org/10.1016/j.jhazmat.2020.124653
https://doi.org/10.1016/j.jhazmat.2020.124653
http://orcid.org/0000-0003-3957-141X
http://orcid.org/0000-0003-4070-0100
http://orcid.org/0000-0002-3240-3934
http://orcid.org/0000-0003-2923-4065
http://orcid.org/0000-0001-5825-4626

S.Bandara et al.

3 4

Ecosphere Resilience Research Center, Faculty of Applied Department of Geochemistry, Geological Survey of Denmark
Sciences, University of Sri Jayawardenepura, Nugegoda, and Greenland, Copenhagen K, Denmark
Sri Lanka

@ Springer



	Risk Attribution for Chronic Kidney Disease of Unknown Etiology (CKDu) with Cyanotoxin Exposure
	Abstract
	Graphical Abstract

	Introduction
	Materials and Methodology
	Sampling Locations and Sample Collection
	Socio-Demographic Information Collection
	Culturing and Morphological Identification of Cyanobacteria
	Detection of Cyanotoxins in Water Samples
	Extraction and Detection of MCs and NOD in Water Samples

	Extraction and Detection of CYN in Water Samples
	Determination of Human Exposure to Cyanotoxins
	Statistical Analysis

	Results and Discussion
	Comparative Analysis of Socio-Demographic Information
	Morphological Identification of Toxin-Producing Cyanobacterial Genera
	Detection of Cyanotoxins in Water Samples
	Human Exposure to Cyanotoxins

	Conclusion
	Limitations

	Acknowledgments 
	References


