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Abstract

Cyanobacteria are potent producers of cyanotoxins that may present a health risk to people. This is especially important in
rural areas where people use untreated surface water, containing cyanobacteria, for household purposes including cooking
and drinking. Water is collected from these sources mainly in plastic containers, transported home and stored during use.
This study investigated the occurrence of cyanobacteria and their associated toxins in these containers as well as in the asso-
ciated surface water sources. The results suggest that cyanobacteria are transferred from the water sources to the containers
and then survive and possibly grow in biofilm forming inside the vessels. Their associated cyanotoxins were not found in any
health-significant quantities in containers. However, the occurrence of cyanobacteria in the water used by the households col-
lected in containers clearly indicates that it can be an important route of exposure especially if toxic cyanobacteria are present
in the source water. In several cases a risk of cyano-intoxication might exist unless the households undertake preventative
measures.
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Introduction

Cyanobacteria occur in surface waters, especially in waters
where physical conditions and nutrient loads are favourable for
their proliferation (Whitton and Potts, 2000). Several of the
cyanobacteria genera produce cyanotoxin and subsequently may
pose a human health risk, especially after direct contact with, or
ingestion of water contaminated with these genera (Chorus and
Bartram, 1999; Codd et al., 1997). Seven toxic cyanobacteria
genera (targeted in this study) are most likely to be encountered
in surface water sources. These are Microcystis spp., Oscil-
latoria spp., Anabaena spp., Cylindrospermopsis spp., Apha-
nizomenon spp., Nodularia spp. and Nostoc spp. (Chorus and
Bartram, 1999), of which Microcystis spp. are reported to be the
most abundant. These cyanobacteria are potential producers of
cyanotoxins of which the most common type is the microcystins
(Du Preez et al. 2007; Du Preez and Van Baalen 2006; Chorus
and Bartram, 1999; Carmichael, 1992).

People in underdeveloped areas are reportedly using
untreated surface water directly from the source for washing,
preparing food and drinking. These water sources are often con-
taminated by substantial numbers of pathogenic bacteria (Jagals,
2006; Jagals et al., 2003), including toxic cyanobacteria (WHO,
2004; Chorus and Bartram, 1999). In the Southern African con-
text, water for household uses in rural villages is being collected
from the water source mostly in 20 to 25 £ plastic containers and
stored at home to be used over several days. The quality of the
water source as well as the manner in which the water from the
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storage containers is being used by the household, poses a health
risk to the users. The risk of infection is high as pathogenic bac-
teria may be collected with the source water or may develop in
the container. Seeded and/or neophyte bacteria could proliferate
in container waters and eventually attach to containers’ inner
sidewalls, forming biofilm, further sustaining their occurrence
and proliferation (Jagals et al., 2003; Momba and Kaleni, 2002).
It is postulated that cyanobacteria and / or their cyanotoxins can
also be collected with the source water into containers but it is
not known what typical cyanobacteria numbers and their associ-
ated toxin levels are collected with the containers or whether the
cyanobacteria would proliferate and produce toxin in the con-
tainer water.

The aim of this work was therefore to assess whether cyano-
bacteria and microcystins occur at levels in the water from the
containers that pose a health problem to the household using it.

Methodology

Water was sampled from containers in households from rural
villages in the semi-tropical Vhembe district of the Limpopo
Province in South Africa (Fig. 1). These villages are not sup-
plied with potable water via conventional piped drinking water
supply systems. The population uses untreated water from sur-
face sources such as nearby rivers and streams. This study was
conducted during the 7 months of high summer in the area to
assess cyanobacteria occurrences under conditions conducive to
optimum growth, i.e. the assessments were done of the worst-
case scenario in terms of consumer exposure to cyanobacteria
and their cyanotoxins.

