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An experimental study was performed in 2009-2010 to investigate the polluting effect of eutrophic inland waters communicating
with the sea coast. The study was planned after a heavy and long-lasting Planktothrix rubescens bloom occurred in the Lake Occhito,
an artificial reservoir. The waters of the reservoir flow into the southern Adriatic Sea, near several marine breeding of Mytilus
galloprovincialis mussels, a typical seafood from the Apulia region (Southern Italy). A monitoring study of water and mussels from
the sea coast of northern Apulia region and on the Occhito reservoir was carried out over twelve months, to get more information
regarding the contamination by cyanobacteria and related cyanotoxins. Elisa immunoassay analyses estimated total microcystin
amounts from 1.73 to 256 ng/g in mussels, up to 0.61 pg/L in sea water and up to 298.7 ug/L in lake water. Analyses of some samples
of free-living marine clams as well as of marine and freshwater fish proved microcystin contamination. Selective confirmatory
analyses by LC/ESI-Q-ToF-MS/MS on some mussel samples identified the microcystin desMe-MC-RR as the major toxin; this
compound has been reported in the literature as a specific marker toxin of Planktothrix rubescens blooms. Our study describes
for the first time the direct relationship between environmental pollution and food safety, caused by seafood contamination from
freshwater toxic blooms.

1. Introduction

Most poisoning risks from cyanobacteria blooms are due to
microcystins (MC), a group of cyclic heptapeptides causing
acute and chronic effects derived from their endocellular
activity and protein phosphatase inhibition. Microcystins are
hepatotoxins [1-6] acting as specific inhibitors of protein
phosphatases 1, 2A [4], 3 (MC-LA) [7], 4 and 5 [8], and to
a minor extent PP 2B [9]. They dephosphorylate serine and
threonine residues in animals and plants. The inhibition of
PP1 and PP2A increases the phosphorylation of proteins in
liver cells, affecting several processes like metabolism, cell
contractility, membrane transport, secretion, cell division,
and gene transcription and translation.

MCs are responsible for liver failure and death in humans
[3, 10], wild animals, livestock, and aquatic life [11, 12]. Hep-
atotoxic [3, 4] endocrine disrupting [13-17] and oncogene
activating [18] effects have been described for these toxins,
classified as 2B compounds in the IARC oncogenic scale [19].
Indirect evidence supporting tumour promotion of human
cancer from exposure to MCs is derived from the studies
of Yu [20], Ueno et al. [21], and Zhou et al. [22] in China,
Fleming et al. [23] in Florida, and Svircev et al. [24] in
Serbia. MCs have synergic effects too, well documented in
experimental studies on mice [25]. In these studies, daily
subacute doses of MCs, administered intranasally to mice for
7-day periods, caused pathologic effects two times stronger
than those produced by the sum of the MCs administered



as a single dose. Bioaccumulation has been proposed to be
responsible for this effect [26]. Several large scale fish death
outbreaks have been associated to massive occurrence of
cyanobacteria in water bodies [27-29].

Studies on fish contaminations showed species-specific
sensitivities to microcystins; the uptake of these cyanotoxins
in fish results primarily from oral ingestion and to a minor
extent from absorption via the gill epithelium [30]. The tox-
icity of microcystins in fish depends on the balance between
accumulation and metabolism [31], and the observed species-
specific sensitivities have been interpreted as the result of
anatomical, physiological, and behavioural differences and
detoxification capacities via the glutathione-S-transferase
pathway among the various fish orders [32-34].

In the past, health risks for consumers from gutted
fish were traditionally considered negligible, because liver
was considered the main target for bioaccumulation of
microcystins. Recent studies, however, detected significant
concentrations of microcystins in the muscle of wild and
farmed fish, at 337.3 ug/kg in Tilapia rendalli [35],102 pug/kg in
Oreochromis niloticus [36], 96.5 ug/kg in Hypophthalmichthys
molitrix [37], and 28 g/kg in Oncorhynchus mykiss [38]; it
should be noted that the WHO recommended a TDI of
0.04 pug/kg human body weight/day, indicating that even the
consumption of fish muscle might represent a threat for
human health. In Italy, 155 samples of fish and crustaceans
collected in five contaminated lakes were analyzed, showing
microcystin contamination levels from 0.21 ug/kg up to
14.6 mg/kg [39]. The possibility that microcystins accumulate
in wild freshwater mussels was extensively documented [40-
45]. Several studies demonstrated the presence of micro-
cystins in estuarine waters of eutrophic rivers and in tributary
rivers from eutrophic lakes [46, 47]. Risks of wild marine
mussel contamination were hypothesized, but laboratory
studies were performed only about bioaccumulation models
in marine common bivalves like M. galloprovincialis [48-51].

