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Abstract

There is a global concern regarding the increase of cyanotoxins in freshwater and their potential effects on human health. The
existence of multiple toxins in freshwater can result in an increased risk of their bioaccumulation in humans from their inges-
tion through contaminated drinking water or recreational activities. This study, the first of its kind, was conducted to deter-
mine the occurrence of thirteen cyanotoxins namely; microcystins (-LA, -LF, -LR, -LY, -LW, -RR, -YR, -WR, dm MC-RR
and dm MC-LR), anatoxin-a, nodularin and cylindrospermopsin in the freshwaters of Lake Victoria in Tanzania. A total of 23
sites were selected for water sampling. Samples were randomly collected from lakeshores (n=154), wells (n =66) and piped
water (n=18) in two phases, February (dry season) and December (rainy season) 2018. Samples (n=138) were analysed
using liquid chromatography mass spectrometry (UPLC-MS/MS). Cylindrospermopsin was the most abundant cyanotoxin
detected in the lakeshores, with eight of the nine collection sites (89%) reporting cylindrospermopsin in phase I, compared
to three out of nine (33%) in phase II. Microcystin congeners -RR, -LR and -YR were detected in phase I, with microcystins
-RR and -LR detected in phase II. MC concentrations ranged from 0.003 to 0.007 pg/L for MC-RR, 0.01-0.013 pg/L for
MC-LR and 0.004 to 0.01 pg/L for cylindrospermopsin, with nodularin reported once at a concentration of 0.01 pg/L. No
cyanotoxins were detected in wells or in treated pipe water samples. The existence of multiple toxins in different collection
sites may lead to synergistic effects and increase the toxicological risk to humans. This is the first study to report the pres-
ence of cylindrospermopsin and nodularin in the freshwaters of Lake Victoria.

Keywords Cylindrospermopsin - Lake Victoria - Nodularin - Microcystin

Introduction

Cyanobacteria blooming in freshwaters present major eco-
logical and health problems worldwide due to their abil-
ity to produce secondary metabolites known as cyanotox-
ins. Cyanotoxins can be classified into two criteria based
either on their mechanism of action, such as their action on
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terrestrial vertebrates and more so on mammals which can
lead to hepatotoxicity, neurotoxicity, and dermatotoxicity,
or according to their chemical structure e.g. cyclic peptides,
alkaloids or lipopolysaccharides (Carmichael 1992). Of
these cyanotoxins, the hepatotoxins including microcystins
(MC), such as MC-LR, MC-RR and MC-YR can potentially
contaminate water and pose a health risk to humans (Car-
michael et al. 2001). MC and nodularin (NOD), another
hepatotoxin, share a common characteristic that is the amino
acid Adda, which is responsible for these molecules toxic-
ity (Funari and Testai 2008; Greer et al. 2018). Repeated
exposures to these freshwater toxins can lead to acute and
chronic health problems (Buratti et al. 2017). Based on the
threat of MC in drinking water, the World Health Organisa-
tion (WHO) proposed a provisional acceptable concentration
limit of 1.0 pg/L for MC-LR in drinking water (WHO 2008).

Cyanotoxin-related human health effects vary according
to the type of toxin and route of exposure, which include;
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swimming, bathing and ingestion of contaminated water.
Several acute effects such as nausea, vomiting, diarrhoea,
mouth blisters, irritation of the skin, throat and eyes have
been documented (Kibria 2016). Fatalities were reported
at a Brazilian renal dialysis unit where some individu-
als exposed to MC in contaminated water developed
hepatic failure and death occurred (Pouria et al. 1998).
Moreover, acute cases of microcystin poisoning can
lead to human and animal death. Following ingestion,
MCs are transported to the liver by organic anion trans-
port proteins (OATPs) where they exert their toxicity via
inhibition of protein phosphatases 1 and 2A (Runnegar
et al. 1991). Inhibition of protein phosphatases leads to
excessive phosphorylation of structural filaments, with
subsequent cyto-skeletal degradation and breakdown of
hepatic ultra-structure (Eriksson et al. 1990; Sahin et al.
1995). Contraction of hepatocytes and sinusoidal capil-
laries causes blood to pool in the liver tissue, ultimately
resulting in local tissue damage, organ failure and haemor-
rhagic shock (Sahin et al. 1995). Studies documented by
Nishiwaki-Matsushima et al. (1992) produced evidence
of liver tumour promotion by MC-LR. Moreover, MC-LR
has been characterised as a Group 2B carcinogen by the
International Agency for Research on Cancer (IARC) i.e.
it is possibly carcinogenic to humans (IARC 2010). Cylin-
drospermopsin can also inhibit protein synthesis and is
considered a potential carcinogen due to its cytotoxicity
and genotoxicity (Moreira et al. 2013). Cylindrospermop-
sin (CYN) primarily inhibits protein P450 and glutathione
synthesis, which can lead to cell death in organs such as
the lungs, intestines, liver and kidneys, with this occur-
ring through irreversible inhibition of protein synthesis
(Bernard et al. 2003).

