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The objectives of this investigation were to evaluate the ability of Saccharomyces cerevisiae CECT 1891 and
Lactobacillus acidophilus 24 to remove fumonisin B1 (FB1) from liquid medium; to determine the nature of
the mechanism involved in FB1–microorganism interaction and to analyze whether the presence of aflatoxin
B1 (AFB1) interferes with the removal of FB1 and vice versa. The results obtained indicated that: (i) both mi-
croorganisms were able to remove FB1 from liquid medium; (ii) the removal was a fast and reversible
process; (iii) cell viability was not necessary; (iv) the amount of FB1 removed was both toxin- and microor-
ganism concentration-dependent; (v) the process did not involve chemical modification of FB1 molecules;
and (vi) cell wall structural integrity of the microorganisms was required for FB1 removal. Consequently,
we propose that the mechanism involved in the removal of FB1 is a physical adsorption (physisorption) of
the toxin molecule to cell wall components of the microorganisms. It is highly probable that FB1 and AFB1

co-occur in contaminated foods, since the fungal genera Aspergillus and Fusarium frequently occur simulta-
neously. Therefore, we analyzed whether the presence of AFB1 interferes with the removal of FB1 by the mi-
croorganisms previously evaluated, and vice versa. Studies of co-occurrence of both mycotoxins clearly
showed that they did not compete for binding sites on the microorganism cell wall and the presence of
one toxin did not modify the efficiency of the organism in the removal of the other mycotoxin. These findings
may be useful for optimization of mycotoxin binding and provide an important contribution to research on
microorganisms with ability to remove these secondary metabolites.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Human diets contain a wide variety of natural carcinogens, such as
mycotoxins, that are present in foods as a result of contaminated raw
materials or they may be produced during the processing and/or stor-
age of foods. Fumonisins are fungal secondary metabolites produced
by species of Fusarium, mainly Fusarium verticillioides and Fusarium
proliferatum (CAST, 2003; Keller et al., 1997; Krska et al., 2007).
There are several identified fumonisins, but fumonisin B1 (FB1) and
fumonisin B2 (FB2) are the most important and constitute up to 70%
of the fumonisins found in naturally contaminated foods (Niderkorn
et al., 2009). FB1 and FB2 are phytotoxic to corn (Lamprecht et al.,
1994), cytotoxic to various mammalian cell lines (Abbas et al.,
1993) and FB1 is carcinogenic to rat liver and kidney (IARC, 2002).

The occurrence of fumonisins in home-grown corn has been associat-
ed with an increased risk of esophageal cancer in humans (Shephard
et al., 2000). FB1 is the most toxic and is considered to be a possible
human carcinogen and is classified as class 2B (IARC, 2002). This my-
cotoxin is the causal agent of two well described diseases in domestic
animals: equine leukoencephalomalacia (Riley et al., 1997) and
porcine pulmonary edema syndrome (Harrison et al., 1990). The
mechanism of action appears to involve mainly disruption of sphin-
golipid biosynthesis by the inhibition of the enzyme sphingosine N-
acetyltransferase (ceramide synthase) (Voss et al., 2007).

Considering the impact of fumonisins on health, the application of
strategies to prevent their formation, as well as to eliminate, inacti-
vate or reduce their presence in food products, is desirable. Most of
the approaches have not been adopted due to high costs, loss of nutri-
tional and sensory properties of the products, or practical difficulties
involved in detoxification process (Firmin et al., 2011). Therefore, a
promising alternative is the use of microorganisms as FB1 sequester-
ing agents. Inclusion of such microbes in the diet may reduce the
toxic effects of mycotoxins on humans, as a FB1–microorganism
complex may decrease availability of the mycotoxin and consequent-
ly its absorption in the gastrointestinal tract (Gratz et al., 2007;
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Hernandez-Mendoza et al., 2009). Saccharomyces cerevisiae and lactic
acid bacteria (LAB) have been used as probiotics and potential myco-
toxin decontaminating microorganisms because of their ability to
bind these toxic metabolites. Nevertheless, despite several publica-
tions having reported in vitro binding by LAB and yeast strains of my-
cotoxins such as aflatoxin B1 (AFB1) (Bueno et al., 2007; Hernandez-
Mendoza et al., 2009; Pizzolitto et al., 2011; Shetty and Jespersen,
2006), zearalenone and certain trichothecenes (El-Nezami et al.,
2002a,b; Niderkorn et al., 2006, 2007) little is known about the mech-
anism involved in fumonisin removal. An understanding of the bind-
ing mechanism is required to allow the optimization and safe dietary
application of this methodology. In addition, it is highly probable that
FB1 and AFB1 co-occur in contaminated foods, since the fungal genera
Aspergillus and Fusarium frequently occur simultaneously (Oliveira
et al., 2006; Pietri et al., 2009; Rocha et al., 2009).