Sampling

All the households in the area typically used 20 to 25 { plastic
containers to collect and store water. The container material
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Figure 1
Study area situated
at the north-eastern

corner of the
Limpopo Province

varied in colour, variations mostly being of light-coloured
(light-permissible) and dark-coloured (light-limiting) plas-
tic. Since light plays an important role in the proliferation of
cyanobacteria, this offered a robust method to investigate the
role that the light-permissibility of the vessels’ material could
play in the occurrence of toxic cyanobacteria and their asso-
ciated cyanotoxin in the containers. An important inclusion
criterion was therefore that a participating household would
use both a light-coloured (L) and a dark-coloured (D) con-
tainer for the collection and storage of water for household
purposes.

Container-water sampling

Twenty households were randomly selected from 203 house-
holds that sourced water directly from two shallow nearby riv-
ers. Sampling visits were paid to each household every 6 to 8
weeks during the 7 months of high summer, with the sampling
done within 4 h after the households had collected water from
the rivers and 4 samples were taken from a household during
each visit. In total, 236 samples were taken during 59 visits.
Firstly Samples 1 and 3 were collected from the free volume
of water in each container type (L and D), referred to as the FV
sample type. This was to attribute cyanobacteria contamina-
tion of the FV to the source water. Directly after, biofilm on
the sidewalls of the same containers was dislodged by brushing
the sidewalls with a sterilised long-handle brush (Jagals et al.,
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2003). The dislodged biofilm particles were suspended in the
free volume of container water by swirling the container and
follow-up Samples 2 and 4 were taken (the DB sample). This
was to associate potential increases in cyanobacteria num-
bers in the container water to the presence of biofilm that had
formed in the containers.

Each sample (100 m{) was collected in an amber bottle and
preserved by adding 2 m{ of acidified formaldehyde solution
(Swanepoel et al., 2007). In the laboratory the DB samples were
subjected to vigorous shaking to further emulsify the biofilm
particles and to release whatever organisms there might be in the
particles.

For microcystin assessment, 10 samples were collected from
the LDB-containers in sterile brown glass bottles and trans-
ported to the laboratory at <10°C. These samples were taken
from LDB-containers because waters from these containers
were expected to yield the higher numbers of cyanobacteria and
therefore were the most likely to contain measurable quantities
of microcystin.

Source-water sampling
Eight samples were collected throughout the summer from the
two surface water sources at points where the households col-
lected water. These samples were collected to perform cyano-
bacteria identification and enumeration as well as selected phys-
ical and chemical analyses.
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Water quality analyses

The cyanobacteria identification and enumeration were done by
following the sedimentation technique whereby a sedimenta-
tion chamber containing 3 to 5 m{ of sample was centrifuged
to allow the cyanobacteria cells to settle on the bottom and then
analysed under an inverted light microscope (Swanepoel et al.,
2007). Analyses for microcystin were performed with competi-
tive enzyme-linked immunosorbent assays (ELISA) using Envi-
rologix Quantiplate Microcystin kits from Adcock Ingram SA,
as described by Swanepoel et al. (2007).

Factors considered important in the growth and sustenance
of cyanobacteria were also measured in the same water samples.
Physical light was not measured since it was assumed that the
light permissibility of the two container material types would
reflect the role that light would play in cyanobacteria occurrence
and proliferation in containers. At each site the temperature
and pH were measured with a portable Hanna® instrument (HI
991301 pH/EC/TDS/Temp). As an indicator of the amounts of
biofilm dislodged from the container inner sidewalls, the tur-
bidity of the samples was measured afterwards in the labora-
tory with a Nephla turbidity meter (Dr Lange GmbH-Berlin).
To reflect the nutrient concentration in the sampled waters, total
nitrate and phosphate were measured with a Xion 500 spectro-
photometer (Dr Lange GmbH-Berlin).

Health-related parameters

To postulate on the implications for health, the cyanobacteria
and microcystin levels were assessed for compliance (at the
95" percentile) according to the WHO-derived values shown in
Table 1.

