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Abstract: Due to global climate change, mould strains causing problems with their mycotoxin
production in the tropical-subtropical climate zone have also appeared in countries belonging to the
temperate zone. Biodetoxification of crops and raw materials for food and feed industries including
the aflatoxin B1 (AFB1) binding abilities of lactobacilli is of growing interest. Despite the massive
quantities of papers dealing with AFB1-binding of lactobacilli, there are no data for microbial binding
of the structurally similar mycotoxin sterigmatocystin (ST). In addition, previous works focused
on the detection of AFB1 in extracts, while in this case, analytical determination was necessary for
the microbial biomass as well. To test binding capacities, a rapid instrumental analytical method
using high-performance liquid chromatography was developed and applied for measurement of
AFB1 and ST in the biomass of the cultured bacteria and its supernatant, containing the mycotoxin
fraction bound by the bacteria and the fraction that remained unbound, respectively. For our AFB1
and ST adsorption studies, 80 strains of the genus Lactobacillus were selected. Broths containing
0.2 pg/mL AFBland ST were inoculated with the Lactobacillus test strains. Before screening the
strains for binding capacities, optimisation of the experiment parameters was carried out. Mycotoxin
binding was detectable from a germ count of 107 cells/mL. By studying the incubation time of the cells
with the mycotoxins needed for mycotoxin-binding, co-incubation for 10 min was found sufficient.
The presence of mycotoxins did not affect the growth of bacterial strains. Three strains of L. plantarum
had the best AFB1 adsorption capacities, binding nearly 10% of the mycotoxin present, and in the
case of ST, the degree of binding was over 20%.

Keywords: aflatoxin B1; sterigmatocystin; lactobacilli; mycotoxin binding; detoxification

Key Contribution: Eighty strains belonging to species of Lactobacillus were screened for aflatoxin Bl
and sterigmatocystin binding abilities using a rapid instrumental analytical method developed for
both the bacterial biomass and its supernatant. It is the first time in the literature that sterigmatocystin
binding of lactobacilli is presented. Aflatoxin Bl and sterigmatocystin binding abilities of strains
belonging to the same Lactobacillus species vary highly.

1. Introduction

Mycotoxins are secondary metabolic products produced by moulds common in the food chain, causing
major economic losses and becoming also sources of public health threats. These mycotoxins have a number
of adverse health effects in humans and animals. They can be carcinogenic, immune-damaging, teratogenic,
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neurotoxic, kidney and liver-damaging depending on the species, age, and sex of the consumer. A mould
can produce a variety of mycotoxins, and these compounds can amplify the harmful effects of each
other. Due to global climate change, mould strains so far only causing problems with their mycotoxin
production in the tropical climate zone have also appeared in Hungary [1]. Some 300 compounds have
been recognised as mycotoxins of which around thirty are considered as a threat to human or animal
health [2].

An example of a mycotoxin producing mould is Aspergillus flavus, a species of several strains able
to produce mycotoxins. By infecting fodder plants like corn, wheat, and oily seeds as for example
peanuts and walnuts, the mycotoxin formed enters the food chain [3]. The four most important
aflatoxins produced by A. flavus are AFB1, AFB2, AFG1, and AFG2 [4].

Aflatoxin B1 (AFB1) is one of the most dangerous mycotoxins, primarily carcinogenic and
genotoxic, harmful to the liver. The IARC classifies AFB1 in Group 1 (Carcinogenic to humans).
It is a relatively heat-stable compound, up to 250 °C it is unchanged in roasted nuts, but in aqueous
environments, it almost completely decomposes at 160 °C [5]. In accordance with Regulation (EU)
No 574/2011, the maximum permitted level for AFB1 in feed is 0.02 mg/kg [6].

Sterigmatocystin (ST) is a precursor of aflatoxin. It is also produced by fungal species like A. flavus,
A. parasiticus, A. versicolor, and A. nidulans. A. flavus and A. parasiticus are able to convert ST into
aflatoxin, while A. versicolor and A. nidulans are not capable of this, resulting in elevated levels of ST
in crops infected by them [7,8]. Rice and oats are typically the most contaminated with ST [9]. It is
possible to reduce the level of ST by roasting [10]. Although experiments have shown genotoxicity and
carcinogenicity of ST, limited data are available on the tumorigenic effect of the mycotoxin, which is
why IARC has classified it as a potential human carcinogen (Group 2B).