In previous studies we demonstrated that S. cerevisiae CECT 1891
and Lactobacillus acidophilus 24 showed high efficiency in AFB1 re-
moval from liquid media (Bueno et al., 2007; Pizzolitto et al., 2011).
We were interested therefore, in identifying the nature of the mech-
anism involved (physical or chemical) in the FB1 binding process,
characterizing the interaction of selected strains in terms of binding
conditions and dissociation of FB1 and in addition, understanding if
FB1 removal is modified by the presence of AFB1 and vice versa. To
our knowledge, there is no information available that analyzes the
binding of these mycotoxins in co-occurrence. The ability of microor-
ganisms to bind AFB1 and FB1 could decrease the bioavailability of
these compounds and limit their toxic effects on humans. In the
present study, the removal of FB1 and AFB1 in co-occurrence from liq-
uid medium by microorganisms was investigated, for the first time.
The objectives of this investigation were: i) to evaluate the capacity
of S. cerevisiae CECT 1891 and L. acidophilus 24 to remove FB1 from liq-
uid medium; ii) to determine the nature of the mechanism involved
in FB1-microorganism interaction and iii) to analyze whether the
presence of AFB1 interferes with the removal of FB1 and vice versa.

2. Materials and methods

2.1. Microorganisms and culture conditions

L. acidophilus 24 from the National University of Río Cuarto Culture
Collection, was grown on De Man, Rogosa, Sharpe (MRS) broth under
microaerophilic conditions for 24 h at 37 °C without shaking, using
inoculum at 0.1% (v/v) from an overnight culture at 37 °C.

S. cerevisiae strain CECT 1891 from Spanish Type Culture Collection,
University of Valencia, Valencia, Spain, was grown on Yeast Extract
Peptone Dextrose (YPD) broth (0.5% yeast extract and 0.5% peptone,
4% glucose) in an orbital incubator at 150 rpm for 24 h at 25 °C. The in-
oculum of the yeast strain was prepared from an overnight culture in
YPD broth at 25 °C. Then, 250 ml Erlenmeyer flasks containing 100 ml
of YPDwere inoculated with 1 ml of the respective inoculum. Cell sus-
pension concentration was determined using a hemocytometer. Via-
bility was confirmed by standard count methods using MRS or YPD
agar.

2.2. Preparation of spheroplasts

A spheroplast is a cell from which the cell wall has been removed
almost completely. The cell wall lysis assay was based on the method
described by Ovalle et al. (1998) with some modifications. Briefly,
S. cerevisiae CECT 1891 was grown in 100 ml of YPD broth at 25 °C
with shaking until an optical density (OD) of 1 at 600 nm was
achieved. Then, cells were centrifuged at 5000 g for 15 min and the
pellet was washed with 0.022 M phosphate-buffered saline (PBS),
pH 7.4. Cells were suspended in 10 ml of TSD buffer (0.1 M Tris sulfate
pH 9.4, 0.01 M dithiothreitol), to obtain a solution with an OD 10
times greater, and incubated for 10 min at room temperature. This

solution was then centrifuged at 4000 g for 5 min, the supernatant
discarded and the pellet suspended with 3.3 ml of spheroplast A me-
dium (0.022 M PBS, glucose 2% (w/v), 1 M sorbitol, 0.02 M Tris–HCl
pH 7.5) with the final OD 30 times higher than the initial. Ten μl of
this solution was diluted with 990 μl of deionized water, and the OD
was measured at 600 nm and the value was recorded. Zymolyase
(150 mg; AMS Biotechnology LTD), was then added to 3.3 ml of the
cell suspension and incubated in a water bath without shaking at
37 °C. At 5-min intervals, 10 μl aliquots were taken and diluted with
990 μl of deionized water and their OD was measured at 600 nm
and recorded. This process was carried out until the OD was 10
times lower than the initial. Then, the cell suspension (3.3 ml) was
centrifuged at 1500 g for 5 min at room temperature. The pellet was
washed once with spheroplast B medium (0.022 M PBS, glucose 2%
(w/v), 1 M sorbitol) and after confirming under a microscope that
the cells had been fully converted to spherical cells (spheroplasts)
they were resuspended in 20 ml of 0.022 M PBS, pH 7.4 supplemen-
ted with 0.5 M sorbitol.

2.3. Fumonisin B1 binding assay

FB1 solid (Sigma, St. Louis, MO, USA) was suspended in acetoni-
trile:water (1:1, v/v) to obtain a FB1 concentration of 1 mg/ml. Solu-
tions of FB1 (3.125; 6.25; 12.5; 15; 20; 25; 50 and 100 μg/ml) were
prepared in PBS, pH 7.4.

To conduct mycotoxin binding assays, a volume of culture was
centrifuged at 5000 g for 15 min at room temperature and the super-
natant was removed. The cell concentration of the pellet was deter-
mined using a hemocytometer or plate count methods. The pellet
was washed twice with PBS. The microbial pellet was then suspended
in 1 ml of PBS containing FB1, incubated for 30 min at 37 °C with
shaking. At the end of the incubation period, tubes were centrifuged
(5000 g, 10 min) and supernatants containing unbound FB1 were col-
lected and stored at −20 °C for high-performance liquid chromatog-
raphy (HPLC) analysis (see below).

To study the effect of incubation time, cells and FB1 (5 ml) were
incubated for up to 270 min, and samples (1 ml) were collected at
1, 30, 60 and 270 min.

The effect of cell viability on FB1 binding ability was carried out by
heat-treatment of the cells (autoclaving for 20 min at 121 °C) before
incubation with the toxin. Nonviable cells were monitored by plating
in YPD or MRS medium.

