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Abstract In the Lagoa dos Patos Estuary, southern Brazil, toxic blooms of cyanobacteria have been recorded for
many years. Among the species of cyanobacteria that occur in the estuary Microcystis aeruginosa produces the toxin
[D-Leu'] microcystin-LR, one of the most toxic known variants. The strain Microcystis aeruginosa RST9501 was
cultivated in Cyanobacteria and Phycotoxins Lab of the Oceanography Institute of the Federal University of Rio
Grande - FURG and it was used for toxin extraction and purification. Sediment samples were collected from the
estuary and used in the toxin degradation experiments. The decrease of toxin concentration was checked by HPLC
and the results were compared with other available data. This study revealed the decreased of toxin [D-Leu']
microcystin-LR concentration of 5pg.mL™ after six days, and also describes a comparative analysis of the
biodegradation by the sediment and with a bacterium isolated from the collected sediment samples. It was suggested
that the reduction in toxin concentration is mainly due the biodegradation by the bacterial community of Lagoa dos
Patos Estuary present in the sediment. This confirms the potential of this technique as a complementary tool for
biotechnological processes to remove toxins in water. It was also carried out a comparative analysis of the
biodegradation of the toxin with sediment and biodegradation with an isolated bacteria from this sediment.
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1. Introduction

The occurrence of toxic cyanobacterial blooms has
been reported for more than 20 years in the Lagoa dos
Patos Estuary [21,36,38]. The predominant species of
cyanobacteria in the estuary, Microcystis aeruginosa, is
known for producing hepatotoxin [D-Leu'] microcystin-
LR ([D-Leu'] MC-LR) [22,23], which represents 90% of
all toxins produced intracellularly. The hepatotoxicity of
this variant has already been reported through animals and
enzymatic bioassays data. It was found to be one of the
most toxic hepatotoxins [22] and it has been classified by
the IARC (International Agency for Research on Cancer)
as a possible carcinogen in humans [6].

Microcystins (MCs) are cyclic heptapeptides that
contain a characteristic section called R-amino,3-amino-9-
methoxy-2-6,8-trimethyl-10-phenyl-deca-4,6-dienoic acid
(ADDA) [13], which is responsible for the toxicity of the
compound. More than 70 structural variants have been
described in the literature. These toxins promote tumors

and are involved in acute and chronic health problems in
humans and animals.

Toxins from cyanobacteria represent risks for the
human population by the exposure through drinking water
or when swimming or fishing in contaminated water. The
presence of cyanobacteria and their toxins represents a
series of changes that cause damage to the environment
and they can affect all levels of the trophic chain [35].

The Lagoa dos Patos is the most important watershed of
Southern Brazil. This region has an area of about
10,227km? which is used as a place for food, shelter and
breeding of a large number of species of fish and shellfish.
Lagoa dos Patos and its estuary represent the second
largest volume of natural inland waters of the country. Its
waters cross the most industrialized areas of the state of
Rio Grande do Sul. On its shores live more than 3 million
inhabitants in several cities and villages using its waters
for leisure, public supply, industries, commercial and
subsistence fishing, agriculture and navigation [40].

Lagoa dos Patos Estuary receive a high nutrient load,
probably because of the contamination by domestic
sewage and of the discharge of industrial waste coming
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from cities located on its margins, especially from the city
of Rio Grande [36,39]. Because of this contamination, the
sediment of the estuary is rich in organic compounds that
nourishes a wide variety of bacterial genera.

Considering the importance of this environment, the
occurrence of cyanobacterial blooms and the consequent
liberation of toxins means an environmental problem
affecting the ecosystem and the bordering estuary
communities.

Although studies have been carried out using lake
sediments for the degradation of a variety of toxic
compounds such as microcystins and Polycyclic Aromatic
Hydrocarbons (PAHS) [2,7,11,27,28], the dynamic of the
elimination of toxic compounds in sediment and which
involved organisms are not precisely known yet.

This study aims to identify the use of sediment from the
Lagoa dos Patos Estuary as a substrate with potential for
the biodegradation of toxin [D-Leu'] microcystin-LR and
as a source of bacteria carrying enzymes capable of
biodegrading this compound, as well as to compare the
process of biodegradation with the sediment and from a
bacterial strain isolated from this sediment.