Metabolites present in toxic cyanobacterial cells may
decrease the glutathione-S-transferase (GST) detoxification
activity in M. galloprovincialis mussel during accumulation;
as a consequence, toxins may be detected in mussels at early
contamination step, even one day after the beginning of cell
assumption. The GST activity increases in the depuration
period, when the contact with the cyanobacteria is depressed,
causing a periodic (every 4 days) rise of microcystin levels
in tissues, due to the renewal of PPases and to the sub-
sequent release of unbound toxins [52]. In spite of initial
GST inhibition, which could have been developed by toxic
cyanobacteria to cause predator death by fast and high
toxin accumulation, M. galloprovincialis physiology seems
quite resistant to microcystin contamination, with low or
no mortality observed in laboratory experiments [46, 49].
The resistance could be due to the ability of the organism
to detect and repeal the cyanobacterial toxic cells through
the labial palps, sensory and photoreceptive tentacles, which
entangle the suspended food and direct it to the mouth [53].
In the same experiments the mussels showed a quite long
depuration period, ranging from 11 to 14 days, that could
cause possible transfer along the food chain [46].
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The occurrence of freshwater toxic blooms in eutrophic
river estuaries and harbours is known [2, 35, 54]. Conse-
quent risks of marine fauna (fish, crayfish, and molluscs)
contamination have been hypothesized and investigated in
laboratory experiments [41, 47, 49]. In 2010 several sea
otters, a protected species of coastal marine mammals, were
found out dead because of microcystin intoxication in the
Monterey Bay [47]. These deaths were possibly due to the
assumption of preys (molluscs and crayfish) contaminated
by toxic blooms, discharged in the ocean by three nutrient-
impaired rivers, tributaries of eutrophized Californian lakes.
Unfortunately, the wild preys of otters were not available
for sampling and analysis for microcystin contamination
in that occurrence. Therefore, no direct relationship was
possible between cyanobacteria blooms in lakes and marine
fauna intoxications. A recent study on wild M. galloprovin-
cialis from Amvrakikos Gulf (Greece) showed microcystin
accumulation, due to local toxic blooms of the euryhaline
cosmopolitan species Synechococcus sp. and Synechocystis
sp. [55]. In a review, the same author refers to possible
contamination of mussel sea breeding because of wastes in
the ocean of microcystins, produced in upstream freshwater
lakes and reservoir. Suspected cases in northwestern Pacific
and eastern Canadian coast have been also reported [56].

In 2009 a heavy and long-lasting toxic bloom of Plank-
tothrix rubescens occurred in the Occhito drinking water
basin, causing serious management problems [57]. Video
shots from helicopter flights showed reddish thick scum float-
ing along the emissary River Fortore down to the sea. This
study was performed to detect possible toxin contaminations
in the breeding of Mytilus galloprovincialis along the sea coast;
these mussels represent an appreciated seafood production,
very important for the economy of the Apulia region.

2. Materials and Methods

2.1. The Study Site. Lake Occhito, situated at the boundaries
between the two Italian regions Molise and Apulia, is the
largest artificial reservoir in Italy. Created for drinking pur-
poses by damming the River Fortore, its mean depth is 90 m,
its surface area is 13km?, and its long axis is 12km. The
distance of the river to reach the sea is about 67 km. The
river below the dam maintains the same name Fortore and
reaches the Apulia northern coast, close to important sea
mussel farms, which are located also in two coastal lagoons,
the so-called Lesina and Varano Lakes (Figure 1).

In winter 2009, an extended Planktothrix rubescens bloom
completely covered the surface of Lake Occhito with thick red
scums, from January to April. In the past years, red blooms
in the lake were occasionally observed by eyewitnesses. In
January the bloom covered the entire surface of the lake
and in the following months reached the entire water supply
network of the neighbouring territories. In 2009 March and
April, after a series of heavy rainfall events, the bulkheads of
the Fortore Dam were opened to let the waters flow into the
river below, lowering the dangerously high level of the lake.
Some videos taken from helicopter flights showed red scums
flowing through the dam towards the sea, along the Fortore
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FIGURE 1: Map of the study site location in southern Adriatic Sea. The
marine stations were distributed along the Apulia northern coast
before the Lesina and Varano lagoons; the prevailing ocean currents
flow from west to east.