Removal of FB1 by spheroplasts was carried out as described above
for whole cells, but the liquid medium (0.022 M PBS, pH 7.4) was sup-
plemented with 0.5 M sorbitol, both for spheroplasts and control cells.
The removal of FB1 by the spheroplast supernatant was carried out
with supernatant obtained from 107 spheroplasts/ml, which was
also supplemented with 0.5 M sorbitol. Furthermore, after the incuba-
tion time, all samples were centrifuged at 25,000 g for 30 min, to ob-
tain the supernatants containing the unbound FB1. Positive (PBS+
mycotoxin) and negative (PBS+cells) controls were included for all
experiments.

2.4. Fumonisin B1 release assay

Pelleted cells with bound FB1 (as described above) were suspended
in 1 ml of 0.022 M PBS pH 7.4 or acetonitrile-water (1:1 v/v) and
incubated for 30 min at 37 °C with shaking. After that, the microorgan-
isms were pelleted by centrifugation, and the supernatant containing
the released FB1 was collected and stored at −20 °C for later HPLC
analysis. This process was repeated five times.

2.5. Aflatoxin B1 binding assay

The AFB1 binding assay was performed according to Bueno et al.
(2007). Briefly, stock solution of solid AFB1 (Sigma, St. Louis, MO,
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USA) was suspended in benzene–acetonitrile (97:3 v/v) to obtain an
AFB1 concentration of 1 mg/ml. The benzene–acetonitrile was evapo-
rated by heating at 70 °C for 10 min, and 50 μl of methanol was added
and brought to final volume with PBS, pH 7.4. Cells were washed
twice with PBS and incubated at 37 °C for 30 min in a shaking bath
with 1 ml of PBS containing AFB1 (1.5; 3.75; 7.5; 15 μg/ml). Then,
cells were pelleted by centrifugation at 5000 g for 15 min at room
temperature, and the supernatant containing unbound AFB1 was
collected and stored at −20 °C until HPLC analysis. Positive (PBS+
mycotoxin) and negative (PBS+cells) controls were included for all
experiments.

2.6. Binding assay for fumonisin B1 and aflatoxin B1 in co-occurrence

Binding assays for AFB1 and FB1 in co-occurrence were performed
as described above for each toxin. In this case, the mycotoxins
were added simultaneously into the PBS solution. The quantification
of AFB1 and FB1, was carried out by HPLC analysis according to
Trucksess et al. (1994) and Shephard et al. (1990) modified by Doko
et al. (1995), respectively.

2.7. Efficiency parameters

To further study the interaction between the two mycotoxins, we
applied the model developed by Bueno et al. (2007), which was pro-
posed to explain the process of AFB1 adsorption by LAB and yeast
strains. Briefly, this model considers the attachment of AFB1 mole-
cules to the microorganism surface. The relationship between the
amounts of the AFB1 at the microorganism surface as a function of
its solution concentration is described by an adsorption isotherm,
which is linear at the beginning then transitioning to a plateau. This
type of isotherm can be described by the following equation:

Adsorption ¼ M toxin½ � � Keq=1þ toxin½ �Keq:

where M is the maximum number of adsorption sites per microor-
ganism, and Keq (expressed in liters per mole) is equivalent to the af-
finity of toxin molecules for the adsorption sites. The linearized form
of the isotherm is the double-reciprocal plot from the saturation
curve, and from the slope and intercept of the resulting line, factors
M and Keq can be determined. The most efficient microorganism
would be that having maximal M and Keq values or simply the higher
product of them (M×Keq). We analyzed the values of these pa-
rameters (M and Keq) obtained for the yeast and the LAB, in the ab-
sence and presence of two different concentrations of FB1 (20 and
100 μg/ml), in order to evaluate whether the presence of FB1 changes
the values of M and/or Keq involved in the removal of AFB1.

2.8. Quantification of fumonisin B1 by HPLC

FB1 analysis was performed according to Shephard et al. (1990)
and modified by Doko et al. (1995). Fumonisin B1 was quantified
by reversed-phase HPLC with Hewlett Packard series 1100 HPLC
equipment, with fluorescence detection (Hewlett Packard 1046 A).
The wavelengths used for excitation and emission were 335 nm and
440 nm, respectively. An analytical reversed phase column C18
(150 mm×4.6 mm internal diameter and 5 μm particle size) con-
nected to a precolumn C18 (20 mm×4.6 mm and 5 μm particle size)
was also used. The mobile phase was a mixture of methanol:0.1 M so-
dium phosphate di-hydrogenated (75:25 v/v) with the pH being set
at 3.35±0.2 with orthophosphoric acid, at a flow rate of 1.5 ml/min.
The retention time was around 6 min. Standard curves were prepared
with different levels of FB1 (Sigma, St. Louis, MO, USA) in PBS (pH
7.4). The toxin was quantified by correlating peak areas of samples
with those of the standard curves. The detection limit of the tech-
nique was 1 ng/g.

Samples of the supernatants and standard of FB1 were derivatized
prior to injection; an aliquot of 50 μl was derivatized with 200 μl of o-
phthaldialdehyde (OPA) solution obtained by adding 5 ml 0.1 M sodi-
um tetraborate and 50 μl 2-mercaptoethanol to 1 ml of methanol con-
taining 40 mg of OPA. A recovery experiment was carried out on a
series of PBS solutions spiked separately with FB1 standards (3.125;
25; 50 μg/ml). The experiments were done in duplicate. The mean re-
covery was 90%.

