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Abstract

Microcystin is a cyanobacterial hepatotoxin that is found worldwide, and poses a serious threat to
the ecological communities in which it is found as well as to those who rely on these waters for
drinking, sanitation, or as a food source. Microcystin is known to accumulate in fish and other
aquatic biota, however the prevalence of microcystin in fish tissue and the human health risks
posed by microcystin exposure through fish consumption remain poorly resolved. Here we show
that microcystin is pervasive in water and fish from several tropical (Ugandan) and temperate
(North American) lakes, including lakes that support some of the largest freshwater fisheries in the
world. We establish that fish consumption can be an important and sometimes dominant route of
microcystin exposure for humans, and can cause consumers to exceed recommended total daily
intake guidelines for microcystin. These results highlight the importance of monitoring
microcystin concentrations in fish, and the need to consider potential exposure to microcystin
through fish consumption in order to adequately assess human exposure risk.

Introduction

As anthropogenic input of nutrients to freshwater systems continues to alter the total
biomass and the composition of algal communities, there are a number of ecological and
public health concerns that emerge. Globally, cyanobacterial dominance of freshwater
phytoplankton is increasing, as is the occurrence of hazardous blooms of toxic cyanobacteria
(1); and it is expected that a warming climate will exacerbate the frequency and duration of
such blooms (2). The cyanotoxin microcystin is present in a broad range of aquatic systems
(3) and is a potent hepatotoxin as well as a potential tumour promotor (1, 4, 5).

The World Health Organization has set a provisional tolerable daily intake value (TDI) for
chronic exposure to microcystin-LR of 0.04 pg/kg body weight (6, 7), and has set a
guideline value for microcystin-LR in drinking water of 1 pg/L, based on the assumption
that 80 percent of exposure is attributable to water consumption (6, 7). Although
accumulation of microcystin in fish and other aquatic organisms is known to occur (1, 8-
10), no widely accepted guidelines have been established for microcystin concentrations in
fish tissue, and most microcystin exposure scenarios do not consider potential exposure
through fish consumption.

We conducted a survey of microcystin in water and fish in two temperate great lakes (Erie
and Ontario), three tropical great lakes (Victoria, Albert and Edward) and four other smaller
Ugandan lakes (George, Mburo, Nkuruba, Saka). The large lakes sampled all support
substantial commercially important fisheries, including the largest temperate (Lake Erie) and
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tropical (Lake Victoria) lake fisheries in the world. The smaller Ugandan lakes support
subsistence fisheries that provide a critically important source of protein and income for
riparian communities. These lakes provided a continuum of trophic status, and the fish
sampled (491 fish from 33 species) were representative of several trophic levels ranging
from planktivores to top predators.

Experimental section

Water samples (integrated euphotic zone) and fish were collected from all Ugandan study
sites in April-May of 2007, and then again on a monthly basis between September 2008 and
February 2009 for all sites but Lake Albert. The sites sampled included two embayments in
northern Lake Victoria (Murchison Bay and Napoleon Gulf), Lake Albert (at a nearshore
site in the northeast of the lake), Lake Edward (both nearshore and offshore), and the central
portions of Lake George, Lake Mburo, and two crater lakes, Saka and Nkuruba. Water was
collected from six stations in both Maumee Bay (Lake Erie) and the Bay of Quinte (Lake
Ontario) on four occasions during the summers (May-September) of 2006 and 2007. Fish
from these sites were caught during research trawls in July—September of 2006 and 2007.

Water was analyzed for chlorophyll a and nutrient concentrations as in Stainton et al. (11).
Microcystin in water was measured using indirect competitive ELISA (Abraxis LLC,
Microcystins-ADDA ELISA kits, PN 520011). This is a congener-independent ELISA
based on the detection of the Adda side-chain found in microcystins and nodularins (12).
Whole water samples were prepared for use in ELISA assays through chemical lysis (using
the Abraxis LLC QuikLyse™ method (13)).

