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HIGHLIGHTS

» Concentrations of microcystins are reported for four fishes from Tai Lake, China.
* Accumulation of microcystins among organs, species and feeding guilds was evaluated.
» Consumption of fishes from Tai Lake might pose health risk to local people.
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ABSTRACT

Microcystins (MCs) are the toxic products of harmful algal blooms and they accumulate in fish. The accumulation
of MCs in fish living in different trophic levels from different parts of Lake Taihu was determined. This information
was then used to evaluate the risks posed by the MCs in fish to human health. The concentrations of three MCs,
MC-LR, MC-YR and MC-RR, were quantified in the following four fish species: silver carp (Hypophthalmichthys
molitrix), bighead carp (Aristichthys nobilis), crucian carp (Carassius auratus) and common carp (Cyprinus carpio),
using high performance liquid chromatography interfaced with tandem (triple quadrupole) mass spectrometry.
The mean concentrations of MCs in the muscle, the kidney, the intestinal wall and the heart were significantly
different among the four fishes except in the liver. C. carpio contained the highest mean concentration of MCs
in the muscle (31.7 & 12.1 ng/g, dry mass (dm)), whereas C. auratus had the highest mean concentrations of
MCs in the liver (45.4 & 44.5 ng/g, dm), kidney (114 + 51.1 ng/g, dm), intestinal wall (2.04 x 10% + 4.43 x
10° ng/g, dm) and heart (59.5 + 26.7 ng/g, dm). The mean concentration of MCs in the intestinal walls of the
fish species was significantly higher than in other organs (p < 0.01). The fish from Meiliang Bay had significantly
higher concentrations of MCs than those from the centre, west or south banks of the lake (p < 0.01). The body
lengths and masses of the fish were negatively correlated with the concentrations of MCs in the kidney
(p < 0.05) and heart (p < 0.01). The average daily intake (ADI) of MCs in the muscle of all fishes exceeded the
provisional tolerable daily intake (TDI) set by World Health Organization. The estimated daily intakes of MCs
in 55.6% of the muscle samples exceeded the TDI. The MCs in the tissues of the fish from Lake Taihu pose potential
risks to the health of humans who consume these four fish species.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

1998) and promoters of tumour growth (Nishiwakimatsushima et al.,
1992). They inhibit eukaryotic protein phosphatase types 1 and 2A,

Microcystins (MCs) are a group of cyclic peptides produced by sever- resulting in the excessive phosphorylation of cytoskeletal filaments,

al genera of cyanobacteria, formerly blue green algae (McElhiney and
Lawton, 2005), which are potent cyanotoxins (Chorus and Bartram,
1999). MCs are potent hepatotoxins (Carmichael, 1992; Dawson,
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which ultimately leads to liver failure, and MCs have also been implicat-
ed in the deaths of birds, wild animals, livestock and fish (Carmichael,
1994; Kaebernick and Neilan, 2001). Furthermore, MCs have been de-
tected in the blood serum of anglers because of their long-term exposure
to MCs through drinking water and the consumption of aquatic products
(Chen et al., 2009).
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In the natural environment, MCs accumulate in a wide range of
aquatic animals, including fish (Magalhdes et al., 2003; Mohamed
et al.,, 2003), shrimps (Chen and Xie, 2005b), gastropods (Chen and
Xie, 2005b; Zhang et al., 2012; Zurawell et al., 1999) and bivalves
(Chen and Xie, 2005a; Williams et al., 1997). MCs are found in both
the viscera and also in the edible muscle/foot. Although there have
been extensive studies on the bioaccumulation of MCs in fish under
laboratory conditions (Kotak et al., 1996; Li et al., 2005; Mohamed
and Hussein, 2006; Xie et al., 2004), few studies have investigated
the accumulation of MCs in fish under field conditions. Field studies
have been conducted in Brazil (Magalhaes et al., 2001), Egypt
(Mohamed et al., 2003), Argentina (Ame et al., 2010) and Portugal
(Vasconcelos and Pereira, 2001). Currently, studies of MCs in fish
have focused on its accumulation in muscle and liver (Cazenave et
al., 2005; Magalhdes et al., 2003; Magalhaes et al., 2001; Mohamed
etal,, 2003) because humans eat the muscle, whereas the liver accu-
mulates the highest concentrations of MCs. However, few studies
have simultaneously evaluated multiple fish organs, such as the
gut, kidney and heart, which may also accumulate MCs and affect
the health of aquatic animals. MCs accumulate in the
phytoplanktivorous silver carp (Hypophthalmichthys molitrix), her-
bivorous white bream (Parabramis pekinensis), omnivorous common
carp (Cyprinus carpio),crucian carp (Carassius auratus) and carnivo-
rous species, including the predatory carps (Culter ilishaeformisand
Culter erythropterus), the yellow catfish (Pseudobagrus fulvidraco),
Osbeck's grenadier anchovy (Coilia ectenes) and the salangid icefish
(Neosalanx taihuensis); however, it is not currently known which
fish species accumulate the highest amounts of MCs in their tissues
(Gkelis et al., 2006; Xie et al., 2005; Zhang et al., 2009).