2.9. Quantification of aflatoxin B1 by HPLC

AFB1 analysis was performed by HPLC according to the methodol-
ogy proposed by Trucksess et al. (1994). AFB1 was quantified by
reversed-phase HPLC with Hewlett Packard series 1100 HPLC equip-
ment, with fluorescence detection (Hewlett Packard 1046 A): λ exc
360 nm; λ em 440 nm and a chromatographic column: C18 column
(Supelcosil LC-ABZ, Supelco; 150×4.6 mm, 5 μm particle size), con-
nected to a precolumn (Supelguard LC-ABZ, Supelco; 20×4.6 mm,
5 μm particle size). Methanol–acetonitrile–water (1:1:4 v/v) was
used as the mobile phase at a flow rate of 1.5 ml/min. The retention
timewas around 5 min. Standard curves were prepared with different
levels of AFB1 (Sigma, St. Louis, MO, USA) in PBS (pH 7.4). The toxin
was quantified by correlating peak areas of samples with those of
the standard curves. The detection limit of the technique was 1 ng/g.
Samples of the supernatants and standard of AFB1 were derivatized
prior to injection, an aliquot of 200 μl of the sample was derivatized
with 700 μl trifluoroacetic acid-acetic acid-water (20:10:70 v/v). A re-
covery experimentwas carried out on a series of PBS spiked separately
with AFB1 standards (3.75; 7.5; 15 μg/ml). The experiments were
done in duplicate. The mean recovery was 85%.

2.10. Statistical analysis

All the studies were done as three experiments in duplicate and
the values represented as the mean values. Data were analyzed by
analysis of variance (ANOVA). Means were compared using the
Fisher's protected Least Significant Difference test (LSD test). The
analysis was conducted using PROC GLM in SAS (SAS Institute, Cary,
NC). The results are considered statistically different only at Pb0.05.

The experiments were done following the flow diagram described
in Fig. 1.

3. Results

3.1. Removal of fumonisin B1 from liquid medium

Fig. 2 shows FB1 binding by S. cerevisiae CECT 1891 and L. acidophilus
24 from liquid medium, assayed at different toxin concentrations. Both
microorganisms were able to bind themycotoxin and the level of bind-
ing appeared to vary between the species indicating themicroorganism
specific nature of binding. The percentage of FB1 removed did not
decrease when the toxin concentration increased, as it was similar at
all concentrations tested: ~60% and ~20% for yeast and LAB strains
respectively.

3.2. Study of microorganism–fumonisin B1 interaction

In order to establish the mechanism of the removal of FB1 by
L. acidophilus 24 and S. cerevisiae CECT 1891 we conducted several
experiments in which were studied: i) the microorganism–FB1

time contact, ii) cell viability, iii) concentration of microorganisms,
iv) release of FB1 bound to cells and v) importance of the microor-
ganism cell wall.

To ascertain if the microorganism–FB1 interaction was influenced
by the incubation time, the removal of FB1 was evaluated at different
periods of time and the results obtained are shown in Table 1. The
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incubation time did not affect the elimination of the toxin as no sig-
nificant differences in the amount of FB1 removed by L. acidophilus
24 and S. cerevisiae CECT 1891 were observed. Furthermore, the pro-
cess was fast, since in 1 min the microorganisms removed the same
amount of mycotoxin as in 4.5 h. When the FB1 removal was analyzed
as a function of cell viability, the results showed that nonviable cells
(heat treatment) did not decrease their FB1 binding capacity. On the
contrary, the capacities of LAB and yeast heat treated cells were in-
creased 2 and 1.5 times, respectively (Table 1).

In order to prove the effect of cell numbers on the removal of FB1,
we carried out an experiment using an increased microorganism con-
centration with a fixed amount of mycotoxin (Fig. 3). The results
demonstrated that FB1 binding was dependent on cellular concentra-
tion and that both microorganisms showed saturation. The cell in-
crease was never sufficient to bind all the toxins, indicating that the
process reached equilibrium between bound toxins (occupied sites)
and unbound toxins (free sites). S. cerevisiae CECT 1891 was more ef-
ficient in FB1 removal than the LAB strain, since minimum concentra-
tions of ~1×107 cell/ml and ~8×109 cell/ml were required for 50%
removal by S. cerevisiae CECT 1891 and L. acidophilus 24, respectively.

The stability of the FB1–microorganism complex was studied by the
application of five successive washings (each 30 min) with PBS or ace-
tonitrile:water, of the cellular pellets that previously had bound themy-
cotoxin. Washings using acetonitrile:water released about 50% for L.
acidophilus 24 and 20–25% for S. cerevisiae CECT 1891 of the FB1 previ-
ously bound (Table 2). When removal of the toxin was attempted
with PBS, the FB1 released from cells was lower for both microorgan-
isms, approximately 10% for the LAB and from undetectable to approx-
imately 5% for the yeast, from the total FB1 bound.