River. The freshwater “red tide” reached the Adriatic Sea from
Lake Occhito floating downstream the River Fortore.

2.2. Sample Collection. A total of 267 samples were collected
for the study: 144 water samples from 3 stations in the lake
(the sampling depths were 0, 25 m) were withdrawn monthly,
using a 2.5 1 Ruttner bottle, from April 2009 to July 2010;
5 fish samples (300 + 50 g mean body weight, 2-3 years of
age) from the 3 stations in the lake and 1 station on the sea
in May 2009; 75 mussel samples (sample size approximately
200 g), 7 clam samples (sample size approximately 200 g), and
36 sea water samples (sample size 2 L) from April 2009 to
July 2009 and from January 2010 to July 2010 were collected
in 60 surface stations from 13 coastal mussel farms along
30km of coastline (from Lesina to Varano farm acronyms:
L1 PN, L2 PN, L3, 11, TM1, TM2, TM3, CV1, CV2, CV3, CV4,
CV5, and CV6), 100 m away from the sea shore (minimum
1 station/farm, maximum 20 stations/farm, and distance
between stations about 50 m). The mussel farms are located
near the Fortore River mouths, before the coastal harbours
(called lakes) Lesina and Varano (Apulia region, Southern
Italy) (Figure 1). By fishing, 3 carps (Cyprinus carpio) were
collected from the lake, one of them being freshly dead near
the lakeshore) while 1 bogue (Boops boops) and 1 mackerel
(Scomber japonicus colias) were withdrawn from the sea. All
fish were quickly killed with a precise blow to the head,
transported to the laboratory, and dissected. In the sample
collection, the capture of a few fish from lake and sea ichthyic
fauna was carried out, for preliminary analysis, to monitor the
presence of microcystin contamination. No samplings could
be performed along the river. Although the aim of this study
was not the screening of the lake, analyses of total phosphorus
(TP) were performed on all the lake samples, in order to reach
a preliminary classification of its trophic state [58]. Analyses
of microcystin content and cell count were performed on
some lake samples.

2.2.1. Microscopic Observation. The sea water samples were
stored in freezing boxes and transported to the labora-
tory. Subsamples were preserved in 1% Lugol’s solution and

analyzed by an inverted microscope (Leitz Labovert ES),
according to Utermohl [59] and Lund et al. [60], using 25 mL
sedimentation chambers for phytoplankton identification
and cell density estimation. A single sample of lake water was
analyzed for P. rubescens abundance.

2.3. Chemicals and Reagents. Microcystin-LR (MC-LR),
microcystin-YR  (MC-YR), microcystin-RR  (MC-RR),
microcystin des- methyl-RR (desMe-MC-RR), and micro-
cystin des-methyl-LR (desMe-MC-LR) were supplied by DHI
Water and Environment (Denmark); microcystin-LF (MC-
LF) and microcystin-LW (MC-LW) were supplied by Vinci-
Biochem (Vinci, Italy) in screw capped vials containing 25 ug
standard. All the reference materials were of analytical grade
purity. Trifluoroacetic acid (TFA), HPLC grade acetonitrile,
methanol, and glacial acetic acid (99%) were from Carlo
Erba (Milan, Italy). HPLC grade water was produced using
a MilliQ system (Millipore, Bedford, MA, USA). C18 end-
capped (EC) solid-phase extraction (SPE) cartridges with 1g
sorbent bed and 6 mL reservoir volume (Isolute, UK) were
purchased from Step-Bio (Bologna, Italy). HLB SPE Waters
OASIS cartridges were purchased by Waters, Milford, MA,
USA.

2.3.1. Standard Solutions of MCs. MC-RR, MC-LR, MC-
YR, desMe-MC-RR, and desMe-MC-LR reference materials
were purchased in standard stock solutions in methanol,
at 10 yg/mL, 10 ug/mL, 6.3 ug/mL, 8.1 ug/mL, and 71 ug/mL,
respectively. To prepare MC-LF and MC-LW standard stock
solutions at 10 yug/mL, the vial content (25ug) of each
compound was dissolved in 2.5 mL methanol. A MCs mix
standard solution at 2.5 yg/mL, containing MC-RR, MC-LR,
MC-LW, and MC-LE was prepared by mixing equal volumes
of each standard solution at 10 yg/mL, while the MC-YR,
desMe-MC-RR, and desMe-MC-LR standard stock solution
were opportunely diluted in methanol to prepare a working
solution at 2.5 ug/mL. All the standard stock solutions were
stable for atleast six months if stored in the dark at —20°C. The
mix working standard solutions of the seven MCs at 10, 25, 50,
75, and 100 ng/mL were prepared daily from the standard mix
solutions at 2.5 yg/mL by diluting with methanol.