2. Materials and Methods

2.1. Culturing the Cyanobacteria Strain

A Microcystis strain  cataloged as Microcystis
aeruginosa - RST9501 was cultured at the culture
collection of the Cyanobacteria and Phycotoxins
Laboratory of the Institute of Oceanography from the
Federal University of Rio Grande — FURG. The strain was
cultured in a 1L Erlenmeyer flask using the liquid BG-11
medium [29] in a temperature-controlled room (20° C ).
The room was lit by two fluorescent lamps to provide a
radiation equivalent to 125uE.m?2.s™. The Microcystis
RST9501 strain is a producer of the toxin [D-Leu']
microcystin-LR and following the culture, toxin material

was obtained for its extraction, which is detailed below.

2.2. Toxin Extraction Process

Extraction and semi-purification processes of the toxin
began with samples of the RST9501 following the method
described by Lawton et al. [15]. The culture samples were
collected and centrifuged in a HERMLE Labnet Z323,
centrifuge at 8,000g for 20 minutes. Next the centrifuged
material was frozen and lyophilized (EDWARDS
MicroModulyo). Then, it was added 250 ml of acetic acid
(5% v/v) for each gram of lyophilized material, and the
mixture was shaken and centrifuged once more at 8,000g
for 10 minutes. The resulting supernatant (S;) was stored.
The pellet from this first round of centrifugation went
through a second round of the same process described
above. After centrifugation of the mixture at 8,000g for 10
minutes, the pellet was discarded, and the supernatant (S,)
was added to the previous supernatant (S;). The resulting
500 ml from the supernatants (S;+ S,) was kept in a
freezer for 24 hours. After thawing, the extract was
centrifuged once more at 8,000g for 10 minutes, and the
resulting pellet was discarted.

For the second stage, the extract was passed through 3
ml/g Cg cartridges (Sep-Pak cartridges) on a peristaltic
pump (Millipore Corporation, USA). The Cyg cartridges
was previously activated with the passage of 10 ml of
methanol, followed by 10 ml of distilled water. After, the
extracts were passed through these cartridges, they were
frozen in the cartridges for 24 hours. After thawing, the
cartridges were eluted with 20 mL of (100%) methanol,
and the extracts obtained from the cartridges were dried in
a rotary evaporator at 409C under vacuum. After
evaporation, the residues were resuspended with two
volumes of 500 pL of (100%) methanol; Then, they were
analyzed by high performance liquid chromatography
(HPLC - Shimadzu SCL-10A,, - Japan) to determine the
concentration of microcystins. This semi-purified toxin
(Figure 1) was used for the sediment experiment.
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Figure 1. Chromatogram of the toxin [D-Leu'] MC-LR obtained during the extraction process with the Microcystis aeruginosa strain RST9501.
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Figure 2. Location for the sediment collection of and water. The site was located next to the Oceanographic Museum of the University of Rio Grande -
FURG, in the Lagoa dos Patos Estuary - RS, (state of Rio Grande do Sul, southern Brazil)

2.3. Collection of Water Samples and
Sediment of Lagoa Dos Patos Estuary

Lagoa dos Patos surface is about 10,227 Km? and the
estuary in the southerneast part covers 900 Km? the
average depth varies from a few centimeters to
approximately 5 meters and it can be classified as a
shallow lake (Figure 2). Samples of sediment were
collected from the estuarine region (near the
Oceanographic Museum of Federal University of Rio
Grande — FURG) to serve as material for the toxin
degradation tests. The estuary point next to the
Oceanographic Museum was chosen because of the
cyanobacterial blooms have historically occurred there
[39].

Samples of sediment were collected with a PVC
sampler. After the samples were placed in a plastic bucket
and later stored in sterile plastic 500 ml flasks. The water
temperature (thermometer — INCOTERM) and the salinity
(salinometer — QUIMIS) were measured at the location.
The pH was measured at the laboratory (pH meter, model
Marte — DIGIMED). Samples of sediment around 500g

were taken to the laboratory where they were stored at +
4°C until the experiment.