In order to evaluate whether components of the microorganisms
cell wall would be involved in the removal of FB1, we determined
the FB1 binding with three different samples: i) whole cells of
S. cerevisiae CECT 1891 (cell control), ii) spheroplasts of S. cerevisiae
CECT1891 and iii) a concentrate of the supernatant from spheroplasts
corresponding to 107 cells.

As shown in Table 3, neither spheroplasts nor their supernatants
were able to remove FB1 from liquid medium, since very low uptake
rates did not change when the concentration of FB1 in the medium
was increased 5 times, suggesting that this binding was nonspecific.
Similar results were obtained with spheroplasts from L. acidophilus
24 (data not shown).

3.3. Removal of fumonisin B1 and aflatoxin B1 when both mycotoxins
co-occur in the medium

The possibility of a competition effect was tested by comparing
the adsorption of the two mycotoxins separately or together. The

1- To evaluate FB1 removal capacity of L. acidophilus 24 and S. cerevisiae CECT 1891

FB1 removal at different concentration of 
the mycotoxin in the liquid media

2- To determine the mechanism involved in FB1 removal

time
contact

cell
viability

concentration of
microorganisms

release of FB1 bound to 
cells

importance of the microorganism cell 
wall (spheroplast)

3- To analyze if the presence of AFB1 interferes with the removal of FB1 and vice versa

FB1 and AFB1 binding assay in 

co-occurrence
Determination of M, Keq and efficiency of the microorganisms by the
aplication of the adsorption model (Bueno et al., 2007)

Fig. 1. Flow diagram outlining the experimental design.
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Fig. 2. Removal of FB1 by (■) Saccharomyces cerevisiae CECT 1891 (3.6×107 cells/ml)
and (●) Lactobacillus acidophilus 24 (6.5×108 cells/ml). Aliquots of 1 ml of total cells
were suspended in PBS in the presence of 3.125; 6.25; 12.5; 25; 50 and 100 μg/ml of
FB1. Results are means±standard deviations for triplicate samples.

Table 1
Effects of incubation time and cell viability on FB1 binding.

Time
(min)

Fumonisin B1 binding (μg/ml)

L. acidophilus 241 S. cerevisiae CECT 18912

Viable3 Nonviable3 Viable3 Nonviable3

1 3.6±0.3a 7.7±0.4b 8.7±0.4c 12.2±0.2d

30 3.2±0.2a 7.6±0.5b 8.8±0.5c 12.1±0.3d

60 3.8±0.3a 8.1±0.6b 8.1±0.3c 11.9±0.5d

270 3.3±0.2a 7.5±0.3b 8.2±0.3c 12.3±0.4d

L. acidophilus 24 (4.9×108 cells/ml) and S. cerevisiae CECT 1891 (3.6×107 cells/ml)
were incubated at 37 °C at the indicated time (column 1) with FB1 at a concentration
of 15 μg/ml. Results are means±standard deviations for triplicate samples. 1,2Values
within a row with the same letter are not significantly different (Pb0.05). 3There are
no significant differences (Pb0.05) in the mean values of each column.
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data from Table 4 show that in absence or presence of AFB1 (up to
15 μg/ml), the capacity to remove FB1, at two different concentrations
(20 and 100 μg/ml), was not modified either for the yeast strain or for
the LAB strain. Conversely, when we evaluated if the presence of FB1
in the medium interfered with the AFB1 binding ability, no effect was
observed (Table 5).

The results shown in Table 6 indicated that S. cerevisiae CECT 1891 in
the presence of FB1, did not change its value of M, but the values of Keq

were doubled, although they remained within the same order. Similar
results were obtained when the studies were done with L. acidophilus
24 (data not shown).

4. Discussion

Mycotoxin sequestration in the gastrointestinal tract by adsorbing
agents such as microorganisms could be a promising strategy to pro-
tect against the toxic effect of these food contaminants (Firmin et al.,
2010).

Although LAB and yeast have been studied as mycotoxin decon-
taminating agents (Bueno et al., 2007; Haskard et al., 2000;
Pizzolitto et al., 2011; Shetty et al., 2007), the nature of FB1 binding
is still poorly understood and the microorganism–FB1 interaction
needs to be better characterized to optimize the selection of strains
as mycotoxin removal agent. In this work, S. cerevisiae CECT 1891
and L. acidophilus 24 previously reported to be efficient AFB1 adsor-
bent agents (Bueno et al., 2007; Pizzolitto et al., 2011), were studied
for their ability to bind FB1. In addition, we identified the nature of
the mechanism involved (physical or chemical) in FB1 binding
process and we characterized the removal in terms of binding condi-
tions of the selected strains.

The results showed that S. cerevisiae CECT 1891 and L. acidophilus
24 were able to bind high amounts of FB1 even at the highest con-
centration tested (100 μg/ml). Similar results were reported by
Shetty et al. (2007) for AFB1 removal by S. cerevisiae strains. The bind-
ing was not saturated showing the high efficiency of these strains.
S. cerevisiae CECT 1891 strain was always more effective than the
LAB strain, demonstrating microorganism specificity in the removal
process.