Co-occurrence of aflatoxin and sterigmatocystin is recently gaining attention, as researches are
being conducted and published on the sterigmatocystin contaminations as well for example in wheat
and wheat products in the supermarkets in China [11] or corn, soybean meal, and formula feed in
Japan [12].

Physical, chemical, and biological methods exist to prevent mycotoxins from entering the food
chain. Microbes are used in biological detoxification. They may be capable of either inhibiting
the growth of mycotoxin-producing fungi or of binding the mycotoxin to their surface, or, in rare
cases, of degrading the mycotoxin itself [13]. The most detailed model of microbial mycotoxin
binding has been described for zearalenone binding of Saccharomyces spp. In the adsorption of the
mycotoxin, the beta-1,3/1,6-glucan moieties play a crucial role [14]. For AFB1-binding, glucomannans
and mannanoligosaccharides have been proposed to be responsible for yeast cell walls. Similar to yeast,
polysaccharides have been proposed to be the most crucial elements responsible for AFB1 binding
in lactic acid bacteria (LAB) [15]. These polysaccharides are present in three main forms in the cell
wall of lactobacilli: exopolysaccharides (EPS), peptidoglycan, and teichoic or lipoteichoic acids [16,17].
Lahtinen et al. [18] reported the ability of peptidoglucan to bind AFB1 in L. rhamnosus, and stated that
the other glucan fractions, like EPS, lacked the mycotoxin-binding ability. However, the prominent
role of peptidoglycan in binding is questionable, because, in 2010, Chapot-Chartier et al. described
a new non-EPS cell wall polysaccharide, WPS, in L. lactis, which covalently binds to peptidoglycan
forming a layer over it [19]. WPS appear as omnipresent components of the cell surface of LAB and
exhibit most probably high structural diversity between strains even belonging to the same species.

Lactic acid bacteria (LAB) are found in both the animal and the human body. They got their
name from the fact that glucose is fermented into lactic acid by them. They are Gram-positive,
non-sporulating, oxidase and catalase-negative, anaerobic aerotolerant microorganisms. The most
important genera belonging here are Lactobacillus, Lactococcus, Leuconostoc, Enterococcus and Pediococcus.
Three hundred and three known species belong to the genus Lactobacillus, 17 species to the genus
Lactococcus, 69 species to the genus Enterococcus, 15 species to the genus Pediococcus, and 27 species to
the genus Leuconostoc.
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As a member of the gut microbiota, they inhibit the growth of harmful microbes. Furthermore,
they produce vitamins (e.g., vitamin B1, vitamin B2, vitamin B12, and vitamin K) [20] and stimulate
the immune system [21]. In addition, numerous studies have shown that certain strains of some LAB
species can bind mycotoxins, for example, AFB1, to their surface [22-24].

At our department, microbes with colony morphology of lactic acid bacteria were isolated on
LAB selective MRS (de Man, Rogosa and Sharpe) plates from 14 exotic animals of the Budapest Zoo
and Botanical Garden. The molecular taxonomical identification of the strains was carried out by
16S rDNA sequencing and analysis. At present, the collection comprises nearly 1000 strains and is
constantly expanding. Most of our strains belong to the genera Lactobacillus and Enterococcus, but we
also managed to isolate strains belonging to the other LAB genera.

Our goal was to screen strains of the genus Lactobacillus from our collection for AFB1 and ST
binding capacities. For this purpose, a rapid high-performance liquid chromatography method was
developed and used for analytical determination of AFB1 and ST in both the bacterial biomass and
its supernatant.

2. Results

For screening lactobacilli for AFB1 and ST binding capacities, several parameters had to be
optimised. The effects of cell concentration, incubation time with the mycotoxins on the mycotoxin
binding capacities, and the effect of the mycotoxin itself on the cell counts of the lactobacilli had to be
considered before the screening.