2.3.2. Phosphorus Analyses. Analyses were carried out on lake
water samples within 24 h after sampling, using a Perkin
Elmer Lambda 25 UV/VS spectrophotometer, supported by a
UV-WinLab software. Samples were digested in persulphate
to dissolve organic and nonorganic particulate matter in
suspension, as described by Lambert and Maher [61], prior
to detection of total phosphorus (TP). TP was measured
following the method of Murphy and Riley [62].

2.4. Extraction of Microcystins from Tissue. Five grams (wet
weight) of muscle tissue from each fish was extracted. Shell-
fish sampled at every sampling station were treated as follows.
The whole body of mussels (Mytilus galloprovincialis, about
4 g wet body weight) or clams (Venus gallina, about 3 g wet
body weight) was homogenized. The homogenized individu-
als were pooled up to 100 g for each species, and 5.00 + 0.05 g



of each pool was weighed. The sample was homogenized
in 10 mL MeOH for 15 min. using an Ultra-Turrax T8 (IKA
Werke, Staufen, Germany) grinder and then sonicated for
5min. at 30-40°C in an ultrasonic bath (Elgasonic Swiss
made, 25kHz) to disrupt cell membranes. The sample was
centrifuged for 5 min. at 5000 g and the supernatant decanted
and filtered on a paper filter. The extraction was repeated on
the pellet, the sample was centrifuged, and the supernatant
filtered on the same filter previously used. The filter and the
funnel were washed three times with little volumes of MeOH;
the two supernatants and the washings were gathered, then
reduced to a small volume (1-2mL) by rotary evaporator
(Biichi, Switzerland) at 40°C, and diluted to 5mL with
MeOH. One mL (for fish) and 0.5 mL (for mussels and clams)
of the extract (corresponding to 1 g of tissue) were then added
with 1mL of distilled water and loaded onto a HLB SPE
Waters OASIS cartridge, preconditioned with 1mL MeOH
followed by 1 mL of distilled water. The column was washed
with 1mL of 5% MeOH in distilled water. Microcystins
were eluted by ImL of MeOH. The MeOH eluate was
dried by rotary evaporator at 40°C; the residue, dissolved
in 2mL distilled water, was stored at —30°C for subsequent
microcystin analysis with the EnviroGard Elisa kit.

2.4.1. Sample Clean-Up. Selected mussel samples from
marine areas near the Lake Lesina in the province of Foggia,
collected after the development of the P. rubescens bloom
in Lake Occhito, were analyzed by ion trap LC/ESI-MS/MS.
Fish muscle and mussels were homogenized by Ultra-Turrax;
5.00 + 0.01 g was weighed, extracted by shaking for 3 min
with 20 mL of the mixture MilliQ water/methanol 1/3 v/v
containing 0.1% trifluoroacetic acid (TFA), and then cen-
triftuged at 1086 g for 10 min. The upper liquid phase was
separated and reduced to about 5mL in rotary evaporator at
40°C. Twenty mL MilliQ water was added, and the sample
was loaded by gravity onto a SPE C18 end- capped cartridge,
previously rinsed with 5 mL methanol and equilibrated with
5mL MilliQ water. The cartridge was washed with 5mL
of MilliQ water/methanol 95/5 v/v and then dried under
vacuum for 30 min. The SPE column was eluted with 5mL
TFA 1% in methanol v/v; the sample was dried under a
nitrogen stream at 40°C and then dissolved in 1 mL methanol
and analyzed by ion trap LC/ESI- MS/MS.

2.5. Water Sample Extraction. The samples of sea water
were directly analyzed with the EnviroGard Elisa Kit for
microcystin detection. Microcystins standards were ana-
lyzed dissolved in water. Lake samples were centrifuged
and the supernatants were filtered through G/C filters and
analysed for extracellular MCs. Toxins were extracted from
cyanobacteria pellets following the procedure described by
Meriluoto and Eriksson [63]. Fresh aliquots of cyanobacteria
biomass (10-50 mg), obtained by centrifugation of water
samples, were extracted two times with 2mL portions of
sterile distilled water. The solution was stirred, sonicated for
5min at 30-40°C (Vibra-Cell, Sonics & Materials Inc.), and
then centrifuged for 10 min at 11.000 rpm (Beckman, LT-55
Ultracentrifuge) to eliminate debris. The supernatant was
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then collected and the whole process repeated twice. The two
supernatants were pooled and analyzed with the EnviroGard
Elisa Kit.