2.4. Concentration of the Toxin [D-Leu']
Microcystin-LR by Hplc

The analysis to determine toxin concentration were also
carried out through a Shimadzu SCL-10Avp
chromatograph, which was equipped with a UV-SPD
10Avp detector, a quaternary LC-10AD,, pump and a
CTO-10As,, column oven and controlled by CLASS-VP
6.21 SP5 software. For this analysis a Cyg column was
used. The maximum peak of absorption for microcystin
was 238nm, so the wavelength for reading was adjusted to
this value. The samples for the experiment were
centrifuged in Eppendorf tubes for 20 minutes, and then,
200uL of each sample was injected into the HPLC
Shimadzu SCL-10Avp and tracked for a running time of
about 10 minutes. Reduction of the toxin concentration
was indicated by lower peaks on the [D-Leu']
microcystin-LR toxin chromatograms, as shown in
Figure 3.
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Figure 3. Chromatograms showing the chromatographic peaks for the toxin [D-Leu™] microcystin-LR using estuarine sediment. Panel 0 (beginning),
Panel 3 (three days later) and Panel 6 (six days later) represent the decreases in toxin as analyzed by HPLC. Numbers above each chromatogram peak

show the toxin retention time in minutes and area of the toxin peak
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Figure 4. Degradation of the [D-Leu™] microcystin-LR toxin using estuarine sediment from Lagoa dos Patos — RS. . Treatment, . Control

2.5. [D-Leu'] Microcystin-LR Biodegradation
Experiment with Sediment from the
Estuary

Biodegradation of [D-Leu'] microcystin-LR was
performed with the samples of collected sediment
containing 29ml of minimal salt medium (MSM, [25]).
They were placed in six amber-colored flasks, three flasks
for treatments and three for controls. To each flask 1g of
sediment was added in order to obtain a volume of
approximately 30ml. Next, it was added 21uL of the toxin
[D-Leu™] microcystin-LR (stock concentration: 7,000pg.mL™)
to each flask in order to obtain an average concentration of
5 ug.ml™. The samples of sediment that served as controls
were all autoclaved at 120Kgf/cm? for 30 minutes. All
experimental and control flasks were then placed in a

CERTOMAT® BS-1 incubator-shaker (Germany) at a
temperature of 27°C (Figure 4).

Every three days, samples for the experiment were
collected while under a microbiological hood using a
Bunsen burner. The average time from the collection of
experimental samples to analysis was three days, and the
total time for sampling was 30 days. Samples from the
experiment were placed in labeled Eppendorf tubes and
stored in a freezer (-20°C) for later analysis by HPLC.

2.6. Isolation of Bacterial Strains

Samples of collected sediment, were inoculated in Petri
dishes containing 15g.L™ of agar in MSM with 8g.L™ of
anhydrous glucose. The dishes inoculated with sediment
samples were placed in the CERTOMAT® BS-1
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incubator-shaker (Germany) at a temperature of 27°C.
From these samples, seven bacterial strains were isolated
and showed different color characteristics and colonies
shape.

2.7. Comparative Analysis of [D-Leu]
MC-LR Biodegradation with the Use of
the Lagoa Dos Patos Estuary Sediment
and with a Bacterial Strain Isolated
from This Sediment

From the sediment collected samples of the Lagoa dos
Patos estuary, biodegradation experiments were carried
out and some strains were isolated from this sediment
(Table 1). One of this isolated bacteria was applied to
confirm the potential degradation of the strain. The
selected bacterium was DMXS [19]. In the experiment
carried out, an approximate concentration of lug.L™ of
[D-Leu'] MC-LR was used and the experiment was
extended for 24 days.

During the experiment, it was possible to evaluate the
decrease in toxin concentration while an increase in
bacterial density occurred. In this experiment, the decrease
in toxin concentration was also evaluated by HPLC and
the identification of the bacterium was carried out by
molecular biology analyzes through genetic sequencing
and the results were published.

The use of this research data [19] with obtained data
with biodegradation of the [D-Leu'] MC-LR with
sediment utilization made possible a comparative analysis
of the sediment use efficiency and the capacity of the
bacterium selected in decreasing or eliminating the
concentration of toxin present in the water (Figure 5).
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3. Results

Sediment samples from Lagoa dos Patos Estuary were
collected and their potential to induce the reduction of the
concentration of [D-Leu'] microcystin-LR toxin was
evaluated. From the sediment samples, seven strains of
bacteria were successfully isolated (See Table 1).

Indication of the removal of the [D-Leu™] microcystin-
LR toxin during the experiment was also obtained by the
reduction of the chromatographic peak. The peak was
observed precisely ten minutes into the chromatographic
run, with an absorption spectrum of 238 nm for
microcystin. The Figure 3 Displays three chromatograms
from the treatment at three different times, showing the
disappearance of the microcystin peaks over the course of
the experiment.