Information on the concentrations of MCs in wild fish in China,
where freshwater fish are commonly and extensively consumed re-
gardless of the danger of MCs, is lacking (Xie et al., 2005). Because fresh-
water fish comprise 40%-50% of the total fish consumption in China,
determining the accumulation of MCs in freshwater fish is of great im-
portance for assessing any potential risks to human health. Lake Taihu,
located in the Yangtze River Delta, is the third largest freshwater lake
in China and is an important fishery that is surrounded by developed
areas of the river delta. The mean annual harvest of fish from Lake
Taihu was 1.13 x 10%, 1.41 x 10* and 1.79 x 10* metric tons (mt) during
the 1970s, 1980s and 1990s, respectively (Chen and Zhu, 2008). In 2008,
the harvest reached 2.93 x 10* MT. However, since the 1980s, Lake
Taihu has experienced a steady increase in eutrophication with annual
occurrences of surface blooms containing cyanobacteria (Pu et al.,
1998; Zhang et al., 2009), which can affect fish, particularly those at
the top of the food web (Xie et al., 2005). It has been reported that dur-
ing the past few decades, the fish community composition, trophic dy-
namics and fish biomass production in Lake Taihu have decreased
(Chen and Zhu, 2008). In the past, greater attention was paid to water
quality (Otten et al., 2012), eutrophication (Chen and Mynett, 2003)
and algal blooms (Pan et al., 2011), than to the bioaccumulation of
MCs in aquatic animals in Lake Taihu. Several studies on the accumula-
tion of MCs in Lake Taihu fish have been conducted since the mid-1980s
when blooms of Microcystis sp. first occurred (Chen et al., 2006; Qiu
et al.,, 2007b; Zhang et al., 2009). However, those studies were limited
to the northern region of the lake, where Microcystis sp. contamination
was most severe. Therefore, these studies were insufficient for assessing
the risks posed by human consumption of fish from the lake. Further-
more, a comprehensive investigation of the MC concentrations in vari-
ous organs of various freshwater fish from various locations across the
lake has never been conducted, despite its practical importance for pub-
lic health protection in this densely populated region where people rely
heavily on Lake Taihu fish for dietary protein.

This study was performed in 2011, and its objectives were as
follows: a) examine the accumulation of specific MCs, MC-RR, MC-YR
and MC-LR, in fish from various trophic levels and feeding guilds; b) as-
sess the geographic distribution of the concentration of MCs in fish from

several areas of Lake Taihu; and c) evaluate the risks of MCs in Lake
Taihu fish to human health.

2. Materials and methods
2.1. Sampling locations

Lake Taihu is located at the centre of the Yangtze River delta, in East-
ern China (30°56’-31°33'N, 119°55’-120°54E). It has a total surface
area of approximately 2338 km?, with a mean water depth of 1.9 m
and a maximum depth of approximately 2.6 m (Zhang et al., 2009).
The water in Lake Taihu is as an important source of water for drinking,
crop irrigation, aquaculture and industries, and it is popular for recrea-
tion and tourism. The watershed of Lake Taihu is one of the most eco-
nomically developed and rapidly urbanising areas in the world, with
five large cities situated around the lake. In addition, over 200 streams
flow through adjacent cities into the lake. Since the 1980s, the fluxes
of pollutants discharged from agriculture, industries and other human
activities into the lake have increased greatly, and the resulting eutro-
phication of Lake Taihu has accelerated (Jin and Hu, 2003).

Lake Taihu is divided into nine regions (Fig. 1). Four of these regions,
including Meiliang Bay (MLB), lake centre (LC), west coast (WC) and
south coast (SC), were selected as sampling locations. The MLB and
WC regions were selected because they have recently been the most
susceptible to Microcystis sp. blooms (Sun et al., 2012), whereas the LC
and SC regions together comprise a significant portion (57.2%) of the
lake surface area. Fish account for approximately 77% of the total aquatic
products from Lake Taihu. The most important planktivorous fish are
H. molitrix and A. nobilis, whereas C. auratus and C. carpio are important
omnivorous fish. These fish are all native to Lake Taihu and economical-
ly important for human consumption (Peng et al., 2010; Zhang et al.,
2009). The harvest of H. molitrix, A. nobilis, C. auratus and C. carpio com-
prised nearly13% of the total fish harvest. Both H. molitrix and A. nobilis
are also exported to other countries and comprise up to 18% of the total
freshwater fish production in the world (Xie et al., 2004; Xie and Liu,
2001). Therefore, all of these fish discussed above are economically im-
portant (Peng et al., 2010; Zhang et al., 2009).