2.6. Microcystin Analysis

2.6.1. ELISA Analysis. ELISA analyses were performed in
triplicate using the Microcystins Plate EnviroGard Kit
(Strategic Diagnostics Inc., Newark, DE, USA). The Envi-
roGard Kit is a direct competitive ELISA for quantitative
detection of microcystins and nodularins (limit of quantifica-
tion 0.1 ppb). It does not differentiate between microcystin-
LR and other microcystin variants but detects their presence
to differing degrees. The concentrations at 50% inhibition
(50% B,) for these compounds are microcystin-LR 0.31 ppb,
microcystin-RR 0.32 ppb, and microcystin-YR 0.38 ppb.
The final absorbances in the microplate of the kit were
measured at 450 nm with an Anthos 2010 spectrophotome-
ter (Anthos—Labtech, Salzburg, Austria). Elisa antibodies
were successfully used to detect microcystins in organic
matrices [27, 35, 49, 64]. However, in this study tests were
performed in order to prevent false positive/negative results
[65]. Three mussel samples spiked with microcystin-LR at
1 ug/g, three uncontaminated mussel samples plus three sea
water samples spiked with microcystin-LR at 1ug/L, and
three uncontaminated sea water samples were tested with
the EnviroGard Kit. Uncontaminated mussel tissues and
water samples showed negative results, below the cut-oft of
the ELISA kit; in mussel and water samples spiked with
microcystin-LR average recovery rates of 87% and 90% were
measured, respectively.

2.6.2. MALDI-ToF/MS Analysis. Mass spectrometry exper-
iments were carried on by a Voyager DE-PRO time-of-
flight mass spectrometer (PerSeptiveBiosystems, Framing-
ham, MA, USA) equipped with a N, laser (337 nm, 3 ns
pulse width). a-cyano-4-hydroxycinnamic acid was used as
matrix. The sample (1uL from a solution in water) was
loaded onto the target and dried. Afterwards, 1uL of a
mixture made of 10 mg/mL «-cyano-4-hydroxycinnamic acid
in 0.1% TFA in H,O/acetonitrile (1/1, v/v) was added. For
each sample, mass spectrum acquisition was performed in
the positive linear or reflector mode accumulating 200 laser
pulses. The accelerating voltage was 20 kV. External mass
calibration was performed with low-mass peptide standards
(PerSeptiveBiosystems, Framingham, MA, USA). The mass
spectrometer was calibrated in the mass range 500-2500 m/z
using 1 uL of standard Low Mass Range Peptide Mix (brand
name mixl, Applied Biosystems, Monza, Italy); a resolution
0£100.000 was calculated.

2.6.3. LC/ESI-Q-ToF/MS-MS Analysis. LC/ESI-Q-ToF-MS/
MS spectra were performed by a quadrupole-time-of-flight
(Q-ToF) Ultima hybrid mass spectrometer (Waters, Manch-
ester, UK), equipped with an electrospray ion source (ESI)
operating in the positive ion mode, and a nanoflow high-
pressure pump system model CapLC (Waters, Manchester,
UK). Samples (1uL) were loaded onto a 5mm x 100 ym
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TaBLE 1: The experimental conditions and selected diagnostic ions for ion trap LC/ESI-MS/MS analysis.
MS/MS
MC-RR  desMe-MC-RR  MC-YR  MC-LR  desMe-MC-LR MC-LW  MC-LF

Tonization mode negative negative negative  negative negative negative  negative
Maximum injection time (ms) 300 300 300 300 300 300 300
Isolation width (m/z) 2 2 2 2 2 2 2
Molecular ion (M-H)~ (m/z) 1036.3 1022.3 1043.4 9933 979.4 1023.5 984.5
MS/MS precursor ion (M-H)™ (m/z) 1036.3 1022.3 1043.4 993.3 979.4 1023.5 984.5
Collision energy (%) 32 32 32 32 32 35 35

1036.5 1022.3 1043.4 993.3 979.4 1023.5 984.5
Selected diagnostic MS/MS ions (m/z) 1018.4 1004.5 1025.3 975.4 961.3 1005.3 966.3
(SRM) 994.4 980.4 931.4 962.4 904.3 992.3 953.3