Increased eutrophication in Lake Victoria over the last
four decades has resulted in the elevation of toxin produc-
ing cyanobacteria in all seasons of the year (Sekadende
et al. 2005; (Ngupula et al. 2011; Mchau et al. 2019b). This
increase has been related to the rising levels of nutrients,
mainly phosphorus and nitrogen in the lake (Mbonde et al.
2004; Mchau et al. 2019b). Toxin producing cyanobacte-
ria such as Microcystis and Anabaena, which produce MC
and other toxins, have been identified and documented in all
countries surrounded by Lake Victoria in East Africa. These
countries include Tanzania, Kenya and Uganda (Sekadende
et al. 2005; Okello et al. 2010; Sitoki et al. 2012; Mchau
et al. 2019a). Rising temperatures have been thought to be a
contributing factor to the increase in algal blooms globally.
The continent of Africa is warming faster than the rest of
the world, with one consequence of this being the increase
in harmful algal blooms (HABs) and consequently cyano-
toxins in freshwater bodies therein (Liu et al. 2011). This
emphasizes the importance of strengthening water safety
surveillance of cyanobacterial blooms, especially through
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monitoring the concentration of existing and emerging
cyanotoxins.

The objective of this study focused on identification and
quantification of cyanotoxins namely MCs (-LA, -LF, -LR,
-LY, -LW, -RR, -YR, -WR, desmethylated (dm) MC-RR and
desmethylated (dm) MC-LR), anatoxin-a (ATX-A), NOD
and CYN in the freshwaters of the Ukerewe district and
along the shores of Lake Victoria. Information obtained will
add knowledge and understanding on the existence of mul-
tiple toxins in freshwater systems and the risk to the human
population due to possible repeated long-term exposure.

Materials and Methods
Study Site

This study was conducted at the Ukerewe district with
water collected from 23 different sites including the lake-
shore, wells and treated pipe water as indicated in Table 1.
Ukerewe District comprises 27 islands in Lake Victoria,
Northern Tanzania between latitudes 10° 45" and 20° 15’ S
and longitudes 320° 45" and 330° 45" E. Lake Victoria is the
world’s second largest freshwater body measured by surface
area of 68,800 km?, and the largest in the developing world.

Water Sample Collection

A total of 138 water samples with a volume of one-litre (1
Lt) each were collected based on three main water source
categories, namely; lakeshore water (54), well water (66)
and treated piped (18) water from 23 randomly selected
field sites as shows on (Table 1). Additionally, samples were
collected in 3 weeks consecutively. Sample collection was

Table 1 Water sample collection sites

Lakeshore Wells Treated pipe water

1. Bugolora 1. Busiri 1. Household 1 (pipe
water)

2. Chabilungo 2. Buhima 2. Household 2 (pipe
water)

3. Galu beach 3. Kakerege A 3. Treatment centre (TC)-
treated

4. Water street agency 4. Kakerege B

5. Muhula lake 5. Kasalu A

6. Nanumi 6. Kasalu B

7. Treatment centre 7. Muhula well

(TC)-untreated
8. Namagubo female 8. Nakatunguru
9. Managubo male 9. Kenonzo
10. Namagondo
11. Pius Msekwa
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divided in two phases; Phase I sample collection was car-
ried out during the dry season in the month of February
2018 (n=69) and phase II sample collection during the rainy
season in December 2018 (n=69). The samples were col-
lected and preserved as per the standard methods for exami-
nation of water (APHA 2012). Samples were stored in cool
boxes and transported to Nelson Mandela Africa Institute of
Science and Technology in Arusha (NM-AIST) where they
were stored at — 20 °C prior to being shipped to Queen’s
University Belfast (QUB) for further analysis.