2.2. Sample collection and processing

A total of 46 fish samples, classified as either phytoplanktivorous,
which included H. molitrix and A. nobilis and the omnivorous species
C. auratus and C. carpio, were collected from MLB, WC, SC and LC of
Lake Taihu in September, 2011(Table 1). The highest concentrations
of MCs in fish usually occur in September following the peak in
cyanobacteria blooms. Three individuals of each fish species were col-
lected from each of the four locations, except for H. molitrix at MLB.
After the mass and length of each fish were measured, it was immedi-
ately dissected and the tissues including the muscle, the liver, the kid-
ney, the intestinal wall and the heart were excised. The tissues were
carefully washed separately with distilled water to avoid cross-contam-
ination, and then immediately frozen at — 80 °C for storage prior to the
quantification of MCs. The tissue samples were lyophilised and the MCs
were extracted using previously described methods (Xie et al., 2004).
Briefly, approximately 0.4 g dry mass (dm) lyophilised samples
were homogenised and extracted three times with water:butanol:
methanol = 1:4:15 with stirring. The extract was centrifuged and the
supernatant was diluted with water and applied to 0.5 g reversed
phase ODS cartridge preconditioned by washing with methanol
(MeOH) and water. The column was first washed with water, followed
by water-MeOH. The MCs were eluted from the column with 90%
MeOH and evaporated to dryness. The dried residue was dissolved in
MeOH, applied to a silica gel column and then eluted with 70% MeOH.
The toxin-containing fraction was also evaporated to dryness.
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Fig. 1. Sampling sites (black dots) in Lake Taihu (MLB: Meiliang Bay; GHB: Gonghu bay; ZSB: Zhushang bay; WC: Westcoast; SC: South coast; EC: East coast; LC: Lake center; ETH: Eastern
Taihu; n: Sampling size; Hm: Hypophthalmichthys molitrix; An: Aristichthys nobilis; Ca: Carassius auratus; Cc: Cyprinus carpio).

2.3. Quantification of microcystins

MCs were quantified using previously described methods (Li, 2011).
Samples in 100% MeOH were injected into an Agilent 6460 QQQ high
performance liquid chromatography (HPLC) (Santa Clara, California,
USA) equipped with an ODS column (Cosmosil 5C18-AR, 4.6 x
150 mm, Nacalai, Japan) and interfaced with a triple quadrupole, tan-
dem mass spectrometer (MS/MS). The analytes were separated in the
following two phases: phase A (MeOH) and phase B (0.1% aqueous so-
lution of formic acid (FA)). The flow rate of the mobile phase was
0.5 mL min~ !, with a gradient profile as follows (t in min): ty = 80%;
t; = 65%; ts = 65%; t; = 35%; tg = 35%; tgs = 80%; and t;, = 80%.
The column oven temperature was set at 40 °C.

The effluent from the column was introduced directly into a triple
quadrupole, tandem mass detector operated in positive ESI mode. Ni-
trogen was used as both the drying and sheath gas and collision gas.
The ESI source parameters were as follows: gas temperature 350 °C;
gas flow 11 L/min; nebuliser gas pressure 50 psi; and capillary voltage5
kV. The fragmentation voltage and collision energy were selected for
each compound individually and ranged from 100 to 250 V and 20 to
100 eV, respectively. The samples were analysed by fast chromatogra-
phy-MS/MS in multiple reaction monitoring (MRM) mode with delta
EMV (+) 400. The instrument control, data processing and analysis
were performed with the Masshunter software. The MC concentrations
were determined by comparing the peak areas of the test samples with
those of the standards available (MC-LR, MC-RR and MC-YR, AXXORA
EUROPE-Switzerland).

2.4. Recovery experiments

The recovery experiments were conducted in sextuplet by spiking
400 mg lyophilised fish samples (liver) with a solution that contained

a mixture of 1 ug/g each of MC-RR, MC-YR and MC-LR. The recovery
and relative standard deviation of the analytical method were then
calculated. The mean recoveries for the fish liver (n = 6) were 48.2%
(relative standard deviations (RSD = 9.6%), 93.3% (RSD = 0.2%) and
86.2% (RSD = 0.5%) for MC-RR, MC-YR and MC-LR, respectively).

2.5. Statistical analysis

The frequency distributions of the MC concentrations approximated
a normal distribution. Analysis of variance (ANOVA) was used to deter-
mine whether the MC concentrations varied significantly based on the
species, location and organ. Pearson product moment correlations
were used to assess the associations between biological parameters,
such as wet mass and fish length, and the concentrations of MCs in
the various organs. The criteria for significance were set at p < 0.01
and p < 0.05. Regression analysis was used to determine the relation-
ship between the MC concentrations in the different fish organs and
its body length and wet mass. All data were processed statistically
using SPSS 17.0.

3. Results
3.1. MCs in different organs of the phytoplanktivorous fish species

The concentrations of MC-RR, MC-YR, MC-LR and MCs in H. molitrix
and A. nobilis varied among the organs and locations (Table 2). For
H. molitrix, the heart had concentrations of MC-RR that accounted for
100% of the total MCs (100%), followed by the intestinal wall (76%),
muscle (70%), kidney (67%) and liver (58%). By contrast, the largest per-
centages of MC-YR and MC-LR occurred in the muscle and liver, respec-
tively. The MC concentrations were significantly higher in the intestinal
wall than the muscle, the liver, the kidney or the heart (p < 0.05),