2.1. Analytical Determination of the Mycotoxins

Instrumental analysis of AFB1 by high-performance liquid chromatography is well described
in the literature, and recent work [25] presents a robust method for simultaneous quantification of
several aflatoxins from fungal cultures, therefore, AFB1 was found to be sufficient to be detected
at a single wavelength of 365 nm. Peak purities for ST, as a relatively novel analyte for HPLC
detection, were systematically checked in all analytical determinations by recording absorption at two
wavelengths of 240 and 325 nm, and peak area ratios at those wavelengths were compared to the ratios
characteristic to standard solutions of the given analyte (ST). As blank microbial biomasses did not
contain interfering matrix components, the limits of detection were found to be 0.010 ug/mL for both
AFB1 and ST, and it was the same for both matrices, namely in spiked supernatants and in liquid
matrices extracted from blank biomass. Therefore, quantisation in the analytical determination was
based on instrumental (external) calibration with standard solutions in the range between 0.010 and
2.00 ug/mL.

2.2. Optimisation for Mycotoxin Binding Experiments

2.2.1. Study of the Effect of Bacterial Count on Mycotoxin Binding of Lactobacillus Strains

According to the method described in Section 4.4.1, the effect of bacterial concentration on the
mycotoxin binding capacity of Lactobacillus strains was determined for AFB1 and ST. The result shown
in Figure 1 indicates that detectable mycotoxin binding could only be found above 107 cells/mL for
both AFB1 and ST.

This result is in agreement with the findings of Ma et al. [26], who only found one strain that
was able to bind mycotoxin at 10° cell/mL concentration (4.27%), and they obtained cut-off values at
107 cell/mL.
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Figure 1. The effect of bacterial concentration on the aflatoxin B1 (continuous line) and sterigmatocystin
(dashed line) binding of L. pentosus TV3 (black), L. paracasei MA2 (red), and L. plantarum TS23 (green).
(logN means the logarithm of the number of colony-forming units per mL of bacterial cell suspension).

2.2.2. Study of the Effect of Incubation Time on Mycotoxin Binding of Lactobacillus Strains

The effect of incubation time on the AFB1 mycotoxin binding capacity of Lactobacillus strains was
also examined. For this experiment, five strains of different genera were selected. The strains were
incubated with AFB1 mycotoxin for 10 min or 48 h, according to the method described in Section 4.4.2.
The two-time values were selected according to the literature data available on AFB1 binding (see at
the end of the paragraph), 10 min was the lowest with satisfactory results and 48 h is the incubation
period in which lactobacilli reached the highest cell count under the study parameters. Our aim was to
determine whether it is necessary to add the mycotoxin at the beginning of culturing or it is enough to
add it after the bacteria reached their final cell concentrations. On the studied strains, very diverse
results were obtained (Figure 2). For strain TV3, a significantly (p < 0.005) higher mycotoxin binding
was found for the shorter incubation time, on the other hand, for TS23, significantly (p < 0.00005)
better binding could be observed for the longer incubation in the presence of the mycotoxin. For strains
MA2, TV24, and SK63 the incubation times had no significant (p > 0.4, 0.6 and 0.5, respectively)
effect on the mycotoxin binding capacity. Regarding data in the literature, contradictory results can
also be found. Studying 1, 10, 30 and 60 min, no effect on the incubation time on mycotoxin binding
was found by Bueno et al. [22]. In another paper of Kasmani et al. [27], however, AFB1 binding was
assayed at 0, 0.5, 4, 12, 24, and 72 h, with the lowest mycotoxin binding obtained at 0.5 h and the
highest at 12 h, with a twofold difference. El-Nezami et al. and Peltonen et al. studied the binding
of AFB1 by different species for 0, 4, 24, 48 and 72 h, and suggested that mycotoxin elimination is a
rapid process [24,28]. As no satisfactory conclusions could be drawn regarding the optimal incubation
time with the mycotoxin, a practical decision was made, the mycotoxin binding experiments were
performed with 10 min incubation with the mycotoxin for our experiments.
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Figure 2. The effect of incubation time of 10 min (blue) and 48 h (white) on the aflatoxin Bl binding of
L. pentosus TV3, L. paracasei MA2, L. plantarum TS23, L. graminis TV24, and L. salivarius SK63. (means + standard
deviation, N = 5).