Materials

Standards for MCs (-LA, -LF, -LR, -LY, -LW, -RR, -YR,
-WR, dm MC-RR and dm MC-LR) and NOD were pur-
chased from Enzo Life Sciences (UK). Anatoxin-a (ATX-A)
was purchased from the National Research Council, Canada,
and CYN was obtained from N’Tox, France. Water was sup-
plied from an in-house 18 MQ Millipore water system, Mil-
lipore Ltd. (Hertfordshire, UK). Methanol, acetonitrile and
formic acid were purchased from Sigma Aldrich (Dorset,
UK).

Analytical Standard Preparation

ATX-A was provided reconstituted at a concentration of
4.96 pg/mL, whereas the other toxins were in powder form
(100 pg). CYN was reconstituted in water and MC and NOD
standards were reconstituted in pure methanol (100 uL) to
give stock standards of 1 mg/mL. Working standards of
10 ug/mL were further prepared by diluting the stock stand-
ards of 1 mg/mL 1:100 (v/v) with 80% aqueous methanol
(v/v) and water for CYN. The multi-toxin stock standard
containing all 13 standards was prepared at a concentration
of 500 ng/mL by dilution of the 10 pg/mL working standards
1:20 (v/v) and in the case of ATX-A by 1:9.92 (v/v) with
80% aqueous methanol (v/v).

Extraction of Cyanotoxins

The samples were not filtered to make sure all total toxins are
detected (both intra- and extracellular levels) as depending
on what phase certain cyanobacterial species present were
in, some may have been extracellular and would therefore be
lost by filtration. This is especially true of cylindrospermop-
sin, with approximately 70-98% of cylindrospermopsin in
toxic blooms of C. raciborskii reported as being extracellular
(Kinnear 2010).

Extraction of cyanotoxins from the water samples col-
lected was performed as outlined in (Greer et al. 2016) with
some minor modifications as follows. After Iyophilisation of
a 100 mL aliquot, samples were extracted by resuspension in
5 mL of 75% aqueous methanol (v/v), vortex mixed briefly,

then transferred to a 15 mL falcon tube, and vortex mixed
for a further 30 min at room temperature, before centrifuga-
tion at 4500 rpm for 15 min. The supernatant was collected
and evaporated to dryness under a gentle stream of nitrogen
using a turbovap at 50 °C. Samples were then reconstituted
in 200 pL of 80% aqueous methanol (v/v) and transferred to
a micro vial for analysis.

Quantification of any toxins detected was achieved
through the preparation of a seven-point matrix matched cal-
ibration curve in the range 5-1000 ng/mL and was prepared
using blank water samples of 100 mL. The concentrations
of each calibrant were achieved by spiking with a multi-
toxin standard (MTS) at either 50 or 500 ng/mL. Extraction
efficiency was calculated by spiking blank matrix before and
after with 50 uL of the MTS at a concentration of 500 ng/
mL, equating to a toxin level of 125 ng/mL.

Analysis of Cyanotoxins in TQ-MS

Analysis of the 13 toxins was performed using a Xevo
TQ-MS (triple quadrupole MS/MS) Mass Spectrometer
(Waters, Manchester, UK). The system was operated in
electrospray positive mode (ESI+) with the capillary volt-
age set at 1 kV, source and desolvation temperatures at
150 °C and 400 °C, respectively, and desolvation gas flow
at 700 L/h, optimised to give the best sensitivity across all
analytes. Detection and quantification were achieved using
targeted analysis via Multiple Reaction Monitoring (MRM)
involving fragmentation of specific precursor ions (parent)
using argon as the collision gas, to at least two product ions
(daughters), with the cone voltages and collision energies
for each analyte optimised manually as shows in (Table 2).
Separation was achieved using a CORTECS UPLC T3 col-
umn, 100 mmx2.1 mmi.d., 1.6 um particle size, 120 A pore
size (Waters, UK) with the column maintained at 45 °C.
The mobile phases A and B consisted of water containing
0.1% formic acid (v/v) and acetonitrile, respectively. The
flow rate was set at 0.45 mL/min with the acetonitrile held
at 2% for 1 min, followed by an increase to 70% over 9 min,
washed for 1 min at 90% before returning to 2% for a 1 min
re-equilibration before the next injection. The injection vol-
ume was set at 2 pL.