Table 1
Biological characteristics of the four fishes studied.
Species Common n Length £ SD Wet weight + SD Feeding type and diet Reference
name (cm) (g)
Hypophthalmichthys molitrix ~ Silver carp 10 441 +6.1 1.07 x 10° + 404 Planktivorous; algae and zooplankton Xie et al. (2005)
Aristichthys nobilis Bighead carp 12 428 + 26 1.05 x 10° 4 210  Planktivorous; blue green algae, zooplankton,
and aquatic insects and larva
Carassius auratus Crucian carp 12 218 £ 34 187 £+ 90 Omnivorous; attached algae, detritus, Xie et al. (2005)
benthic diatoms, and filamentous algae
Cyprinus carpio Commoncarp 12 36.6 & 54 748 + 331 Omnivorous; detritus and benthic invertebrates Melwani et al. (2009); Xie et al. (2005)
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Table 2
Concentration of MCs (MC-RR, MC-YR and MC-LR) in various organs of four fishes.
Fish Species MC (ng/g, dm) Muscle Liver Kidney Intestinal wall Heart
Phytoplanktivorous fish Hypophthalmichthys molitrix MC-RR 20.3 + 0.766 233 + 151 30.0 + 10.1 220 + 172 26.3 + 226
MC-YR 5.66 + 3.93 6.60 & 4.01 557 £ 335 229 + 43.6 0
MC-LR 3.17 + 0.261 10.1 & 6.18 952 + 2.57 46.0 + 107 0
MCs 29.1 £ 395 40.0 £+ 10.1 45.1 £+ 144 289 + 176 263 £ 22.6
Aristichthys nobilis MC-RR 19.6 + 0.51 199 + 2.05 80.9 £+ 64.0 454 + 1.19x10° 154 + 125
MC-YR 272 +£ 254 476 + 2.84 477 +£ 131 6.26 4 4.40 0
MC-LR 3.12 £+ 061 544 + 351 6.80 + 248 10.5 + 6.36 0
MCs 25.5 + 2.67 30.1 £ 597 93.5 £+ 64.0 471 + 1.19x10° 154 4+ 12.5
Total MC-RR 19.9 + 0.701 21.5 £+ 251 57.8 + 535 348 + 874 204 + 182
MC-YR 3.98 4 346 5.64 + 3.49 513 £+ 243 13.8 &+ 29.9 0
MC-LR 3.14 + 0480 7.66 + 539 8.04 + 2.82 266 £ 72.5 0
MCs 27.1 £+ 3.69 348 + 948 70.9 + 53.0 388 + 871 204 + 182
Omnivorous fish Carassius auratus MC-RR 20.1 + 0.56 275 + 247 77.7 £+ 35.0 1.87x10% + 432 x10° 59.5 + 26.7
MC-YR 3.15 £ 263 7.40 4+ 9.18 142 + 11.7 124 + 193 0
MC-LR 342 4+ 1.67 105 &+ 12.5 221 £753 164 + 291 0
MCs 26.7 + 335 454 + 445 114 + 51.1 2.04x10° + 443 x10° 59.5 + 26.7
Cyprinus carpio MC-RR 20.1 + 0.692 19.6 &+ 3.10 219 £ 2.15 24.0 + 6.23 190 + 7.8
MC-YR 840 + 12.1 3.83 £ 199 4.68 £+ 1.50 252 + 59.0 0
MC-LR 3.12 £+ 0402 6.08 + 2.22 572 + 164 84.0 + 233 0
MCs 31.7 £ 121 295 + 548 323 £+ 2.88 133 4+ 297 190 + 7.8
Total MC-RR 20.1 + 0.618 235 +17.7 498 + 374 945 + 3.13x10° 392 £+ 282
MC-YR 5.78 &+ 897 5.60 £+ 6.75 944 4+ 9,51 18.8 + 434 0
MC-LR 327 £ 120 8.30 £+ 9.07 13.9 4+ 9.90 124 + 261 0
MCs 29.2 + 9.02 375 + 320 73.1 £ 53.7 1.09 x10% + 3.22x10° 39.2 + 282

whereas there were no significant differences in the concentrations of
MCs in the muscle, liver, kidney and heart (p > 0.05).

For A.nobilis, the ratio of MC-RR to the total MCs was in the following
order: heart (100%) > intestinal wall (96%) > kidney (87%) > muscle
(75%) > liver (66%). Conversely, the largest percentages of MC-YR and
MC-LR both occurred in the liver. In A. nobilis, the concentrations of
MCs were higher in the intestinal wall than in the muscle or heart
(p < 0.05), although there were no significant differences in the MC con-
centrations of the other organs (p > 0.05) (Table 2). In general, both these
fish species exhibited similar MC accumulation trends in their tissues. The
MC concentrations in the different organs of both species decreased in
the following order: intestinal wall > kidney > liver > muscle > heart.
However, the MC concentrations in the H. molitrix muscle and heart
were higher than in the same tissues of A. nobilis (p < 0.01). No significant
differences were observed between the MC concentrations in the other
organs of H. molitrix and A. nobilis (p > 0.05). These results indicate that
the accumulation and disposition of MCs among the tissues of these
two phytoplanktivorous fishes were similar.