2.2.3. Study of the Effect of Mycotoxins on Lactobacillus Cell Count

As mycotoxins cause serious health damage to higher organisms, the question arises, whether they
have a negative effect on bacteria, too. So the possible changes in bacterial counts were also studied
in the presence of mycotoxins. For the experiment, three Lactobacillus strains from different genera
were selected. It was observed that neither AFB1 nor ST at the studied concentration of 0.2 pg/mL
caused a significant reduction (p > 0.5 for AFB1 and p > 0.4 for ST) in the bacterial count compared to
the control Figure 3).
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Figure 3. The effect of aflatoxin B1 (A) and sterigmatocystin (B) at concentration 0.2 ug/mL on the
cell count L. pentosus TV3, L. paracasei MA2, L. plantarum TS23 (control-white, with mycotoxin-blue).
(means+standard deviation, N = 3) (logN means the logarithm of the number of colonies forming units
per ml of bacterial cell suspension).

2.3. Screening Lactobacillus Strains for Mycotoxin Binding Capacities

For screening AFB1 and ST binding abilities of lactobacilli, 80 strains from our collection were
selected. A phylogenetic tree was prepared with all known Lactobacillus strains by 165 rDNA sequences.
In the case of larger clades, where our strain collection was missing the species, those missing strains
were obtained from the BCCM strain collection (see Section 4.1). With these 25 strains ordered from
the BCCM, a comprehensive study was conducted on the mycotoxin binding abilities of lactic acid
bacteria, with emphasis on the genus Lactobacillus.
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The mycotoxin binding experiments were performed according to the method described in
Section 4.5. The cell concentration of the lactobacilli during the test was set to 10® cfu/mL based on the
findings in Section 2.2.1. The incubation time with the mycotoxins was 10 min based on our results
presented in Section 2.2.2.

2.3.1. Aflatoxin B1 Binding Capacities of Lactobacilli

Figure 4 shows the lactic acid bacteria that could bind aflatoxin the best from the studied 105 strains.
Only 14 strains were able to bind AFB1 above 5% at the studied mycotoxin concentration. The best
AFB1 binding capacities in MRS broth were obtained for L. pentosus TV3 with 11.5% and L. plantarum
AT26, AT3, and AT1 with 8-9% (Figure 4).

AFB1 binding % at 0.2 ug/ml mycotoxin concentration
0 2 4 6 8 10 12

Lactobacillus pentosus TV3
Lactobacillus plantarum AT26
Lactobacillus plantarum AT3
Lactobacillus plantarum AT1
Lactobacillus plantarum AT27
Lactobacillus graminis TV24
Lactobacillus parabuchneri BCCM 11457
Lactobacillus plantarum AT6
Lactobacillus plantarum AT5
Lactobacillus insicii BCCM 30641
Lactobacillus brantae BCCM 26001
Lactobacillus rhamnosus BCCM 06400
Lactobacillus salivarius SK46

Figure 4. Lactobacillus strains with AFB1 binding capacities above 5% at 0.2 ug/mL mycotoxin
concentration in MRS broth.

Thirty-three more strains were found with AFB1 binding capacities of 3-4% (Figure 5). For the
remaining 58 strains only a smaller, less than 3%, the percentage of AFB1 binding could be observed.
These results are significantly below the binding values generally presented between 17% and 83% in
the literature [22-24].