Results and Discussion

A total of 138 water samples were collected during Phase
I and Phase II; 54 (39%) from the lakeshore, 66 (48%)
from wells and 18 (13%) from treated piped water. Results
revealed that cyanotoxins were detected in eight out of nine
selected sites (89%) from the lakeshore waters. Several tox-
ins such as, CYN, MCs, (-RR, -LR and -YR) and NOD were
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Table2 Optimised MRM/SRM

- Analyte Precursor ion Cone (V) Base frag- Collision Qualifier Collision
transmon.s for the 13 freshwater mention (0) Energy (eV) fragment(q) Energy
cyanotoxins V)

ATX-A* 166.10 25 149.0 15 131.05 15
CYN 416.20 35 194.1 40 336.2 20
dmMC-RR 512.95 35 135.2 40 107.2 50
MC-RR 519.95 35 135.0 30 127.1 40
NOD 825.50 65 135.1 65 70.0 75
MC-LA 910.50 32 135.1 65 213.1 60
dmMC-LR 981.55 50 135.1 70 107.1 70
MC-LF 986.50 35 135.1 70 213.1 55
MC-LR 995.60 55 135.0 75 107.05 80
MC-LY 1002.5 35 135.15 70 163.1 60
MC-LW 1025.6 25 135.1 65 107.1 65
MC-YR 1045.5 60 135.2 70 107.1 75
MC-WR 1068.55 60 135.1 75 107.1 75

Optimised MRM/SRM transitions for the 13 freshwater toxins (cyanotoxins) including; quantifier ion (Q)

and qualifying ion (g)

*ATX-A has a second qualifier fragment (g/) which is the diagnostic ion and is used to prevent misidentifi-
cation; g/ =166.1>42.95 with a collision energy of 20 eV (not shown in table)

Table 3 Summary of samples

. . Sampling location CYN (pg/L) MC-RR (pg/L) MC-LR (pg/L) MC-YR (pg/L) NOD (pg/L)
showing mean concentration of
toxins detection from different Bugorola 0.01 0.0067 0.010
collection sites in phase I (dry Chabilugo 0.007
seasons)
Galu beach 0.0069 0.0035
Water agency street  0.0057 0.0028 0.0128
Muhula lake 0.0062 0.0028 0.0118 0.0118
Nanumi
TC-untreated 0.004 0.013
Namagubo female 0.005 0.0029 0.0118
Namagubo male 0.0045 0.0102

identified in phase I (Table 3). In phase II, cyanotoxins were
identified in four (44%) sites only, with only CYN and MCs
(-RR and -LY) detected (Table 4). No cyanotoxins were
detected in wells and treated pipe water samples.

CYN was detected in eight (89%) of lakeshore collection
sites with concentrations ranging from 0.01 to 0.004 pg/L
(Table 3). NOD was detected in one site with a concentration
of 0.010 pg/L (Table 3). The study shows the presence of
MC congeners, -RR, -LR and -YR with concentrations rang-
ing from 0.003 to 0.009 pg/L for MC-RR, 0.010-0.012 pg/L
for MC-LR and 0.012-0.013 pg/L for MC-YR in phase L.
Furthermore, in phase I, MC-RR was detected in 5 (55.6%)
of the lakeshore samples collection sites (Fig. 2) whilst
MC-LR and MC-YR were detected in 2 (22.2%) and 4
(44.4%) collection sites, respectively. No cyanotoxins were
detected in any of the water samples collected from the wells
or from the treated piped water in phase L.
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Table4 Summary of samples showing toxins profile above detection
levels from different collection sites in phase II (rainy seasons)

Sampling site CYN (pg/L) MC-RR (pg/L) MC-LR (pg/L)