3.2. MCs in the organs of the omnivorous fish species

The two omnivorous fish C. auratus and C. carpio accumulated differ-
ent amounts of MCs (Table 2). For C. auratus, the concentrations of
MC-RR were highest in the heart, which accounted for the largest per-
centage of the total MCs (100%), followed by the intestinal wall (91%),
muscle (75%), kidney (68%) and liver (61%). However, the largest
percentages of MC-YR and MC-LR both occurred in the liver. For
C. auratus, the MC concentrations were significantly higher in the intes-
tinal wall than in the muscle, liver, kidney or heart (p < 0.05), whereas
there were no significant differences in the MC concentrations in the
muscle, liver, kidney and heart (p > 0.05).

or C. carpio, MC-RR as a percentage of total MCs decreased in the fol-
lowing order: heart (100%) > kidney (68%) > liver (67%) > muscle
(63%) > intestinal wall (18%). By contrast, MC-YR and MC-LR as a per-
centage of the total MCs were highest in the muscle and the intestinal
wall, respectively. Only the intestinal wall had greater than 50% MC-LR
(63%). C. carpio had higher concentrations of MCs in the intestinal wall
than the heart, but there were no significant (p > 0.05) differences in
the MC concentrations of the other organs. However, C. auratus and
C. carpio exhibited differential accumulation of MCs in different organs.
The mean MC concentrations in the different C. auratus organs was as

follows: intestinal wall > kidney > liver > heart > muscle, whereas
for C. carpio, the order was as follows: intestinal wall > kidney >
muscle > liver > heart (Table 2). C. carpio had higher MC concentrations
in the muscle than C. auratus (p < 0.01), whereas the opposite was true
for the kidney, the intestinal wall and the heart (p < 0.05, p < 0.01 and
p < 0.01, respectively).

3.3. Comparison of MC concentrations in phytoplanktivorous and
omnivorous fishes

The concentrations of MC-RR, MC-YR and MC-LR varied among
the organs and species of phytoplanktivorous and omnivorous fishes
(Table 2). In general, MC-RR comprised 60-100% of the total MCs in
all organs of both species, except for the intestinal wall of C. carpio
(18%). MC-LR comprised 0-25% of the MCs; however, it was 63% in
the intestinal wall of C. carpio. In the liver, kidney and intestinal
wall of the four fish species, the concentrations of MC-RR, MC-YR
and MC-LR were, in decreasing order, MC-RR > MC-LR > MC-YR,
except in C. carpio, in which the order was MC-LR > MC-YR > MC-RR.
In the muscles of H. molitrix and C. carpio, the order was MC-RR > MC-
YR > MC-LR, whereas in muscles of A. nobilis and C. auratus, it was
MC-RR > MC-LR > MC-YR.

Of the four fish species, C. carpio had the highest mean concentration
of MCs in the muscle (31.7 4+ 12.1 ng/g, dm) (Table 2), whereas
C. auratus had the highest mean concentration of MCs in the liver
(454 4 44.5 ng/g,dm), kidney (114 £ 51.1 ng/g,dm), intestinal wall
(2.04 x 10 &+ 4.43 x 10% ng/g,dm) and heart (59.5 &+ 26.7 ng/g,dm)
(Table 2). No significant differences in the MC concentrations in the
same organs were observed between the phytoplanktivorous and om-
nivorous fishes. However, the mean MC concentrations in the muscle,
kidney, intestinal wall and heart, but not liver, were significantly differ-
ent among the four fishes, regardless of the feeding guild. For example,
the mean MC concentration in the muscle was significantly higher in
H. molitrix than A.nobilis (p < 0.01) or C. auratus (p < 0.05). The MC
concentrations were significantly higher in C. carpio than A. nobilis
(p < 0.01) or C. auratus (p < 0.01). C. carpio had higher mean concentra-
tions of MCs in the kidneys than A. nobilis (p < 0.01), but lower mean
concentrations than C. auratus (p < 0.01). However, C. auratus had
higher mean concentrations of MCs in the kidneys than H. molitrix
(p < 0.01). C. auratus had higher mean concentrations of MCs in the in-
testinal wall than C. carpio (p < 0.05). The mean MC concentration in
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hearts of different fish decreased in the following order: C. auratus > H.
molitrix > C. carpio > A. nobilis (p < 0.05). The mean MC concentrations
in the intestinal walls of the four fish species were significantly higher
than in the other organs (p < 0.01). The mean MC concentrations in
the kidneys of all species were higher than in the livers, which contra-
dicts the results of previous studies.

3.4. Spatial differences in the concentrations of MCs in fish

Spatial differences in the MC concentrations in various organs of the
fish species from the four sampled areas of the lake were compared
(Fig. 2). The fish collected from LC had the highest mean concentration
of MCs as follows: 33.7 4 11.3 ng/g, dm in muscle, 84.8 + 68.8 ng/g,
dm in kidneys and 37.8 + 32.9 ng/g, dm in hearts, whereas fish from
MLB had the highest mean concentration of MCs in the livers (52.2 +
44.3 ng/g, dm) and intestinal walls (2.80 x 10 & 4.77 x 10° ng/g, dm).
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C. carpio from LC had higher concentrations of MCs in the muscle of fish
from the other locations (Fig. 2A), whereas C. auratus from MLB had the
highest concentration of MCs in the liver and intestinal wall (Fig. 2B
and D), and C. auratus from LC had the highest concentration of MCs in
the kidney and heart (Fig. 2C and E). The MC concentrations in all organs
except the kidney varied significantly among the locations (p < 0.05). The
mean MC concentrations in all organs of the fish from MLB were signifi-
cantly higher than those from LC, SC or WC (p < 0.01).