The highest AFB1 binding abilities were found in our study for strains of L. pentosus, L. plantarum,
and L. graminis. In the study of Huang et al., L. plantarum C88 presented the highest binding ability
with AFB1 using AFB1 binding assay in vitro compared with other strains [29]. Though not aflatoxin,
a high percentage of OTA reduction was obtained by L. plantarum and L. graminis in the studies of
Belkacem-Hanf et al. [30]. It can be seen in Figure 6 that there is a close phylogenetic relationship
among the lactobacilli strains with the best mycotoxin binding abilities, which might be an explanation
for their good mycotoxin binding abilities.
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AFB1 binding % at 0.2 ug/ml mycotoxin concentration
o 1 1 2 2 3 3 4 4 5 5

Lactobacillus plantarum TS23
Lactobacillus perolens BCCM 18936
Lactobacillus nenjiangensis BCCM 27192
Lactobacillus paracasei MA1
Lactobacillus paracasei MA2
Lactobacillus plantarum AT9
Lactobacillus collinoides BCCM 09194
Lactobacillus kitasatonis GO66
Lactobacillus graminis ORS88
Lactobacillus plantarum AT25
Lactobacillus plantarum TS5
Lactobacillus salivarius SK63
Lactobacillus ghanensis BCCM 24876
Lactobacillus dextrinicus BCCM 11485
Lactobacillus kitasatonis GO63
Lactobacillus amylovorus GO67
Lactobacillus midensis BCCM 21932
Lactobacillus mali BCCM 06899
Lactobacillus gallinarum GO47
Lactobacillus paralimentarius BCCM 19152
Lactobacillus pentosus TV45
Lactobacillus sharpeae BCCM 09214
Lactobacillus paracasei MAS
Lactobacillus plantarum TV1
Lactobacillus salivarius SK48
Lactobacillus amylovorus GO8
Lactobacillus gallinarum GO75
Lactobacillus coryniformis BCCM 09196
Lactobacillus salivarius SK45
Lactobacillus amylovorus GO43
Lactobacillus plantarum AT51
Lactobacillus brevis TV53
Lactobacillus mucosae OR92

Figure 5. Lactobacillus strains with AFB1 binding capacities of 3-5% at 0.2 pg/mL mycotoxin
concentration in MRS broth.
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NR 028725.2 Lactobacillus salivarius strain HO 66 16S ribosomal RNA partial sequence
NR 024718.1 Lactobacillus acidipiscis strain FS60-1 16S ribosomal RNA partial sequence
NR 028623.1 Lactobacillus equi strain YIT 0455 16S ribosomal RNA partial sequence

NR 043896.1 Lactobacillus ghanensis strain L489 16S ribosomal RNA partial sequence

@709 2 Lactobacillus mali KCTC 3596 DSM 20444 16S ribosomal RNA partial sequence
NR 115847.1 Lactobacillus aquaticus strain IMCC1736 16S ribosomal RNA partial sequence
NR 029360.1 Lactobacillus perolens strain L532 16S ribosomal RNA partial sequence
NR 036861.1 Lactobacillus dextrinicus strain JCM 5887 16S ribosomal RNA partial sequence
——  NR 147740.1 Lactobacillus insicii strain TMW 1.2011 16S ribosomal RNA partial sequence
NR 0250451 Lactobacillus paralimentarius strain MT-1077 16S ribosomal RNA partial sequence

—LE NR 028949.1 Lactobacillus mindensis strain TMW 1.80 16S ribosomal RNA partial sequence
M NR 042533.1 Lactobacillus crustorum strain R-27957 16S ribosomal RNA partial sequence
NR 043408.1 Lactobacillus thamnosus strain JCM 1136 16S ribosomal RNA partial sequence
NR 025880.1 Lactobacillus paracasei strain R094 16S ribosomal RNA gene partial sequence

NR 125575.1 Lactobacillus brantae DSM 23927 strain SL1108 16S ribosomal RNA partial sequence
NR 044711.2 Lactobacillus sharpeae strain DSM 20505 16S ribosomal RNA partial sequence

NR 044705.2 Lactobacillus coryniformis strain DSM 20001 16S ribosomal RNA partial sequence
] 4 NR 042438 1 Lactobacillus graminis strain G90 (1) 16S ribosomal RNA partial sequence
NR 042437 1 Lactobacillus curvatus strain DSM 20019 16S ribosomal RNA partial sequence