Bugorola 0.0122 0.004

Chabilungo 0.004

Water agency street 0.01
Muhula lake 0.0078 0.0038

Phase II results indicated that CYN was detected in water
samples from the lake with concentrations ranging from
0004 to 0.0122 pg/L in three (44%) collection sites. MC-LR
was detected in one site with a concentration of 0.01 pg/L
whilst MC-RR was present in two sites with concentrations
of 0.004 and 0.0038 pg/L (Table 4). No cyanotoxins were
detected in water samples from the wells and treated pipe
water in phase II.
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The combined toxin load found in phase I was substan-
tially higher when compared to phase II with the exception
of CYN where there was only a slight increase in maximum
concentrations of 0.011 pg/L in phase I to 0.012 pg/L in
phase II. Microcystin congeners -RR, -LR and -YR, CYN
and NOD were all detected in phase I, whereas only micro-
cystin congeners -RR, -LR as well as CYN were detected
in phase II.

CYN was the most abundant cyanotoxin, observed in 89%
of all the collection sites, and in week 2 it was detected
in all eight sites whereas in week 3 it was detected in six
sites (Fig. 1). Samples from the lake indicated the presence
MC-RR in 5 (55.6%) of the collection sites, making it the

second most dominant toxin in terms of the number of times
it was detected at the collection sites (Fig. 2).

Water samples collected from the catchment area of the
treatment plant (Treatment Centre (TC)-Untreated) in phase
I were contaminated with CYN and MC-YR at concentra-
tions of 0.005 pg/L and 0.013 pg/L, respectively, with no
toxins detected after treatment. In phase II, no toxins were
detected either before or after treatment.

Amongst 23 sampling areas, only lake sites were pre-
sented with various type of toxins as shown in (Table 3, 4).
Whereby, the number of toxins identified and their concen-
tration can be used to determine the exposure risk level.
With this in mind, there were four of the nine lake collection
sites considered extremely high-risk, (44.4%), whilst three

Variation of cylindrospermopsin concentration in different sites in phase |
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Fig. 1 Variation of cylindrospermopsin concentrations in phase I samples over a period of 3 weeks in lake collection sites
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Fig.2 Variation of MC-RR concentrations in samples collected over a period of 3 weeks in phase I (dry seasons) in lake collection sites
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of the nine lake collection sites were considered high-risk
(33.3%). This is indicated by the intensity of the colour on
the map, which corresponds to the level of risk, shown in
Fig. 5.

Discussion

This study presents new evidence concerning the detection
of the toxins CYN and NOD in Lake Victoria (Figs. 3, 4)
respectively. In this study, we analysed thirteen cyanobac-
terial toxins and of these, CYN was the most abundantly
detected in 8 out of 9 and 3 out of 9 of the lakeshore samples
collection sites in phase I (dry season) and phase II (wet
season) respectively (Tables 3, 4). Originally it was thought
that this toxin was predominantly found in toxic blooms in

Fig.3 Chromatograms of

subtropical, tropical or arid zone freshwater bodies, how-
ever, the hepatotoxin has been increasingly identified in
temperate European waters such as Germany and France
(Fastner et al. 2003) and in Ireland (Greer et al. 2016).
The hepatotoxins have been reported to be potent protein
phosphatase 1 and 2A inhibitors which has been shown to
have long-term cumulative toxic effect for potential tumour
formation (Rastogi et al. 2015). Therefore, the toxicity and
carcinogenic potential of NOD in humans has not been well
characterised and therefore, the findings of this investigation
emphasise the need for further work in the detection and
effects of NOD on human health.

This study detected microcystins in 7 out 9 of the
lakeshore sample collection sites (Table 3), with the
main variants identified being MC-LR, MC-RR and
MC-YR (Tables 3, 4), slightly higher than the levels reported