TABLE 1
Guidelines for permissible levels of cyanobacteria
and microcystin in water intended for drinking

Parameters World Health Organisation guidelines
Unit Guideline

Cyanobacteria Cell/m¢{ 2 000 (WHO, 1999)

Microcystin LR ng/l 1 (WHO, 2004)

Statistical analysis

All the data were recorded in Microsoft® Excel. ANOVA was
used to derive geometric mean values as well as guideline com-
pliance at the 95" percentile. The numbers of cyanobacteria in
the free volume of water were compared to the numbers occur-
ring in the water samples containing dislodged biofilm as well as

between the two types of containers. Free volume and dislodged
biofilm data from the same container type were considered as
parametric, and non-parametric if belonging to different con-
tainer types. The difference between parameters was measured
by sign rank, rank sum and Kruskal-Wallis tests, and deemed
significant if the level of probability was < 0.05.

Results and discussion
Part 1:Cyanobacteria and microcystin in containers

Cyanobacteria

Cyanobacteria did not occur consistently in container water
samples, with overall 40% (94) of the samples testing positive
for cyanobacteria (LFV: 43% positive; LDB: 57% positive; DFV:
34% positive; DDB: 26% positive). However, for statistical
analyses of the data, a complete sample set (LFV, LDB, DFV
and DDB per household per visit) was considered to be positive,
even if only 1 of the 4 samples was positive. This constituted 38
of the 59 sample sets.

Three cyanobacteria genera namely Microcytis, Oscil-
latoria, and Anabaena were detected in the positive samples
(Fig. 2).

Microcystis spp. were the dominant genus to the extent that
it constituted between 70 and 80% of the total toxic cyanobac-
teria in the waters sampled from the containers (Table 2 — next
page).

The numbers of cyanobacteria in LDB samples were sig-
nificantly higher (P = 0.004) than in the LFV, DFV and DDB
groups. The respective numbers for these three sample groups
did not differ significantly (P = 0.349). This implied that, while
cyanobacteria did occur in the free volumes of water of all *posi-
tive‘ containers (probably being harvested from the untreated
surface water source), the higher numbers of cyanobacteria in
the DB samples from the light-permissible containers were prob-
ably built up and sustained in the container biofilm, a tendency
reported by Jagals et al (2003) for other health-related indicator
organisms such as total coliforms.

The increased levels of cyanobacteria sampled from contain-
ers in the free volume of water, could also be the consequence
of the biofilm releasing bacteria from the sidewalls during the
filling and handling of the containers as reported by Jagals et al.
(2003) as well as by Momba and Kaleni (2002).

Although relatively low, the concentrations of nitrate and
phosphate (major nutrients for cyanobacteria) in containers
waters should have been sufficient to sustain the growth of
cyanobacteria in terms of minimum values (10 pg/¢ and 100
pg/t respectively) proposed by the WHO (1999) and Rusin et
al. (2000). The physical conditions (pH and temperature) were
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Figure 2

Percentage of cyanobacteria

genera in positive samples of

water from storage containers

LFV: Light container’s free volume water;
1DB: Light container’s water containing dislodged biofilm
DFV: Dark container’s fiee volume water;
DDB: Dark container’s water containing dislodged biofilm
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TABLE 2
Levels of cyanobacteria, turbidity and nutrients in containers
Positive Data Total Turbidity Nitrate Phosphate
sample sets descriptors cyanobacteria (NTU) (mg/e) (mg/e)
(n = 38) (log cell/m¢e)
LFV Mean 0.89 30 2.3 0.1
Range nd-4.4 0.5-210 0.3-51 0.02-2.7
95t Perc 4.2 198.2 7.5 0.4
95% Ci 0.8 25.1 2.7 0.2
LDB Mean 2.1 243 4.3 0.5
Range nd —5.8 1.3 - 666 0.8-52 0.03-4.7
95" Perc 5.7 558.6 10.57 1.9
95% Ci 0.9 84.10 3.22 0.3
DFV Mean 0.5 31 3.1 0.2
Range nd—4.8 0.5-314 0.3-56 0.03-1.8
95* Perc 3.7 173 7.7 0.9
95% Ci 0.7 30 3.5 0.1
DDB Mean 0.3 192 4.3 0.4
Range nd - 5.6 2.5-675 1.1-55 0.1-2.5
95" Perc 5.1 629 8.8 1.3
95% Ci 0.7 87.7 3.4 0.2
LFV = free volume of water from a light-permissible container; LDB = water with dislodged biofilm from a light-
permissible container; DEV = free volume of water from a dark container; LDB = water with dislodged biofilm
from a dark container; n = number of samples; 95% Ci = confidence interval; 95" Perc = 95" percentile; nd = not
detected

optimum in containers waters, ranging between 6 and 9 and 20
and 35°C respectively. The turbidity and nutrient levels in the
DB samples were significantly higher (P < 0.001) than in FV
samples.