Several species of fish from different trophic levels were collected from each lake, with care
taken to ensure a representative size range within species. Dorso-lateral fish muscle tissue
was dried (at 60 °C for at least 24 hours) and homogenized using a ball-mill grinder. Where
fish were very small and typically consumed whole (including Rastrineobola argentea,
Poecelia reticulata, and fish less than approximately 10 cm in total length), whole dried fish
were homogenized. Microcystin in fish tissue was analyzed through methanol extraction
followed by competitive indirect ELISA (12) based on the method described in Wilson et al.
(14) with some modifications. Dry homogenized fish tissue was weighed and then extracted
twice, first for 2 hours using 75 % methanol, and then for 24 hours using 75 % methanol in
addition to glacial acetic acid (0.002 v/v). After each extraction, samples were centrifuged
and supernatant was removed and pooled. The pooled supernatant was filtered to remove
particulates, subsampled, and the solvent was evaporated using a Turbovap LV. After
evaporation, the remaining solids were resuspended in de-ionized water and analyzed for
microcystin using Abraxis anti-ADDA ELISA test kits. Measured dry-weight microcystin
concentrations in fish were converted to wet-weight concentrations using a conversion factor
of 0.31 (15).

Results and Discussion

Secchi depth, total phosphorus and chlorophyll a concentrations are often used to indicate
lake trophic status (16). Based on the physicochemical observations for the study sites
(Table 1) Lake Nkuruba, Lake Albert, and the Bay of Quinte were found to be meso/
eutrophic, while Maumee Bay, Napoleon Gulf, and offshore Lake Edward were eutrophic.
The remaining sites (Lake George, Lake Mburo, Murchison Bay, Lake Saka, and nearshore
Lake Edward) were hypereutrophic.

Microcystin concentrations in water consistently exceeded the WHO recommended
guideline for microcystin in drinking water at several of the study sites (Table 1), including
Lake Victoria, which provides drinking water for more than ten million people (17). This is
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particularly concerning given that many riparian communities rely on untreated lake water
as a primary source of drinking water. While the meso-eutrophic lakes had the lowest
observed microcystin concentrations, the highest microcystin concentrations were observed
in the hypereutrophic lakes. Across all study sites (both tropical and temperate), significant
positive relationships were observed between microcystin concentrations and chlorophyll a
concentrations (log transformed data, rzadj =0.50, n =72, P<0.001) as well as microcystin
concentrations and total phosphorus concentrations (Figure 1, log transformed data, rzadj =
0.40, n =72, P<0.001). Also, chlorophyll a had a strong positive relationship with total
phosphorus (log transformed data, rzadj =0.69, n = 73, P<0.001). These results confirm that
microcystin concentrations in water were higher where algal biomass and total phosphorus
concentrations were high, suggesting that eutrophication can increase the prevalence and
magnitude of microcystin producing cyanobacterial blooms.

Microcystin was found to have accumulated in fish at all of the study sites, and observed
concentrations ranged from 0.5-1917 ug/kg and 4.5-215.2 pg/kg of wet weight (w.w.) in
muscle tissue and whole fish respectively (Table 2, Figure 2). Microcystin concentrations in
fish tended to be higher in lakes where microcystin concentrations in water were also high.
Within lakes, microcystin concentrations in fish exhibited a great deal of variability. This
variability is likely attributable to the seasonal variability in microcystin in water, the
differences in diet between the species sampled, and the wide range in size within species.