The present study showed that the process involved in the
fumonisin–microorganism interaction needs very little time
(1 min), suggesting that neither entrance of FB1 into cell nor its
metabolic conversion occurs. This hypothesis was confirmed when
the effect of cell viability in FB1 removal was evaluated. Heat treat-
ment enhanced the binding and autoclaving resulted in highest
binding abilities. The effectiveness of nonviable cells in binding
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Fig. 3. Effect of microorganism concentration on FB1 removal by (A) Lactobacillus
acidophilus 24 and (B) Saccharomyces cerevisiae CECT 1891.The percentage of FB1

bound to cells was calculated as the difference between the total FB1 (20 μg/ml)
and the amount of free FB1 (supernatant). Results are means±standard deviations
for triplicate samples.

Table 2
FB1 bound and released by L. acidophilus 24 and S. cerevisiae CECT 1891.

[FB1]
(μg/ml)

Fumonisin B1 binding
(μg/ml)

Fumonisin B1 releaseda

(%)

PBS ACN:H2O

L. acidophilus 24 S. cerevisiae CECT 1891 L. acidophilus 24 S. cerevisiae CECT 1891 L. acidophilus 24 S. cerevisiae CECT 1891

12.5 3.0±1.0 8.0±2.1 12.0±3.8 ND 56.0±6.0 ND
25 5.9±1.2 13.1±1.8 13.0±3.2 ND 54.0±5.1 20.0 ±4.5
50 10.3±1.7 29.2±2.4 15.0±3.8 5.5±2.1 48.0±3.9 25.0±4.1
100 21.2±3.1 61.0±2.9 10.0±3.1 6.2±3.2 47.0±4.8 23.0±3.8

Cell number: 6.5×108 cells/ml for L. acidophilus 24 and 3.6×107 cells/ml for S. cerevisiae CECT 1891.
a The FB1 released were expressed as a percentage of the total FB1 bound. Values are means±standard deviations from triplicate experiments.

Table 3
FB1 binding by cells, spheroplasts and supernatant of spheroplasts obtained from
S. cerevisiae CECT 1891.

Sample1 FB1 binding3

20 μg/ml2 100 μg/ml2

(μg ml−1) (%) (μg ml−1) (%)

Cell control 12.14±1.47b 62.3 58.68±2.97a 58.7
Spheroplasts 0.71±0.38c 3.6 1.14±0.44c 1.1
Supernatant of spheroplasts 0.71±0.36c 3.6 0.98±0.41c 1.0

1 Cells and spheroplasts: 107 ml−1.
2 FB1 concentration in liquid media. Values are means±standard deviations from

triplicate experiments.
3 Values corresponding to the same letter are not significantly different (Pb0.05).
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indicates that FB1 is not removed by metabolism. This physical
treatment may change the original binding sites of the viable micro-
organisms, modifying them favorably and exposing new binding
sites. This result is in agreement with previous studies reported by
Niderkorn et al. (2006) that indicated that biodegradation did not
appear to be the mode of action, as no toxin derivatives were ob-
served and removal was not impaired in nonviable bacteria.

Since metabolic activation cannot occur, covalent interactions
cannot be responsible for the binding either. Non-covalent interac-
tions are proposed to occur with microbial surface components
(Haskard et al., 2000).

In order to determine the efficiency of the microorganisms in
fumonisin removal, total microorganism number (cells/ml) rather
than viable cells (CFU/ml) should be used to estimate cell concentra-
tion. The elimination of FB1 from liquid medium was, in contrast with
the results reported by Niderkorn et al. (2006), strongly dependent
on microorganism concentration in the medium; this relationship
was linear at low cell concentrations then transitioned to a plateau,
indicating reversibility of the process involved, since the cell number
increase was not ever sufficient to remove all molecules of toxin
present in the sample. Reversibility of the process was confirmed by
release of FB1 back into the solution from the microorganism–FB1

complexes by washing the microorganisms, confirming that binding
involved was weak non-covalent interaction. It is interesting to note
that while the yeast was always more efficient in FB1 binding than
L. acidophilus 24, it also released lower amounts of mycotoxin than
the LAB, indicating that the complex formed with the yeast strain
was the most stable. The stability of the microorganism–mycotoxin
complex in the gastro-intestinal tract is essential for the practical ap-
plication of this technology (Niderkorn et al., 2006). However, pro-
biotics with AFB1 bound to their surfaces are less likely to adhere to
the intestinal wall and prolong exposure to dietary AFB1. Hence, spe-
cific probiotics may be a potent and safe means to reduce absorption

and increase excretion of dietary AFB1 from the body (Gratz et al.,
2004).

The nature of cell wall components involved in mycotoxin binding
is still not clear. The assays with spheroplasts indicated that the cell
wall components involved in FB1–microorganism interaction must
maintain their structure in order to effectively remove the toxin.
These results confirm the role of a cell wall-related physical phenom-
enon as opposed to a metabolic degradation reaction, and are consis-
tent with the results reported by Niderkorn et al. (2009), who
attributed FB1 binding by LAB to peptidoglycans.

The mechanism involved in FB1 removal by S. cerevisiae CECT 1891
and L. acidophilus 24 strains has been demonstrated to be a physical
phenomenon and FB1 is bound to the microorganisms by weak non-
covalent interactions, such as associating with hydrophobic pockets
on the microorganism surface. Our results are consistent with those
reported by Haskard et al. (2000), Bueno et al. (2007) for AFB1 and
with Niderkorn et al. (2006) for FB1, that indicated binding at the bac-
terial cell wall as the mechanism of removal of mycotoxins by LAB.