This was regardless of the type of container since no sig-
nificant difference (P > 0.05) could be measured between these
variables in light and dark container water sample types. These
results show that nutrients could not have accounted for the
variation in cyanobacteria numbers in the container types. The
conclusion is therefore that light was the limiting factor for
cyanobacteria activity in the dark containers.

The results show further that, at the 95" percentile, the num-
bers of cyanobacteria in LDB and DDB samples exceeded criti-
cal levels contained in a number guidelines. Firstly, it exceeded
the WHO (1999) Health Primary Alert guideline value of 2 000
cells/m{ (Table 1). This value is also contained in the proposed
Alert 1 contained in the Australian National Alert Levels Frame-
work for Drinking Water (Burch et al., 2003) and the Cyano-
bacteria Incident Management Framework for Drinking Water
Utilities, developed by Du Preez and Van Baalen (2006) and Du
Preez et al. (2007).

Microcystin in containers

One of the 10 selected container samples contained microcystin
but at a concentration (0.36 pg/l) that did not exceed the guide-
line value of 1 ng/t proposed in Table 1.

Despite high numbers of toxic cyanobacteria occurring in
container water, this was not concurrent with microcystin in
the same containers. Microcystin was detected in Sample 5,
which contained lower numbers of cyanobacteria (310 cells/
md) than for instance Sample 3 with the highest number (692
299 cells/mt) of cyanobacteria. It is possible that microcys-
tin did occur in some or all of the other nine samples — but
in concentrations below the detection limit of the technique
(range of detection: 0.18 pg/l to 2.5 pg/f). Other reasons
for the low toxin occurrence could be that the physical and

634

chemical conditions (Van der Westhuizen et al., 1986; Van
der Westhuizen and Eloff, 1985), such as those encountered
in the containers would not have been conducive to the pro-
duction of microcystin at the time of sampling. It is reported
that environmental factors affect the variation of the toxicity
of cyanobacteria (Chorus and Bartram, 1999). Work by Sivo-
nen (1990) as well as Rapala and Sivonen (1998), showed the
loss of toxigenicity by genera of Microcystis and Anabaena
under variable light and nutrient conditions. It is therefore
possible that although the conditions in containers were
favourable for the growth and proliferation of cyanobacteria,
the same conditions were not conducive to the production of
microcystin by these cells.

Part 2: Occurrence of cyanobacteria and microcystin
in source waters

Four genera belonging to the 7 toxic cyanobacteria genera men-
tioned earlier constituted the total cyanobacteria detected in
samples taken from the water sources. These were again Micro-
cystis, Anabaena, Oscillatoria and Pseudo-anabaena. Micro-
cystis and Anabaena were the dominant genera but their occur-
rence varied widely, with Microcystis occurring in between 25%
and 80% of the samples. No cyanobacteria were detected in two
of the samples while the numbers of cyanobacteria in two more
samples did not comply, at the 95" percentile, with the guide-
lines proposed in Table 1. The water sources did contain the
major nutrients required for cyanobacteria growth (phosphate
and nitrate) in quantities sufficient for growth.