The fish collected from the Ugandan study sites included a broad range of species, many of
which form the basis of large commercial fisheries (e.g. Lates niloticus, Oreochromis spp.,
Rastrineobola argentea) and all of which are important local food sources. In the Ugandan
lakes, the highest microcystin concentrations in fish were observed in Haplochromis spp.
from hypereutrophic Lake Saka, where microcystin concentrations in water were also
extremely high. This suggests that regular consumption of fish or untreated water from this
lake may be associated with health risks. We also observed high microcystin concentrations
in Rastrineobola argentea, a small zooplanktivorous cyprinid that now dominates landings
in Lake Victoria and is of considerable importance to both commercial and subsistence
fisheries (18). Microcystin concentrations in these fish ranged from 36.2-41.2 ug/kg w.w. in
Murchison Bay, and from 39.0-129 pg/kg w.w. in Napoleon Gulf (Table 2, Figure 2). The
WHO TDI for microcystin yields a threshold concentration of microcystin in fish of 24 ug/
kg w.w. for a consumer weighing 60 kg and consuming 100 g of fish daily. The
concentrations observed in R. argentea would be cause a consumer to exceed the WHO TDI
for microcystin by a factor of 1.5-5.4. R. argentea is typically consumed whole, and as such,
we analyzed whole fish for microcystin because this most accurately represents the exposure
risk to consumers. Microcystin concentrations were likely high due to the inclusion of the
viscera in the analyzed sample as well as cyanobacteria present in the gut of these small fish.
High microcystin concentrations were also observed in the muscle tissue of small (<25 cm)
Lates niloticus (Nile perch), Haplochromis spp., and some tilapiine cichlids (Oreochromis
spp. and Tilapia zilli) (Table 2, Figure 2). These trends are of importance because the fish
with the highest observed microcystin concentrations represent the less commercially
marketable and less profitable fish that tend to be consumed by low-income local residents
and those living in fishing communities. Large Lates niloticus from Lakes Victoria and
Albert, which are economically important fish for export (18), pose no risk to consumers
given the low microcystin concentrations observed in fish exceeding a total length of 25 cm
(mean concentrations of 8.0, 5.9, and 6.7 pug/kg w.w. in Murchison Bay, Napoleon Gulf and
Lake Albert respectively).

Microcystin concentrations in fish collected in summer from embayments on the North
American great lakes experiencing seasonal cyanobacterial blooms (19) can reach levels
similar to those observed at the Ugandan study sites (Table 2, Figure 2). In the western basin
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of Lake Erie, the highest microcystin concentrations were observed in walleye (5.3-41.2 pg/
kg w.w.), white bass (4.2-27.1 pg/kg w.w.) and smallmouth bass (1.5-43.6 pg/kg w.w.). In
the Bay of Quinte (Lake Ontario), the zooplanktivorous alewives had the highest
microcystin concentrations (20.0-37.5 pg/kg w.w.), followed by northern pike (1.6-25.8 pg/
kg w.w.). Many of these fish are important species for both sport and commercial fisheries,
and, if eaten, several of the fish sampled would cause a consumer to exceed the WHO TDI
for microcystin.

It is important to note that the WHO drinking water guidelines and TDI values have been
developed based on the toxicity of the microcystin-LR congener. However, the anti-ADDA
ELISA used in the current study is “congener independent” and as such the measured
microcystin concentrations are not directly comparable with microcystin-LR based guideline
values, and may in fact include high concentrations of congeners with different toxicity than
microcystin-LR. However, the total microcystin concentrations in both fish and water often
greatly exceeded WHO TDI values, confirming that even if the microcystin congeners
present in these lakes are not the most toxic congeners, they are still likely to pose a
considerable risk to consumers.

Figure 3 displays estimates of potential daily microcystin exposure based on an individual
(weighing 60 kg) consuming water (2 L) and fish (100 g) from each of the study lakes.
Potential daily exposure was calculated for each lake based on mean microcystin
concentrations in water and mean microcystin concentrations in the fish taxa with the
highest mean microcystin concentrations, as this provides a worst-case scenario of chronic
daily exposure. At all sites but Lake Albert, such daily exposure estimates exceeded the
WHO TDI for chronic exposure.

At the majority of study sites, potential exposure from water exceeded potential exposure
from fish, so where people are getting drinking water and fish from the same lake, water
tends to be the main source of exposure. However, fish can represent a significant and
sometimes dominant source of microcystin to consumers, particularly where people are
consuming fish species that have elevated microcystin concentrations. Based on the scenario
outlined in Figure 3, the high relative importance of fish as a source of microcystin exposure
in Lake Albert, Lake Edward, Napoleon Gulf (Lake Victoria), Lake Nkuruba, and the Bay
of Quinte (Lake Ontario) indicates that even where chlorophyll and microcystin
concentrations in the water are relatively low, microcystin exposure through fish
consumption may increase total daily exposure to potentially detrimental levels. Given the
high potential for microcystin exposure through fish consumption at several of the study
sites, avoiding or treating drinking water would not eliminate the risk of exposure to
microcystin. For example, in Napoleon Gulf, an individual eating 100 g of R. argentea
would be exposed to 8.1 ug of microcystin, which is high enough to greatly exceed the
recommended WHO TDI before even considering potential exposure from drinking water.
Avoiding the consumption of some fish species (such as R. argentea and Haplochromis
spp.) may be necessary to reduce significant exposure risk; however, in many households
this may not be an option. Also, it is of importance to note that neither boiling water nor
cooking fish prior to consumption is expected to appreciably reduce the risk of microcystin
exposure (20, 21).