962.4

Selected diagnostic MS/MS fons (m/z) 115 4 1004.5 10253 9754 961.3 10053 9663

(quantitative analysis)

i.d.Zorbax 300 SB CI8 trap column (Agilent Technologies,
USA), and MCs were separated on a 15cm x 100 ym i.d.
Atlantis C18 capillary column at 1yL/min flow rate, using
aqueous 0.1% TFA (mobile phase A) and 0.1% TFA in 84%
aqueous acetonitrile (mobile phase B). The chromatography
was carried on by linear gradient at room temperature,
according to the following programme: from 0% B at time
0 to 60% B in 40 minutes, then to 90% B in 5 minutes, and
at last to 0% B in 5 minutes; the equilibrium time between
analyses was 5 minutes. LC-MS was performed operating
both in (continuum) MS mode and in MS/MS mode for data
dependent acquisition (DDA) of microcystin fragmentation
spectra. The spectra were acquired at the speed of 1 scan/sec.
The source conditions were the following: capillary voltage:
3000 V; cone voltage: 100 V; Extractor: 0V; RF Lens: 60.
Raw data were processed by MassLynx version 3.5 software
(Waters, Manchester, UK). Mass spectrometer calibration
was carried out on the basis of the multiple charged ions from
fibrinopeptide-Glu introduced separately.

2.6.4. Ion Trap LC/ESI-MS/MS Analysis. Analyses were car-
ried out using a LC/ESI-MS system, equipped with a qua-
ternary pump Surveyor LC pump Plus, a Surveyor plus
autosampler, and LCQ Advantage ion trap mass spectrometer
with an electrospray ion source (ESI) (Thermo Fisher, Milan,
Italy). Chromatographic separation was performed injecting
50 uL sample volume on a 4um particle 250 x 3.0 mm
Max RP 80 A Synergi stainless steel column (Phenomenex,
Torrance, CA, USA), at 0.3 mL/min flow rate, using 0.05%
TFA in water as mobile phase A and 0.05% TFA in acetonitrile
(ACN) as mobile phase B. The chromatography was carried
out by linear gradient at room temperature, according to the
following program: 2 minutes at 30% B, then from 30% B at
time 2 to 100% B in 16 minutes, holding on for 8 minutes,
finally to 30% B in 3 minutes; the equilibrium time between
runs was 12min. The mass spectrometer was periodically
calibrated with standard solutions of Ultramark, caffeine,
and Met-Arg-Phe-Ala peptide provided by the manufacturer.
During the LC/ESI-MS/MS experiments, mass spectra were

acquired in the negative ionisation mode; the spectrometer
parameters were optimised by tuning on the [M-H]-ions of
MC-LR and desMe-MC-LR e MC-LE respectively, at m/z
993.3, 979.4 ¢ 984.5. Tuning was performed at 0.3 mL/min
LC flow rate. The following experimental LC/ESI- MS/MS
parameters were set: capillary temperature 300°C, spray
voltage 4.5kV, and microscan number 3. Further experi-
mental conditions (collision energy, isolation width), and
the diagnostic ions for MS/MS qualitative analysis, are also
reported (Table 1). The LC/ESI-MS/MS analysis was carried
out by monitoring the signals of the precursor ion > product
ion transitions (selected reaction monitoring, SRM mode)
from the LC/ESI-MS/MS dataset of each MC; the data
were acquired and processed using the Xcalibur software,
version 1.3, from Thermo Fisher. Both blank samples and
samples spiked at 1.0 ng/g with each MC were analysed.
The chromatograms obtained extracting the precursor ion —
main product ion transition (SRM) signals from the LC/ESI-
MS/MS dataset were integrated to calculate the calibration
curves. Calibration curves for testing method linearity in
solvent were calculated by linear regression, using standard
solutions in methanol 10, 25, 50, 75, and 100 ng/mL. During
each working session, a blank reagent and blank and spiked
samples were analyzed. The limits of quantification (LOQs)
of the method are 0.5ng/g for MC-RR, MC-LR, MC-YR,
desMe-MC-RR, and desMe-MC-LR and 1.0 ng/g for MC-LW
and MC-LF, showing that ion trap mass spectrometry is a very
sensitive and reliable hyphenated technique for microcystin
determination in seafood tissues.

3. Results

3.1. Lake Water Analysis. Three superficial water samples
withdrawn in March 2009 from three lake stations during the
bloom of P. rubescens and analyzed by Elisa immunoassay,
gave values from 120 to 298 ug/L for total microcystin and
from 0.5 to 0.7 ug/L for extracellular microcystin contents
(Figure 2). In a superficial sample of the bloom in April,
2009, 14 x 10° cyanobacteria cell/L was counted. The total
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FIGURE 2: Total microcystin levels detected in 3 superficial samples
from the 2009 Occhito bloom (March). The extracellular release was
very low; the cell population was healthy and actively replicating.