3.5. Relationships between the bioaccumulation of MCs and body length
and mass of fishes

The correlations between the MC concentrations in the various or-
gans and parameters including the body length and fish mass were de-
termined (Table 3). The concentration of MCs in the muscle were not
significantly correlated with the concentration in the liver, kidney,
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Correlations between MCs in variety organs of fish and their body length and weight.
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** p<001.

* p < 0.05. The correlation coefficient with p < 0.01 or p < 0.05 shown in boldface.

intestinal wall or heart. The MC concentrations in the liver were signif-
icantly and positively correlated with those in the intestinal wall
(p <0.01) and related to those in the kidney (p < 0.05). The MCs in
kidney were significantly correlated with those in the intestinal wall
(p <0.01) and also related to the length and mass of the individual
fish (p < 0.05). The concentration of MCs in the intestinal wall was sig-
nificantly and positively correlated with those in the liver and the kid-
ney (p < 0.01). The MC concentrations in the heart were significantly
negatively correlated with the length and mass of the fish and also sig-
nificantly correlated with concentrations of MC-RR and MC-LR in the
kidney (p < 0.01). In addition, linear regression models fitted to the con-
centrations of MCs in the kidney and the heart suggested that small fish
accumulate MCs to higher concentrations in these organs than larger
fish (Fig. 3).

3.6. Health risk

Dietary exposure of humans to MCs was also calculated and com-
piled (Table 4). The World Health Organization (WHO) established a tol-
erable daily intake of 0.04 pg/kg body mass per day for MC-LR (Chorus
and Bartram, 1999). The intra-peritoneal (i.p.) medium lethal doses
(LDsp) in mice for MC-RR and -YR are approximately 5-fold and
2.5-fold higher than for MC-LR, respectively (Gupta et al., 2003), corre-
sponding to 0.2 and 0.4 MC-LR equivalents, respectively. Assuming an
average body mass of 60 kg for an adult in China and a daily consump-
tion of fish muscle of 300 g (Zhang et al., 2009), the mean daily intakes
of MCs from eating H. molitrix, A. nobilis, C. auratus and C. carpio would be
0.0475, 0.0406, 0.0435 and 0.0525 pg MC-LReq/kg body mass, respec-
tively. These average daily intakes (ADIs) are, respectively, 1.18-, 1.02-,
1.09-and 1.31-fold higher than the tolerable daily intake (TDI) proposed
by the WHO. The average daily intake of MCs for all fish and the estimat-
ed daily intake of MCs in 55.6% of the muscle samples exceeded the pro-
visional TDI proposed by the World Health Organization (WHO). The
risks posed by consumption of the four species were decreased in the
order: C. carpio > H. molitrix > C. auratus > A. nobilis. Generally, the
risks due to the consumption of omnivorous fish were slightly higher
than those due to the consumption of phytoplanktivorous fish. Because
C. carpio had the highest mean concentration of MCs in the muscle, con-
sumption of the muscle of this species should be minimised. Compared
to previous studies, the risk posed by the consumption of MCs in the
muscle of fish from Lake Chaohu, Anhui province (Xie et al., 2005) was
much higher than for fish from Lake Taihu, and omnivorous fish posed
the highest risk (Table 4).

4. Discussion

In the present study, the ratios of MC-RR/MCs, MC-YR/MCs and MC-
LR/MCs in the various organs of four fish species were different. This
may be explained by their different feeding guilds. The diet of
phytoplanktivorous fishes in Lake Taihu comprises 90% Microcystis sp.
(Liu, 2008). The diet of the omnivorous species C. auratus comprises
85% Microcystis sp., whereas the other omnivorous fish species
C. carpio does not consume Microcystis sp. (Table 1) (Liu, 2008). The
mean concentrations of MCs in the different organs of the two
phytoplanktivorous fishes, H. molitrix and A. nobilis, were not signifi-
cantly different, and the order of organ-specific accumulation of MCs
was the same for both species. However, significant variations were
found between the MC concentrations in the organs of the omnivorous
species, C. auratus and C. carpio.

The concentrations of MCs in the tissues and organs of
phytoplanktivorous fishes were relatively low and lower than previous-
ly reported for omnivorous fishes (Xie et al., 2005). However, other au-
thors found MC concentrations in phytoplanktivorous fishes (Zhang
et al., 2009) higher than those reported by Xie et al. (2005). No signifi-
cant difference was observed for the MC concentrations between
phytoplanktivorous and omnivorous fishes (p > 0.05) in the present
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Fig. 3. MC concentrations in kidney (A) and heart (B) of fishes as a function of wet weight. Linear models were fit to the data and the equations are presented.