From a chronic exposure standpoint, year round presence of microcystin in the water and
food webs of the Ugandan lakes is a likely scenario, given that cyanobacterial blooms can
occur year-round in tropical lakes (22, 23), indicating the potential for persistent exposure of
fish (and their human consumers) to possibly harmful levels of microcystin. However, in
temperate lakes, where phytoplankton biomass is much lower during winter periods (24),
year-round chronic exposure of aquatic food webs and human consumers to microcystin
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would not be expected. Although observed microcystin concentrations and potential daily
microcystin exposure values for Maumee Bay and the Bay of Quinte sometimes exceeded
the WHO TDI for chronic exposure to microcystin, these values were based on samples
collected in the summer and early fall, a time period which is likely to capture the highest
microcystin concentrations experienced throughout the year. Because fish are able to
depurate microcystin when no longer exposed (25, 26), microcystin concentrations in fish
are likely to decline in concert with microcystin in water as the winter season approaches.
Also, for the Ugandan lakes, the likelihood that an individual is consuming both water and
fish daily from the same lake is much higher than for the North American study sites, where
individuals often have alternative sources of drinking water and food. These differences
between the tropical and temperate study sites suggest that while the daily exposure scenario
in Figure 3 may be realistic for Ugandan consumers, North American consumers are
unlikely to experience chronic exposure to microcystin that exceeds WHO TDI guidelines.

These results demonstrate the broad prevalence of microcystin in water and fish from
temperate and tropical lakes that support important commercial, sport, and subsistence
fisheries and are critical sources of drinking water. Our observed microcystin concentrations
in fish and water fall within the range of concentrations reported in other studies from
around the world, including previously reported data from East Africa, North America,
Egypt, Brazil, Argentina, and China (10, 27-34), confirming that accumulation of
microcystin in fish is of global concern. As such, current guidelines for quantifying risk may
not adequately reflect the potential for fish to make up a considerable proportion of
microcystin exposure. Of particular concern are riparian fishing communities consuming
water and small fish from the tropical study sites, where there is risk of chronic year-round
exposure to microcystin, and potential detrimental health effects.
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Figure 1.

Regression of microcystin concentrations against total phosphorus concentrations from all
study sites (rzadj: 0.40, n=72, P<0.001). Site labels in Figure 1 are indicated as follows: A
(Lake Albert), En (Lake Edward nearshore), Eo (Lake Edward offshore), G (Lake George),
Mb (Lake Mburo), M (Murchison Bay, Lake Victoria), N (Napoleon Gulf, Lake Victoria),
Nk (Lake Nkuruba), S (Lake Saka), MB (Maumee Bay, Lake Erie), Q (Bay of Quinte, Lake
Ontario).
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Microcystin (ug/kg w.w.)

Figure 2.

Microcystin concentrations in several species of fish. The red line represents the fish
microcystin concentration that would cause a consumer to exceed tolerable daily intake
(TDI) values recommended by the WHO for chronic exposure (0.04 pg/kg body weight/day;
which yields a threshold concentration of microcystin in fish of 24 pg/kg wet weight for an
individual weighing 60 kg and consuming 100 g of fish/day).
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Figure 3.

Potential daily microcystin exposure for individuals consuming water and fish from the
study lakes. The reference line indicates the threshold value at which a 60 kg consumer
would exceed the WHO TDI (2.4 pg/day). Exposure from water is indicated in black, and is
based on daily consumption of 2 L using mean microcystin concentrations in water.
Exposure from fish is indicated in grey, and is based on daily consumption of 100 g using
mean microcystin concentration in the fish taxa with the highest mean concentrations. The
species used in calculating exposure from fish are indicated as follows: Ln (Lates niloticus),
Ol (Oreochromis leucostictus), Oe (Oreochromis esculentus) Ra (Rastrineobola argentea),
Pr (Poecelia reticulata), H (Haplochromis spp.), A (alewife), and W (walleye).