The initial concentration of toxin was approximately
5ug.mL™. The entire concentration of [D-Leu']
microcystin-LR toxin was eliminated after 6 days, and
concentration values of zero were maintained until the end
of the experiment. The control samples remained largely
stable: there was a decrease of 22% through the third day,
and after this the concentration stabilized until the end of
the experiment (Figure 4).

The constant for exponential decay was calculated with
the program Excel 2003 (Microsoft, Windows XP), and
the half-life was calculated based on the equation supplied
with the program.

The comparative analysis between the experiment with
the sediment and the experiment with the isolated bacteria
allowed the generation of the Figure 5, which allows a
view of the toxin removal efficiency in parallel in two
studies. Sediment removal is quicker to reach 100% of the
toxin added.
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Figure 5. Comparative analysis between the efficiency of sediment use (®) and the isolated bacteria for the biodegradation of cyanotoxin [D-Leu™]

microcystin-LR(®)
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Table 1. Bacteria isolated from water and sediment samples
collected in Lagoa dos Patos Estuary (near the Oceanographic
Museum) (Rio Grande do Sul, State, Brazil)

Bacterial Color colony Source
BM12 Yellow Water
EE1 White Water
LPML Orange Water
NOT13 Yellow Water
CEV Red Water
FB0607 Red Water
DMXS Light brown Sadiment

4. Discussion

Experiments using sediments from lakes, rivers and
estuaries to assess biodegradation of microcystins have
been performed in various countries, including Finland
[27], China [2,3] and Germany [7]. The analyses of factors
that affect biodegradation, such as temperature, oxygen
content and quantity of nutrients, have been verified in
experiments with oxic and anoxic conditions [3,11].

Bacteria ~act by  modifying  environmental
physicochemical conditions. Thus, it is thought that
bacteria in sediment plays an important role in the
decomposition of organic matter and in geochemical
cycles. These microorganisms are adapted to efficiently
exploit different sources of energy [26] and the sediment
has a fundamental role as sources of bacteria for the water
column.

The sediment sampling of Lagoa dos Patos estuary site
has environmental characteristics typical of an estuary
with predominantly sandy sediments and a slightly
alkaline pH that is normal for environments with marine
influences. This type of sediment presents a variable redox
potential, because it acts as oxidants. In the Lagoa dos
Patos sediment, high concentrations of phosphorus [31]
and metal contamination have been identified, probably
because of the dynamic estuary subjected to strong
anthropic influences. Considering all these characteristics,
the high dynamic of the place is subjected to wave action
and the entrance nutrients. This implies that this area
should contain large concentration of bacteria. In this
study, however, we cultured samples of the sediment and
it was obtained seven strains of bacteria using MSM with
glucose, which is poor medium in nutrients. Each of the
strains showed distinct characteristics, such as yellow,
white, brown, and pink colorations and rod and coccoid
morphologies. With the use of a rich medium, such as LB
(Luria-Bertani) [1,20] or some other appropriate medium,
we could have isolated more strains since the sediment is a
very rich environment in microorganisms.

In addition to the bacterial community present in the
samples, it should also be considered that the presence of
fungi, possibly contributed to the reduction of the toxin, as
any type of organic carbon. It has been demonstrated that
fungi can even destroy cultures of cyanobacteria [12]. In
addition organic matter may also have contributed greatly
to reducing the concentration of toxin since it can provide
carbon for the development of bacteria.

In this study the data of cyanobacteria biodegradation
of the [D-Leu™ microcystin-LR was performed in a
laboratory experiment with the use of sediment from the
estuary of Lagoa dos Patos — RS, Brazil. The fact that the
occurrence of reduction in the concentration of [D-Leu']
microcystin-LR in the control group and that this
reduction was stable from the third day on suggests that
there is a potential for adsorption by the sediment. Some
studies confirm that cyanobacteria toxins actually have
their concentration reduced by the physical process of
sediment adsorption [2,7,14,27,34]. In addition, the
estuary receives a considerable amount of organic material
from the Guaba system, confirming earlier data that the
presence of dissolved organic carbon and the abundance
of microorganisms contribute to the rapid degradation of
microcystis [4,5].