study. These results suggest that the MC concentration in fishes is not
only a function of the species feeding guild but also depends on the du-
ration of exposure to the toxin and the rates of accumulation relative to
depuration (Ibelings and Chorus, 2007) together with the different met-
abolic rates of the fish species. However, the accumulation of MCs has
species-specific pathological effects. Phytoplanktivorous fishes may be
more tolerant of the effects of MCs than other species (Xie et al.,
2004). Previous investigations of the fish species in this study have
shown more serious damage to the livers of the omnivorous species
than the phytoplanktivorous species as a result of exposure to
cyanobacterial blooms. Morphological alterations of the nuclei and the
production of lipid droplets were observed (Qiu et al., 2007a). These au-
thors excluded oxygen deficiency as a possible cause of liver damage
and demonstrated that the exposure to MCs was responsible for the
pathological changes observed in the liver. Previous controlled trials
have demonstrated that MCs can induce pathological changes, disrupt
the biochemical index, affect the nutritional status of fish and cause
normocyte anaemia in some animals. One study showed that MCs in
C. carpio (common carp) adversely affected epithelial cells, taste buds

and gill filaments (Jiang et al., 2011). Toxicity tests in adult Danio rerio
(zebrafish) under laboratory conditions showed that trace amounts of
MCs were likely to have deleterious effects on aquatic organisms and
trigger a variety of biochemical responses depending on their specific
toxicity (Pavagadhi et al., 2012). Blooms of cyanobacteria may also af-
fect the nutritional status and health of the splittail (Pogonichthys
macrolepidotus) (Acuna et al., 2012).

The concentrations of MCs in the intestinal wall were significantly
higher than in other organs. This result is consistent with previous stud-
ies (Chen et al., 2006; Zhang et al., 2009), which indicate that accumu-
lation in the intestinal wall can inhibit further transport of MCs into
internal organs. The MC concentrations in the livers of the four fish spe-
cies studied here were all relatively low, which contradicts the results of
previous studies (Kankaanpdad et al., 2005; Li et al., 2004; Malbrouck
et al., 2003; Xie et al., 2005). The liver is an important detoxification
organ, and bile plays an important role in the elimination and recircula-
tion of excess MCs from the fish liver (Tencalla and Dietrich, 1997). This
is the first study to examine the accumulation of MCs in the heart tissue
of wild fish. The accumulation of MCs may have adverse effects on heart

Table 4
Microcystin consumption in human diet.
Species® Sampling site Daily intake MC in muscle Daily intakes for a 60 kg person x Lifetime TDI References
(g/d) (MC-LReq, ng/g) (MC-LR eq/kg body weight) (0.04 pg/kg body weight/d)

Planktivorous 21.0 &+ 25.5 0.0502 £ 0.0347 125 + 0.87
Hm Lake Taihu 300 9.50 0.0475 1.19 In present study
Hm Lake Taihu 100 16.1 0.0267 0.67 Chen et al. (2006)
Hm Lake Taihu 300 5.20 0.026 0.65 Zhang et al. (2009)
Hm Lake Chaohu 100 66.0 0.11 275 Xie et al. (2005)
An Lake Taihu 300 8.13 0.0406 1.02 In present study

Omnivorous 136 + 210 0.242 £ 0.343 6.05 + 8.57
Ca Lake Taihu 300 8.70 0.0435 1.09 In present study
Ca Lake Taihu 300 34¢ Nd Zhang et al. (2009)
Ca Lake Chaohu 100 497 0.828 20.7 Xie et al. (2005)
Cc Lake Taihu 300 10.5 0.0525 131 In present study
Cc Lake Taihu 300 67¢ E¢ Zhang et al. (2009)
Cc Lake Chaohu 100 26 0.0433 1.08 Xie et al. (2005)

Carnivorous 62.0 + 749 0.105 £ 0.123 2.62 + 3.07
Ci Lake Taihu 300 1.6 0.008 02 Zhang et al. (2009)
Ci Lake Chaohu 100 109 0.182 45 Xie et al. (2005)
Nt Lake Taihu 300 0.8 0.004 0.1 Zhang et al. (2009)
Ce Lake Taihu 300 0.6 0.003 0.075 Zhang et al. (2009)
Ce Lake Chaohu 100 182 0.303 7.58 Xie et al. (2005)
Pf Lake Chaohu 100 78 0.13 325 Xie et al. (2005)

2 Hm: Hypophthalmichthys molitrix; An: Aristicbthys nobilis; Ca: Carassius auratus; Cc: Cyprinus carpio; Ci: Culter ilishaeformis; Nt: Neosalanx taihuensis; Ce: Coilia ectenes; Pp: Parabramis

pekinensis; Pf: Pseudobagrus fulvidraco.
" TDI: tolerance daily intake.
¢ MCs.
9 N: not exceed the TDI; E:exceed the TDI.
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function, such as reduced heart rate, pericardial oedema and tubular
heart and bradycardia.