Environ Sci Technol. Author manuscript; available in PMC 2012 July 1.



Page 11

Poste et al.

‘(aiydonnaiadAy)

H pue ‘(o1ydonna) 3 ‘(o1ydoaina-osaw) 3/ :se pariodal pue ‘(TT) SaXalad pue JapIamua||oA U0 paseq paulwialap sem snyels olydou ] "azis ajdwres ay) si U ‘sesayjuated ul "p's Yym pariodal ase sanjeA uesip

(et 3 (oo (0n) g6 (zo)st ge ¥ AKeg sawnep
(01) 60 EN (7'9) Tve ('8) ¢'TT (80)TZ . 4 auIng jo Aeg
(629) T'LS H @ve)oeer  (5¥8) 8'€eT (To)vo ze L exes
(To)zo [ (s8) vve (se)e6L oLt vee L BONINYN
(eT) ST 3 (9v1)eses  (0'8T)0OWe (zo) vt G'.T 2T 49 uosjodeN
(L9)eL H (082)z90T (€8Y)8'T0T (To) 20 2’6 01 Aeguosiyoiny
BLIONIA
(tree H @ee)eter  (06€) 589 (To)so ze L oInqn
(99) €2 H (9vz) 88T  (L0v) LveT (To)vo 8z L 861089
(Tmot E| (c6)6'85  (5L2)5°¢€C (0Tt €L S aI0ysyo
(29)og H (os)gter  (e2v) L9 (zo)so ge L aloysIesN
premp3
(zo0) TO N (ca)gee (se)zetr (€09t 02T ¢ gy
(7/6r) asyepm ut DN smpedsomydoar  (U/BM) 41 o(/6M) D (w) yada@ 1yodes  (w) yde@eus U ae

"J31eM Ul SUOITRIIUS2U0D unsAdoaoiw Bulpnjoul ‘saxe] Apnis Jo saiadolad jeatwaydodisAyd 1993s Jo Arewwing

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Environ Sci Technol. Author manuscript; available in PMC 2012 July 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Poste et al.

Table 2

Microcystin concentrations in fish from all study sites.

Microcystin (ng/kg wet weight)

Name

n mean *s.d. range
Lake Albert
Lates niloticus (> 25 cm) 5 6.7+35 3.9-11.6
Tilapia zilli 5 40+13 2.7-6.2
Lake Edward
Bagrus docmac 5 62+30 2.1-9.3
Barbus bynni 5 55+27 1.3-8.6
Clarias gariepinus 5 8675 2.0-21.3
Haplochromis spp. 5 10.0+3.2 5.2-13.6
Haplochromis squamipinnis 5 86+34 3.7-12.6
Oreochromis leucostictus 4 219+£307 2.9-67.7
Oreochromis niloticus 20 6.7%45 1.1-16.7
Protopterus aethiopicus 5 53+49 1.4-13.4
Lake George
Bagrus docmac 5 94169 4.4-21.2
Clarias gariepinus 5 6.9+20 4.4-9.9
Haplochromis spp. 5 56+4.7 2.6-13.7
Haplochromis squamipinnis 4  67+35 2.9-9.9
Haplochromis squamipinnis (whole) 1 11.8 ~
Oreochromis esculentus 4 13.8£6.5 6.3-21.5
Oreochromis leucostictus 5 21.2+323 0.9-784
Oreochromis niloticus 18 10286 1.7-33.9
Protopterus aethiopicus 5 24+1.2 1.5-4.6
Tilapia zilli 2.0 ~
Lake Mburo
Bagrus docmac 1 134 ~
Clarias gariepinus 5 206+195 3.0-51.3
Haplochromis spp. 4 6.4+39 25-11.8
Haplochromis spp. (whole) 1 12.1 ~
Oreochromis esculentus 6 239+184 1.3-54.2
Oreochromis leucostictus 5 84%67 2.2-16.2
Oreochromis niloticus 15 7476 1.3-23.6
Protopterus aethiopicus 5 23t+21 0.8-6.1
Lake Nkuruba
Oreochromis leucostictus 10 7.2%51 1.6-17.2
Poecelia reticulata (whole) 2 389+486 45-73.3
Tilapia zilli 9 10.0+£55 2.1-19.3
Tilapia zilli (whole) 3 49.2+11.4 42.5-62.3