QG
. 181001_BG_002 Sm (SG, 2x2) 2: MRM of 2 Chany ES+
the cyanotoxin CYN; the top 106 1,10 CTJ"% '?i% )
chromatogram shows the CYN
standard, with the bottom chro-
matogram indicating a sample
positive for CYN (TZA_WO2A
is water sample of week 2 from
Bugolora site)
=9
o 075 080 085 090 095 100 105 110 115 120 125 130 1me
TZA _WO2A
1810U1_BG_013 Sm (SG, 2x2) 2: MRM of 2 Channels ES+
0 130 TIC, (GR)
O Time
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Fig.4 Chromatograms of Qc
. 181001_5G_002 MRM of 3 Channels ES+
the cyanotoxin NOD; the top 10_10_“- 6.0 581 3 MRM of 3 Tr:;_el]NQ:_;
chromatogram shows the NOD 3.01e7
standard, with the bottom chro-
matogram indicating a sample
positive for NOD (TZA WO03A
is a water sample of week 3
from Bugolora site)
#
0 T T T T T T T Time
5.75 5.80 5.85 5.00 5.05 6.00 6.05
TZA_W03A
181001_5G_014 Sm (Mn, 2x2) 5: MRM of 3 Channels ES+
591 TIC {(NOD)

100

in cyanotoxin surveillance across several European countries
by Greer et al. (2016). The occurrence of MC-LR, MC-RR
and MC-YR toxins has been associated with the presence of
dominant cyanobacteria species Anabaena and Microcystis
that can potentially produce MCs (Okello et al. 2010). This

T T T T T T Time

was also reported in a study conducted in Lake Victoria in
the Mwanza and Musoma regions in Tanzania by Mbonde
et al. (2015). Furthermore, the occurrence of these toxigenic
cyanobacteria has been documented in studies carried out in
Kenya and Uganda on the Lake Victoria shores (Okello et al.
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2010; Sitoki et al. 2012). It has been shown that MC-RR
and MC-LR are the most occurring types of MC toxins in
freshwaters (Mbonde et al. 2015; Okello et al. 2010), which
was the case in this study. However, the variation of MC
detection and concentration in different location of the
lakeshores may be due to the life cycle of different cyano-
bacteria species as well as bloom concentration. MC toxins
concentration have been shown to exhibit seasonal varia-
tion, whereby it has been observed to be higher during the
dry season compared to the rainy season. In this study, we
observed the concentrations of microcystin congeners -RR,
-LR and -YR ranging from 0.003 to 0.013 pg/L in phase
I, considered as the dry season, whilst in phase II (rainy
season), only MC-RR and MC-LR were observed with con-
centrations ranging from 0.004 to 0.010 pg/L.

The concentrations of cyanotoxins detected in this
study were below the WHO provisional acceptable limit of
1.0 pg/L for MC-LR in drinking water (WHO 2008). In this
study, however, we found far lower concentrations of MCs
in Lake Victoria waters compared to studies conducted in
other locations along Lake Victoria (Sekadende et al. 2005;
Okello et al. 2010; Mbonde et al. 2015). This could be due
to seasonal variation, influenced by the nutrients load of the
water body, as well as the levels of eutrophication during
different sampling periods and selected sites. This seasonal
variation of cyanotoxins has been observed in studies con-
ducted elsewhere in Uganda along the Lake Victoria shores
(Okello et al. 2010). Studies conducted by Mbonde et al.
(2015) in Lake Victoria showed the MC-LR concentrations

ranged from 0.4 to 13 pg/L, above the WHO recommended
limits, indicating the possibility of extreme high risk of
health effects to the population living along the Lakeshores.
On other hand, Mchau et al. (2019a) reported a number of
health effects due to the extreme exposure to cyanobacteria
bloom of Microcystis aeruginosa and Anabaena spp in the
same district, which are capable of producing the types of
toxins reported in this study. Those health effects included
throat, eye and skin irritation and Gastrointestinal Illness
(GI) such as vomiting, stomach upset and diarrhoea amongst
lake water users as compared to pipe and well water. The
cyanotoxins detected included the cyclic peptides MC and
NOD, as well as tricyclic alkaloid CYN, which are all con-
sidered hepatotoxic. The International Agency for Research
on Cancer (IARC) characterized MC-LR as a Group 2B
carcinogen, with strong evidence supporting the fact that it
has the capacity to exhibit tumour promotion (IARC 2010),
whilst CYN is also considered as possibly carcinogenic
(Moreira et al. 2013) The lack of a well-established surveil-
lance system to detect and record illnesses (acute/chronic)
related to exposure to cyanotoxins limits the understanding
on the possible health effect of Ukerewe population exposed
to observed multiple toxins in the Lake.