To identify the type of chemical moieties and interactions involved
in AFB1 and FB1 binding S. cerevisiae CECT 1891 and L. acidophilus 24
were subjected to chemical and enzymatic treatments and the possi-
ble effects on mycotoxins studied (unpublished results). Preliminary
results are consistent with those reported by other authors. Haskard
et al. (2000) described that similar binding of AFB1 to viable, heat-
killed and acid-killed Lactobacillus rhamnosus GG occurred. The effects
of pronase E, lipase andm-periodate on AFB1 binding and releasewere
consistent with AFB1 binding predominantly to carbohydrate compo-
nents of the bacteria. The effect of urea suggested that hydrophobic
interactions play a major role in binding. Increasing concentration
(0.01–1 M) of NaCl or CaCl2 had minor effects on AFB1 binding sug-
gesting some involvement of electrostatic interactions. The increase
in binding observed with heat- and acid-treated bacteria was also
reported for El-Nezami et al. (1998) for AFB1 and it is known that
these treatments degrade the surface of the cell wall. Lahtinen et al.
(2004) suggested that cell wall peptidoglycans are responsible for
AFB1 removal by LAB, whereas Raju and Devegowda (2000) attributed
the aflatoxin binding by yeast cell walls to mannan oligosaccharides.
On the other hand, Niderkorn et al. (2009) reported that treatments
affecting the bacterial wall polysaccharides, lipids and proteins in-
creased binding, while those degrading peptidoglycan partially de-
creased it. In addition, purified peptidoglycan from Gram positive
bacteria bound FB1 in a manner analogous to that of intact LAB. They
also reported that at least one tricarballylic acid chain of FB1 played a
significant role in binding as hydrolyzed FB had less affinity for LAB.

According to an integrated synthesis of the results reported above,
it is clear that: (i) S. cerevisiae CECT 1891 and L. acidophilus 24 are able
to remove FB1 from liquid medium; (ii) this removal is a fast and re-
versible process; (iii) cell viability is not necessary for FB1 binding;
(iv) the amount of FB1 removed is both toxin- and microorganism
concentration- dependent; (v) the process does not involve chemical
modification of FB1 molecules; and (vi) the cell wall structural integ-
rity of the microorganisms is required for the FB1 removal. Briefly, the
process involved is, by nature, reversible and the kinetics are rapid.
Consequently, we propose that the mechanism involved in the

Table 5
AFB1 removal in presence of FB1.

[FB1]
(μg/ml)

AFB1 bindinga (μg/ml)

L. acidophilus 24 S. cerevisiae CECT 1891

3.75b 15b 3.75b 15b

0 0.8±0.1 2.4±0.5 2.8±0.4 10.1±1.4
20 0.9±0.2 2.5±0.6 2.9±0.6 9.2±0.9
100 0.7±0.2 2.3±0.4 2.9±0.8 9.1±0.8

a There are no significant differences in the mean values of each column (Pb0.05).
b AFB1 concentration in liquid media (μg/ml). The samples (2.0×108 cells/ml for

L. acidophilus 24 and 2.4×107 cells/ml for S. cerevisiae CECT 1891) were suspended in
1 ml PBS containing 3.75 or 15 μg/ml of AFB1 in presence of the FB1 concentrations
indicated in column 1. Values are means±standard deviations from triplicate
experiments.

Table 6
Efficiency parameters (M and Keq) for the adsorption of AFB1 by S. cerevisiae CECT 1891.

Conditionsa M
(sites/cells)×109

Keq

(M−1)×105
Efficiency
(M×Keq)×1014

AFB1 1.03 1.1 1.13
AFB1+FB1 (20 μg/ml) 1.04 2.3 2.39
AFB1+FB1 (100 μg/ml) 0.96 2.3 2.21

a Cells were suspended in 1 ml PBS with increasing concentrations of AFB1 (1.5;
3.75; 7.5 and 15 mg/ml) in the absence or presence of FB1 (20 and 100 mg/ml). Total
binding sites per cell (M), equilibrium constant (Keq), and adsorption efficiency
(M×Keq) were calculated according to Bueno et al. (2007).

Table 4
FB1 removal in presence of AFB1.

[AFB1]
(μg/ml)

FB1 bindinga

(μg/ml)

L. acidophilus 24 S. cerevisiae CECT 1891

20b 100b 20b 100b

0 3.5±0.9 18.1±2.6 10.3±1.5 50.5±3.8
1.5 3.6±1.1 17.3±2.8 10.0±1.3 48.9±2.9
3.75 3.4±0.9 18.0±2.2 9.8±1.7 50.0±4.1
7.5 3.3±0.8 17.2±2.3 9.9±1.8 47.5±3.7
15 3.4±1.1 17.4±1.9 11.0±1.4 49.5±3.9

a There are no significant differences in the mean values of each column (Pb0.05).
b FB1 concentration in liquid media (μg/ml). The samples (2.0×108 cells/ml for

L. acidophilus 24 and 2.4×107 cells/ml for S. cerevisiae CECT 1891) were suspended in
1 ml PBS containing 20 or 100 μg/ml of FB1 in presence of the AFB1 concentrations indicat-
ed in column 1. Values are means±standard deviations from triplicate experiments.
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removal of FB1 by S. cerevisiae CECT 1891 and L. acidophilus 24 is a
physical adsorption (physisorption) of the toxin molecule to cell
wall components of the microorganisms.