There were significant differences in the concentrations of MCs in
the muscle, liver, intestinal wall and heart of fish from different loca-
tions, suggesting that environmental factors influence the accumulation
of MCs in fish organs. However, highly mobile animals such as fish may
be exposed to varying levels of contaminants throughout their life cycle;
therefore, it is challenging to identify the primary environmental factors
that contribute to the variability in MC accumulation. According to the
results of a previous study (Xie et al., 2004), during a period of 20
days without exposure to cyanobacteria, the MC concentrations in the
liver and muscle of H. molitrix decreased by between two and eight-
fold. In the present study, fish from MLB had the highest mean concen-
trations of MCs in the livers and intestinal walls. This may be because of
the uneven distribution of algal populations across Lake Taihu or to var-
iability in the digestion of algae or debris in the intestine. The population
density of the cyanobacteria at MLB (3.24 x 107 cell/L) was higher than
that at other locations, such as WC, where it was 3.05 x 107 algae cell/L,
SC (1.85 x 107 algae cell/L) and LC (1.77 x 107 algae cell/L) (Authority,
2011). The importance of the liver as an elimination and recirculation
organ for MCs (Tencalla and Dietrich, 1997) suggests that liver MC accu-
mulation is related to algal cell density in the water column. Fish from
LC had the highest mean concentrations of MCs in the muscle, kidneys
and hearts. It is likely that routes other than the gastrointestinal tract
are important for the uptake of MCs by fish, such as C. ilishaeformis
and C. carpio (Xie et al., 2005). This may also explain why C. carpio
from LC had the highest concentrations of MCs in the muscle, despite
having the lowest concentration of MCs in the intestinal wall of all of
the species from LC (Fig. 2D). Similarly, the highest concentrations of
MC-RR in the muscle were found in C. ilishaeformis, despite the absence
of MCs in their guts (Xie et al., 2005). Additional studies are necessary to
better elucidate the importance of different possible uptake pathways
for MCs into fish tissue.

Smaller fish accumulated higher concentrations of MCs in the kidney
and the heart than larger fish. This may be because biotransformation
and excretion are less well-developed in smaller fish. The significant re-
lationships among MCs (MC-RR, MC-YR and MC-LR) in the liver, kidney
and intestinal wall show that the primary uptake of MCs for the four fish
species is the gastrointestinal tract and also indicate that organs, such as
the liver and the kidney, may have interrelated functions in the MC ac-
cumulation and depuration processes, which require further research.
There were no significant relationships between the MC-YR in the intes-
tinal wall and MCs in the liver and the kidney, indicating that MC-YR
may have different uptake routes than MC-LR and MC-RR. Furthermore,
the MC-YR concentrations in the intestinal wall were not significantly
higher than in the liver and the kidney, and the MC-YR in the
C. auratus kidney was higher than in the intestinal wall (Table 2). The
main uptake route of MC-YR for C. auratus appeared to be by direct up-
take of dissolved MCs via the gills and not via the gastrointestinal tract
(Zhang et al., 2009).

In the present study, the mean concentrations of MCs in the kidney,
liver and muscle of the silver carp were 45.1,40.0 and 29.1 ng/g, dm, re-
spectively. In another study of Lake Taihu, the average concentrations of
MCs in the liver and muscle of silver carp were 48 and 26 ng/g, dm, re-
spectively (Zhang et al., 2009). However, at the same study site, in the
presence of dense cyanobacteria blooms, the mean concentrations of
MCs in the kidney, liver and muscle of the silver carp were 782, 957
and 197 ng/g, dm, respectively (Chen et al., 2006). There was relatively
large variability in the organ concentrations of MCs among the fish with
different life histories or from different feeding guilds, whether in the
presence or absence of cyanobacteria blooms. This may be because of
different degrees of digestion of MCs or the heterogeneity in food
sources (Chen et al., 2006). Variations in the concentrations of MCs
were higher than for fish from other lakes. For example, in Lake Chaohu,
in the presence of dense cyanobacterial blooms, the mean concentration
of MCs in the kidney, liver and muscle of H. molitrix were as high as

5.81 x 103, 7.77 x 10° and 1.81 x 10 ng/g, dm, respectively (Xie
et al.,, 2005). Many lakes and reservoirs in China, such as Lake Chaohu
and the Yanghe Reservoir, Hubei province (Li et al., 2010), Dianchi
Lake, Yunnan province (Zhang et al., 2012) suffer from cyanobacteria
blooms and consequently exhibit high concentrations of MCs. Based
on the available evidence, fish in these waters would also be expected
to have significantly high concentrations of MCs.

5. Conclusions

By quantifying the MC concentrations in different fish species from
four different areas of Lake Taihu, the MC concentrations in the organs
of the different fish species and the spatial variation were determined.
The accumulation of MCs in fish varies among species. However, in
this study, no significant difference in the MC concentrations between
phytoplanktivorous and omnivorous fish was observed. The MC con-
centrations in the intestinal wall were significantly higher than in the
other organs. As a result of their feeding ecology, C. carpio accumulated
higher concentrations of MCs in the muscle than the other fish species,
and C. auratus accumulated higher concentrations of MCs in their inter-
nal organs. The MC concentrations of fish from MLB were significantly
higher than in fishes from the other three areas of the lake (p < 0.01).
Biotic and abiotic factors influencing the accumulation of MCs in fish
were also evaluated. The consumption of algal cells was the main factor
to influence the accumulation of MCs by fish. Smaller fish accumulated
more MCs in their kidneys and hearts. The ADI values based on the con-
sumption of these four fish all exceeded the provisional tolerable daily
intake (TDI) proposed by the WHO. The estimated daily intakes of
MCs in 55.6% of the muscle samples were higher than the provisional
TDI set by the WHO.
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