Lake Saka
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Microcystin (ng/kg wet weight)
Name

n  meanz*s.d. range
Astatoreochromis alluaudi 4  56.1+944 7.1-197.7
Astatoreochromis alluaudi (whole) 1 325 ~
Barbus neumayerii 1 95 ~
Haplochromis spp. 8 719.4+800.3 9.5-1917
Haplochromis spp. (whole) 2 21.3-215.2 ~
Lates niloticus (> 25 cm) 4 16.4 +18.3 4.1-43.7

Oreochromis niloticus

Lake Victoria (Murchison Bay)
Clarias gariepinus
Haplochromis spp.
Haplochromis spp. (whole)
Lates niloticus (< 25 cm)

Lates niloticus (> 25 cm)
Oreochromis leucostictus
Oreochromis niloticus
Protopterus aethiopicus
Rastrineobola argentea (whole)
Synodontis spp.

Tilapia zilli

Lake Victoria (Napoleon Gulf)
Astatoreochromis alluaudi
Bagrus docmac

Brycinus sadleri

Haplochromis spp.

Lates niloticus (< 25 cm)

Lates niloticus (> 25 cm)
Mormyrus kannume
Oreochromis leucostictus
Oreochromis niloticus
Oreochromis variabilis
Protopterus aethiopicus
Rastrineobola argentea (whole)
Synodontis spp.

Tilapia zilli

Lake Ontario (Bay of Quinte)

Alosa pseudoharengus (alewife)

Ameiurus nebulosus (brown bullhead)

Aplodinotus grunniens (freshwater drum)

Esox lucius (northern pike)
Lepomis gibbosus (pumpkinseed)

Lepomis macrochirus (bluegill)
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19 19.3+19.4 0.8-63.4

1 23.9 ~
4 35.6 +£36.3 9.0-88.9
1 19.9 ~
7 21.2+148 3.1-49.5

17 8.0+6.8 1.3-25.0
5 30.3+18.1 14.9-59.8
28 12.8+119 1.4-57.7
5 41+24 1.7-17

2 36.2-41.2 ~

10 228+17.1 3.8-64.4
5 15.4+10.8 7.1-33.8

1 6.2 ~

1 15.1 ~

1 24.6 ~

5 15.2+8.0 2.8-24.2
6 124+7.0 3.9-235
17 59+49 0.5-16.7
5 211+71 12.5-29.8
2 3.2-4.3 ~

24 9776 1.2-29.1
5 30.1+34.1 3.5-87.6
5 28+13 1.1-45

8 80.9 +36.0 39.0-128.5
7 22.8+15.0 8.2-44.9
5 74+4.0 3.4-14.1
3 259+10.1 20.0-37.5
6 44x06 3.3-5.0

3 0.8+0.3 0.5-1.1

8 10.2+7.6 1.6-25.8
4 1.9+10 0.7-2.9

1 48 ~
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Microcystin (ng/kg wet weight)
Name

n  meanz*s.d. range
Morone americana (white perch) 9 45+4.1 0.7-14.8
Perca flavescens (yellow perch) 7 3.1+20 0.5-5.6
Pomoxis nigromaculatus (black crappie) 2 1.7+03 15-1.9
Stizostedion vitreum (walleye) 14 21+16 0.5-6.1
Lake Erie (Western Basin)
Aplodinotus grunniens (freshwater drum) 2 2.4+6.0 1.7-10.1
Coregonus clupeaformis (whitefish) 5 41+10 29-54
Micropterus dolomieu (smallmouth bass) 5 13.4+17.8 1.5-43.6
Morone americana (white perch) 6 56+4.9 1.9-15.0
Morone chrysops (white bass) 5 18.3+8.7 4.2-27.1
Perca flavescens (yellow perch) 4 50+14 3.6-7.0
Stizostedion vitreum (walleye) 5 239+17.2 5.3-41.2

Page 14

Where samples represent fish that were analyzed whole, this has been indicated in parentheses after the species name. All other values in this table

are for fish muscle tissue.
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