The existence of multiple toxins in Lake Victoria fresh-
waters are compounded with the possibility of multiple
exposures to the human population from recreational
activities, fishing and the consumption of both contami-
nated aquatic organisms and water (Rastogi et al. 2015).
Existence of multiple toxins in the Lake increases the
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potential of enhanced toxicity due to synergistic effects,
as well as an increased possibility of bioaccumulation
due to the presence of several toxins in some water bod-
ies, whereby the concentration of toxins in the tissues of
aquatic organisms exceeds those of the surrounding water
body. Humans being at the top of food chain can therefore
be the recipients of these freshwater toxins that may have
accumulated in fish, as well as from agricultural products
along the lake, meat from livestock that consume the lake
water as well as the consumption of the lake water itself,
with all routes increasing the risk of exposure. Since there
is limited safe water supply on the island, with only 18%
of the population receiving treated pipe water, more of the
population are at risk of toxin exposure. This is especially
true as the majority of people live along the Lakeshores
where the risk is deemed higher (Fig. 5), with the results
showing that eight out of nine (89%) locations indicate
the presence of multiple toxins (Tables 3, 4). The risk of
increased cyanotoxin production in Africa is expected to
be higher due to the increase in temperature (Lui et al.
2011). In the developing countries, little has been done to
develop strategies for cyanotoxin prevention and control in
food and in water supplies. This raises concerns that mul-
tiple toxins exist and which have been detected, therefore
increasing the risk to human health (Rastogi et al. 2015).

MC:s are reported to have cumulative effects by Fitzgeorge
et al. (1994), which may be explained by the irreversible
covalent binding of the toxin to the protein phosphatases
and subsequent substantial damage to the cell structure (Fal-
coner 1993; Greer et al. 2018). The cumulative effects of
toxins may cause sub-acute liver cell injury, which is likely
to go unnoticed up to a level closer to acute severe toxicity.
In most cases, the lack of apparent symptoms at moderate
exposure to these toxins is likely to continue, as individuals
are unaware of the repeated exposure. The repetitive and
multiple toxin exposures, even at relatively low doses may
cause cumulative liver damage, which in the long term may
lead to chronic liver diseases. (Chorus et al. 2000; Chen
et al. 2009).

All 18 water samples from treated piped water in house-
hold and treatment centre (Treatment Centre (TC)-Treated)
sites in Ukerewe district did not show the presence of cyano-
toxins, whereas in the catchment (Lake Victoria) area of
this water before treatment, both CYN and MC-RR were
detected. Water treatment at the district involves the applica-
tion of aluminium sulphate (5 mg/L) followed by floccula-
tion then chlorination (2 mg/L). Chemical water treatment
approaches have proven to be the most effective means of
treating cyanobacterial blooms and cyanotoxins (Bogialli
et al. 2012). Lelkova et al. (2008) observed similar findings
where aluminium sulphate was found to be effective in the
treatment algae and cyanobacteria. Based on these finding
it is therefore important for the Tanzanian water authority

to acknowledge the occurrence/existence of cyanotoxins and
its potential health risk to the population that consume water
from Lake Victoria fresh waters and mitigate measures to
control cyanobacteria blooms. There is the evidence that
water is safe for human consumption when it undergoes
treatment before consumption since there were no toxins
detected after treatment.

Conclusion

This study brings the novelty and awareness of the co-
occurrence of cyanotoxins in the freshwaters of Lake
Victoria, which is regularly used by the general popula-
tion. The toxins detected might present a threat to human
health if water is used without treatment, with the finding
of multiple toxins in Lake Victoria also posing a greater
risk to human health when the water is consumed without
treatment. Multiple and repeated exposure of cyanotoxins
may enhance the levels of toxicity as well as the possibil-
ity of synergistic effects. There is a need for the develop-
ment of structured surveillance systems for the detection
of toxins in freshwaters used for human consumption and
recreational purposes. On the other hand, health systems
must be well established to be able to detect and record
illness related to cyanotoxins.

Long-term studies should be conducted to enhance our
understanding on the effects attributed to the increase of
cyanotoxins and emerging toxins such as CYN and NOD.
Research gaps must be bridged to address the possible
effect of bioaccumulation in a long-term exposure to
human and other aquatic organisms.
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