The fact that the initial toxin concentration of
approximately 5 pg.mL™ dropped near zero from the sixth
day is directly related to the set of microorganisms in the
sediment, but there was an average decrease of 20% in the
control and in the test. It is suggested that this 20%
decrease, approximately, observed both in the control and
the test samples over the course of three days, was due to
the adsorption of [D-Leu'] microcystin-LR by the
sediment particles.

The process of microcystin degradation is dependent on
various factors, such as types of microorganisms present,
dissolved concentration, water temperature, pH and
availability of carbon [27,30]. A review of the organisms
that carry out the biodegradation of microcystins has
shown that several different strains of different extremities
as to the physical and chemical characteristics are able to
carry out the biodegradation of these toxins [18].
Additionally, these molecules are very stable in water;
thus, conventional processes used in water treatment
plants do not easily remove these toxins [16].

The concentration of toxin in the test group reached a
measurement of zero after six days, indicating that the
microbial community acted intensely on the toxin,
completely removing it in a few days. The rate of
exponential decay was measured as 0.8pg.mL™.day™, and
the half-life was calculated to be 3.7 days. The half-lives
calculated for microcystin-LR and microcystin-RR in
other studies have varied from two to more than nine days
[2]. Further, in experiments using sediments and lake
water, it was shown that the rate of degradation for
microcystins was higher in the sediment, indicating the
importance of sediment in the process of the elimination
of the toxin.

Studies have demonstrated that microorganisms capable
of degrading hepatotoxins and anatoxin-a are found in
different types of sediments from lakes where toxic
cyanobacterial events both have and have not occurred
[27]. Moreover, degradation occurs more rapidly with
material collected during or after these events; in addition,
aquatic bacteria with the capability of degrading different
types of toxins have been isolated [17,21,33].

Among the seven isolated strains one of them was
chosen to be tested as their capacity to biodegrade
microcystins. The experiment was carried out and a
population increase of this strain was verified during the
experiment and the results were published [19].
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Although the concentrations of toxins used in the
studies are different, it was verified that the isolated
bacteria had less biodegradation than with the use of the
sediment. Possible explanations are related to the
enzymatic mechanism of the isolated bacteria and its
adaptation to using the toxin as a source of carbon. In
addition, the sediment has a very large amount of bacteria
that may be more able to degrade the toxin and also can
exhibit cooperative behavior where one degrades one
section and another degrades another part of the molecule.
It is known that the toxic characteristic of the molecule is
in the ADDA radical and that its cyclic structure is
extremely stable and that even at high temperatures
maintains its integrity [8]. However, the structure of the
molecule can be altered by bacterial enzymes and in some
cases after the attack of the bacterial enzymes there is the
generation of sub-products [9] that could also be
biodegraded by other bacteria present in the sediment.

Although in this comparative analysis the use of sediment
for microcystin biodegradation has been more efficient,
the biodegradation plays the main role in the degradation
process and there are studies confirming the biodegradation
of these toxins by bacteria in a period of 24 hours [10].

Thus, biodegradation seems to be an effective route for
the elimination of microcystins in fresh water [2]. The role
that the water column and sediment play in the
degradation of microcystins in the aquatic environment
has been studied previously [2,3,27], and it has been
suggested that low levels of microcystins found in the
environment are due to bacterial degradation [2].

Microcystins dissolved in the waters of reservoirs used
as sources of drinking water and for fishing and recreation
pose severe risks for both humans and animals. Thus, to
reduce risks associated with microcystin contamination, it
is need to further our understanding of the natural processes
available for their degradation and elimination [2].

5. Conclusion

This study verified the sediment potential from Lagoa
dos Patos— RS, (Brazil) to be used in technological applications
for the biodegradation and/or bioremediation of toxins from
cyanobacteria, especially microcystins. It was also confirmed
the sediment’s capacity for adsorption of [D-Leu]
microcystin-LR and it was verified that it was responsible
for the average of 20% of removal the total this toxin.

Thus the bacterial biodegradation process proved to be
efficient and the use of sediment made possible a great
concentration of microorganisms with capacity to act on
the process of disruption of the toxin molecular structure,
reducing its concentration. However, there are no studies
that have been able to quantify and identify the total
number of microorganisms present in the environment
with capacity to contribute directly or indirectly to the
biodegradation process of microcystins and that can be
used in biotechnological applications.
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