Although not correlated specifically to households, the
results in Table 3 show that source-based cyanobacteria can be
the origin of those found in containers but do not necessarily
contribute to the higher numbers detected in especially light-
permitting containers. This strengthens the case for container-
biofilm to be a major reservoir of cyanobacteria as it is for other
water-related pathogenic bacteria.
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TABLE 3
Descriptive levels of cyanobacteria, turbidity and nutrients in source waters
Data Total Microcystin Turbidity Nitrate Phosphate
descriptors cyanobacteria (ngle) (NTU) (mg/e) (mg/e)
(log cell/m¢e)

Source Mean 2.15 0.66 9.03 0.41 0.05
(n=3) Range nd — 4.24 nd-2.5 1.4-257 0.1 - 0.63 0.05 —0.05

95" Perc 4.28 0.00 25.7 0.63 0.05

95% Ci 1.36 1 8.68 0.18 0.00

Microcystin was detected in 3 of the 8 samples. In two
of these, the concentrations were above the guideline value of
1 pg/t for drinking water (Table 1). This implies that microcys-
tin could also be imported into containers.

Subsequent growth of sourced cyanobacteria in
containers

This study showed that cyanobacteria also occurred in the
drinking water containers. While the higher numbers of con-
tainer occurrences are attributed to the presence of biofilm in
these containers, the numbers in the dislodged-biofilm samples
from the dark containers and the samples from the free vol-
umes of water in both the container types were not significantly
higher than those of the sources (P > 0.346). It was only the
LDB samples that were significantly higher than the numbers of
cyanobacteria in the source water, DDB and both FV samples.
While this indicated that the source waters were probably the
source of the container cyanobacteria, the favourable conditions
in the light-permitting containers contribute to the proliferation
of seeded cyanobacteria.

General discussion and conclusion

On a larger scale, De Philippis et al. (2005) found that cyano-
bacteria could form biofilm on solid surfaces that interfaced
with environmental water. Exo-polysaccharides, present on the
cyanobacteria cell walls, promoted the attachment of the cell to
solid surfaces and the formation of biofilm (De Philippis and
Vincenzini, 1998; Sutherland, 2001). Moreover, in contrast to
heterotrophic bacteria that die off during water-storage mostly
because of nutrient depletion (Egwari and Aboaba, 2002; Piriou
et al., 1997), cyanobacteria have the ability to synthesise their
own organic nutrients using only carbon dioxide, minerals and
light (Chorus and Bartram, 1999), and can therefore live under
such conditions.

Results from this study showed that cyanobacteria in the
household containers could be collected from the source water
during water collection. Although the composition of the bio-
film was not investigated, the results do suggest that cyanobacte-
ria could increase in numbers in containers, be it through growth
or sustained accumulation by growth factors in the container
biofilm, especially light-permitting containers.

Microcystis spp. appeared to be the dominant genus of
cyanobacteria recorded in this study. While this is in accord-
ance with previous reports on work on environmental waters
in South Africa by Du Preez and Van Baalen (2006) as well as
Van Ginkel (2004), this study suggested that Microcystis might
also have the ability to grow in the container, thus constituting a
potentially consistent risk to the health of consumers.

Despite the apparent absence of microcystin in container
waters, the health risk should not be considered negligible. The
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occurrence of cyanobacteria in the container water used by
households clearly indicates that it can be an important route
of exposure especially if there is a toxic cyanobacteria bloom in
the source water. The importance of the contribution of biofilm
in the containers is further highlighted. The numbers of cyano-
bacteria in the biofilm from especially the light-coloured con-
tainers were high enough to suggest that their ability to produce
cyanotoxins constituted a consistent potential for spontaneous
increases in toxin levels should conditions become favourable
(Rapala and Sivonen, 1998). Furthermore lipopolysaccharide
endotoxins produced by all cyanobacteria could constitute a
hazard for immuno-impaired consumers although not an imme-
diate threat for healthy people (Stewart et al., 2006).

From the analysis of the limited sources of water available in
the study areas, it appears that they are of unacceptable quality
for consumption. The use of dark containers will certainly limit
the proliferation of cyanobacteria in stored water; however, in
the case of scum occurrence at the source, it is not advisable for
the population to make contact with water. Hence the need for
major intervention, such as low-cost pretreatment of water (use
of activated charcoal), education of the user about the need for
regular observation of the physical appearance of the water, as
well as action to be taken during scum occurrence, and promo-
tion by health authorities of container hygiene to be achieved
through regular brushing and sanitising of containers to keep the
vessel free of biofilm.
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