Although our FB1 binding experiments did not show saturation,
even with high fumonisin concentrations (100 μg/ml), we propose
that the same model developed by Bueno et al. (2007) for the AFB1

binding, could be applied for the removal of FB1, because with higher
FB1 concentrations in the medium, saturation would be observed and
the parameters M and Keq and the efficiency (M×Keq) to remove FB1
from the medium, of the tested microorganism could be calculated.
Comparing the results reported for the interaction AFB1–L. acidophilus
24 and AFB1–S. cerevisiae CECT 1891 (Bueno et al., 2007; Pizzolitto
et al., 2011), with those obtained in this work carried out with FB1,
could indicate that the microorganisms had different values of M
and Keq when interacting with either AFB1 or FB1. In fact, results
showed that AFB1 released rates were twice as high as those obtained
with FB1, indicating that the Keq of the process with FB1 was higher
than the Keq obtained with AFB1. On the other hand, aflatoxin and
fumonisin binding assays according to their concentrations in the
medium, indicated that for similar number of cells, saturation with
a concentration of AFB1 molecules (0–10 μg/ml and MW=312.27)
was four times lower than FB1 (0–100 μg/ml and MW=721.83),
whereas with FB1 concentrations saturation was not observed.
These results give an indication that the M value for FB1 is higher
than the obtained for AFB1. Briefly, saturation was not reached with
the FB1 concentrations employed, and when compared with the
AFB1 results obtained with the same microorganisms, the values of
M and Keq for FB1 were greater than those obtained with AFB1. For
this reason the microorganisms showed higher efficiency in the re-
moval of FB1.

The present study reports, the removal of FB1 and AFB1 in co-
occurrence from liquidmedium by the selected strains. Aswe have pro-
posed, FB1 and AFB1 are removed by adsorption to cell wall components
of the microorganisms and through the same mechanism, therefore
testing co-occurrence of both mycotoxins were needed to determine
whether FB1 interferes with the removal of AFB1, and vice versa. The re-
sults showed that in presence of FB1, the number of AFB1 binding sites
per cell (M) did not change, and Keq slightly increased, thus FB1 and
AFB1 are bound to cell wall components of the microorganisms, but at
different sites, and therefore there was no competition for the binding
sites. The increased value of the Keq, although slight, indicates that in
the presence of FB1, themicroorganism–AFB1 complexwill bemore sta-
ble and when it is exposed to consecutive washings, it will release less
toxin, resulting in a positive effect. On the other hand, it is interesting
to note that the presence of AFB1 did not modify the values obtained
in the removal of FB1, thus given some indication thatwhen bothmyco-
toxins co-occur in the medium, their removal would be as if they were
alone.

Co-exposure to multiple mycotoxins is a cause of concern because
so many have been shown to be potent toxic agents with diverse
effects which may be synergistic. It is logical to raise this issue
because any single compound may affect dissimilar reactions within
a biological system, while displaying antagonistic, additive, or syner-
gistic interactions with other compounds (Carpenter et al., 1998). The
co-contamination of foodstuffs with AFB1 and FB1 is well known and
has been implicated in the development of human hepatocellular car-
cinoma in high risk areas around the world (Li et al., 2001; Ueno et al.,
1997; Wang et al., 1995). Gelderblom et al. (2002) established that
when rats were treated in a sequential manner with AFB1 and FB1,
there was a significantly increased cancer initiating potency. In addi-
tion to the cancer promoting activity of FB1 on AFB1 initiated hepato-
cytes, AFB1 pre-treatment seemed to enhance the FB1 initiating
potency, presumably by rendering the liver more susceptible to the
toxic effects of FB1. Studies performed by Theumer et al. (2008) indi-
cated that the co-exposure to fumonisins and AFB1 produced a higher
liver toxicity, compared with individual administration, inducing

apoptosis and mitotic hepatocytes. There was an inversion of the typ-
ical sphinganine to sphingosine (Sa/So) ratio in rats fed on the culture
material as well as in those subjected to a diet co-contamined with
fumonisins and AFB1. Results reported by Mckean et al. (2006) dem-
onstrate that these two toxins interacted to produce alterations in the
toxic responses with a strong additive interaction noted in the cases
of F344 rats and mosquito fish.

In conclusion, in the present work the main mechanism involved
in FB1 removal for L. acidophilus 24 and S. cerevisiae CECT 1891 strains
was elucidated and is due to physical adsorption of the mycotoxin to
a component of the microorganism cell wall. More work is required to
completely unravel the mechanism of binding, however some signif-
icant factors affecting the binding efficiency have been identified in
the present study. The selected strains were able to remove FB1 and
AFB1 from liquid medium independently, even with co-occurrence
of both mycotoxins and they did not compete for binding sites on
the microorganism cell wall. Furthermore, the presence of one toxin
did not modify the efficiency of the organism in the removal of anoth-
er mycotoxin. The characteristics of the binding mechanism identified
in this report may be useful for optimization of mycotoxin binding
and provide an important contribution to research into microorgan-
isms with ability to remove these secondary metabolites.
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