Microcystin level in fish muscle samples of May 25, 2009

3.5
3 S
2.5
2
%
S 15
1
" ] ™
0
=] =] (=R =" — —
SE SE S5 Z & ~ §
58 58 50 AE o=
% — A2 2 -5 —
o) ) 9 = oo = oo
= = = T 9 L o
= < =] o P B »
(S} Q [9) Q o0
15 15 j5] - (=}
o ) @) B 5}
=

FIGURE 3: Microcystin level detected in fish muscle of marine and
freshwater fish collected in May 2009. Note the highest level found in
a freshly dead specimen (Cyprinus carpio) collected on the Occhito
lakeshore near station 3, whose death cause was not defined.

phosphorus mean level in the lake during years 2009-2010
was 43 pg/L, typical value for mesotrophic condition [58].

3.2. Microcystin Concentration in Fish. The muscle of fish
collected in May, 2009, analyzed by Elisa immunoassay
showed microcystin contamination from 0.42 to 2.98 ng/g
(Figure 3).

3.3. Sea Water Analysis. The sea water samples analyzed
by Elisa immunoassay gave values from 0 up to 0.61 pug/L
(May 2009). Three samples out of 36 analyzed (8%) resulted
negative. In 2009 monthly mean values of total microcystin
concentration showed a peak at 0.38 ug/L (May 2009),
decreasing progressively down to 0.03 pg/L in July (Figure 4).
In 2010 monthly mean values showed a peak at 0.16 ug/L
(January 2010) that decreased down to 0.01 ug/L in April
(Figure 4).
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FIGURE 4: 2009-2010 monthly mean microcystin content in sea
water sampled near the farmed mussels. Persistence of microcystins
in sea water was observed until July 2009 and until June 2010.
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FIGURE 5: 2009-2010 monthly mean microcystin content detected
in mussels from 13 farms near the Fortore estuary. The highest levels
of toxin detection correspond to the 2009 extended bloom in Lake
Occhito; the 2010 less extended bloom caused a lower contamination
in mussels.

A few small, deteriorated trichomes of P. rubescens cells
(mean cell number 15 + 10 cells/L) were still visible in sea
water in May 2009.

3.4. Mussel Analysis. The M. galloprovincialis mussels from
sea farms were sampled and analyzed since April 2009
(Figure 5). The Elisa analyses showed a maximum micro-
cystin concentration at 256 ng/g in 2009 (May 6), with a
progressive decrease down to a minimum at 1.73 ng/g in July
1. Monthly mean values showed the highest concentration at
63.15ng/g in May then decreasing down to 2.7 ng/g in July
(Figure 5). In 2010 the highest value was detected in January
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TABLE 2: The concentration of desMe-MC-RR and MC-LR equiv-
alents (ng/g) determined by LC/ESI-Q-ToF-MS/MS and ELISA in
mussel samples collected along the sea coast close to Lake Lesina.
nd: not detected.

Sample and station desMe-MC-RR ELISA MC-LR eq.
Mussels CV2 39 256
Mussels L1 PN-1b 8 28.23
Mussels L1 PN-2a 5 12.30
Mussels CV1-c 8 27.75
Mussels CV2-h 5 8.30
Mussels CV2-p nd (<0.1) 5.72

(2775 ng/g). Monthly mean values reached a maximum at
19.1ng/g in January, with hidden decrease down to 1.38 ng/g
in April, and a slow comeback to 2.5 ng/g in June (Figure 5).
The Chamelea gallina benthic clams gave values from 1 up to
2.3 ng/g (May 2009). Eight mussel samples out of 75 analyzed
(10.5%) were not contaminated.

The analyses by MALDI-ToF/MS and LC/ESI-Q-
ToF/MS-MS were mainly addressed for a wide mass range
screen for the groups of cyanotoxins present in the sample.
Microcystins were found out to be the most abundant toxins;
microcystin  desMe-MC-RR, the marker variant typical
of P. rubescens blooms, was the main toxin present in all
water and seafood samples. The presence of microcystins
was quantitatively determined in selected mussel samples
(Table2) by ion trap LC/ESI-MS/MS analysis. All the
microcystins were completely separated by reversed phase
HPLC on a Cl12 stationary phase column and unambiguously
identified by at least 2 product ions produced in the MS/MS
SRM mode on ion trap. The variant desMe-MC-RR was
detected in mussel samples up to 39 ng/g. Figure 6 shows
the SRM chromatogram (base peak at m/z 1004) of a mussel
sample containing des-Me-MC-RR; the presence of the
precursor ion and 2 product ions in MS/MS spectrum allows
for unambiguous identification of this microcystin.

4. Discussion

In January 2009, Lake Occhito hosted an extended reddish
bloom (lasting four months), of the toxic cyanobacterium
P. rubescens. In 2009-2010 the general trend of P. rubescens
population dynamics showed superficial stratification with
blooms in winter and a population decrease from late May
to early December. This behaviour is consistent with findings
of Walsby et al. [66] for Lake Zurich, (Switzerland), Jacquet et
al. [67] for Lake du Bourget (France), and Messineo et al. [68]
for Lake Albano (Italy). The P. rubescens toxic production is
marked by the main presence of the desMe-MC-RR variant
[69]. In a contemporary study (2009) analyzing Occhito Lake
water by MALDI-ToF/MS and LC-Q-ToF tandem mass spec-
trometry, several cyanotoxins were detected in cell extracts:
desMe-MC-RR and MC-RR were the most abundant micro-
cystin variants detected [57]. In our study, the analytical data
from mussel samples showed the presence of high levels of
microcystins, in direct relation with the temporal trend of
bloom presence in lake surface waters. The origin of the toxin

contamination in mussels was proved by the presence in the
mussel tissue of the same marker variant desMe-MC-RR.
As a consequence of microcystin contamination, in 2009,
the local health authority prohibited mussel commerce, to
prevent possible contamination of consumers. In autumn-
winter 2010 the bloom rose again, but to a minor extent, and
a lower mussel contamination occurred. Mussels and clams
are mainly consumed as a crude dish or cooked according
to traditional recipes. Microcystin content in mussels is not
affected by boiling [70]. For an adult human weighing 60 kg
and ingesting from 100 to 300g serving of mussels, the
microcystin level of 80% of mussel samples analyzed in 2009
and of 19% of mussel samples analyzed in 2010 was even 4-
fold in the first case and 3-fold in the second case, the recom-
mended TDI value of 0.04 u/kg body weight/day suggested
by WHO [71]. The covalently bound portion of microcystins
is not detectable by conventional organic solvent extraction
methods and can represent up to 38-99% of the total
microcystins contained within the tissues [72]. This may
lead to considerable underestimation of total microcystins
content and, consequently, of related human health risk, by
some orders of magnitude [45, 73, 74], because the bonded
toxins during digestion are released in a toxically active form
[72, 75]. So, even the toxic values detected in this study could
noticeably underestimate the real total microcystin content in
mussel and fish samples tested. The presence of microcystin
contamination in the farmed M. galloprovincialis of Lake
Varano coasts represents a serious economic damage for local
populations, because these farms produce one of the best
qualitative seafood products in Italy [76].

The presence of microcystins in five out of five collected
fish during the P rubescens bloom suggests the need for
further studies on ichthyic marine and freshwater fauna
during these occurrences in Lake Occhito.

Until today, only microcystin contaminated fish muscle
consumption was known to be a threat for human health
[35-39, 77]. Our study demonstrates that also contaminated
farmed sea mussels may represent a new health risk to con-
sumers and a cause of economic damage when inland waters,
affected by toxic eutrophication and communicating with
coastal sea waters, are not managed with specific remediation
plans. The detected microcystin contamination in wild clams
also raises the problem of possible transfer through the food
chain to marine invertebrate predators (other molluscs, crabs,
and crayfish). These in their turn may be preys of vertebrate
predators fished for human consumption. Several recent
studies detecting chemical contaminations (polychlorinated
biphenyls, dioxins and furans, heavy metals) in southern
Adriatic Sea ichthyic fauna have been performed [78, 79], but
this is the first study planned on cyanotoxin presence till now
and also the first study reporting the periodic accumulation
of microcystins in farmed and wild marine mussels due to
contamination by toxic freshwater blooms. Moreover, this
study represents a model for food safety risk management,
according to the law of European Union commission for
consumer protection; indeed, test methods, both for rapid
screening and for confirmation and quantification, were
developed, to identify the cyanotoxins produced during a
bloom, to profile and quantitate the main toxic compounds,
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spectra are reported.

and then to trace the contamination from freshwaters to
seafood. In the case of Lake Occhito, the availability of
data about microcystin contamination allowed for health
risk characterization and, consequently, risk evaluation, and
proper communication to consumers and health authorities.
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