4 NR 042254 1 Lactobacillus plantarum subsp. argentoratensis strain DKO 22 16S ribosomal RNA partial sequence
4 NR 029133.1 Lactobacillus pentosus strain 124-2 16S ribosomal RNA partial sequence
NR 114339.1 Lactobacillus oryzae JCM 18671 strain SG293 16S ribosomal RNA partial sequence
NR 0246451 Lactobacillus collinoides strain JCM1123 16S ribosomal RNA partial sequence
NR 042514.1 Lactobacillus namurensis strain R-27965 16S rib | RNA partial seq e
NR 044704 2 Lactobacillus brevis strain ATCC 14869 16S ribosomal RNA partial sequence
NR 137386.1 Lactobacillus vespulae strain DCY75 16S ribosomal RNA partial sequence

M58818.1 Lactobacillus fructivorans 16S ribosomal RNA

NR 041294 .1 Lactobacillus parabuchneri strain JCM 12493 16S ribosomal RNA partial sequence

] 4|ENR 041468.1 Lactobacillus parafarraginis strain NRIC 0677 16S ribosomal RNA partial sequence
NR 0414671 Lactobacillus farraginis strain NRIC 0676 16S ribosomal RNA partial sequence

NR 042233.1 Lactobacillus vaccinostercus strain LMG 9215 16S ribosomal RNA partial sequence

—|:NR 125563.1 Lactobacillus nenjiangensis strain 11102 16S ribosomal RNA partial sequence

NR 104681.1 Lactobacillus siliginis strain M1-212 16S ribosomal RNA partial sequence

NR 024994 .1 Lactobacillus mucosae strain S32 16S ribosomal RNA partial sequence
4‘7— NR 104927 1 Lactobacillus fermentum strain CIP 102980 16S ribosomal RNA partial sequence
NR 025911.1 Lactobacillus reuteri strain F275 16S ribosomal RNA partial sequence

] ——————— NR 025273.1 Lactobacillus johnsonii strain ATCC 33200 16S ribosomal RNA partial sequence
NR 029352.1 Lactobacillus amylolyticus DSM 11664 strain LA 5 16S ribosomal RNA partial sequence

MT436809.1 Lactobacillus gallinarum strain 3608 16S ribosomal RNA gene partial sequence
NR 041800.1 Lactobacillus crispatus strain ATCC 33820 16S ribosomal RNA partial sequence

NR 024813.1 Lactobacillus kitasatonis strain JCM 1039 16S ribosomal RNA partial sequence
NR 043287 1 Lactobacillus amylovorus DSM 20531 16S ribosomal RNA partial sequence

Figure 6. Phylogenetic relationship of the best aflatoxin B1 binding Lactobacillus strains.

2.3.2. Sterigmatocystin Binding Capacities of Lactobacilli

ST binding abilities of 14 Lactobacillus strains from our collection and 25 strains ordered from
BCCM were studied. Based on our experiments, L. plantarum TV1, AT1, AT3, AT5, L. paracasei MAS,
and L. pentosus TV3 proved to be the strains with the best adsorption abilities, able to bind more
than 20% of ST under the studied parameters (Figure 7). Similar to aflatoxin binding, it can be seen
in Figure 8 that there is a close phylogenetic relationship among these strains as well, furthermore,
good AFB1 and ST binding ability seems to be related (Figures 6 and 8). So far, no results have been
published in the literature that address the ST-binding ability of lactobacilli.
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ST binding % at 0.2 ug/ml mycotoxin concentration
0 5 10 15 20 25

Lactobacillus plantarum TV1
Lactobacillus paracasei MAS
Lactobacillus pentosus TV3

Lactobacillus plantarum AT1
Lactobacillus plantarum AT3
Lactobacillus plantarum AT5
Lactobacillus plantarum TS23
Lactobacillus plantarum AT26
Lactobacillus plantarum AT51
Lactobacillus paracasei MA1
Lactobacillus plantarum TS28
Lactobacillus sharpeae BCCM 09214
Lactobacillus brantae BCCM 26001
Lactobacillus amylovorus GOS8
Lactobacillus parabuchneri BCCM 11457
Lactobacillus amylovorus GO67
Lactobacillus paralimentarius BCCM...
Lactobacillus aquaticus BCCM 26190
Lactobacillus midensis BCCM 21932
Lactobacillus nenjiangensis BCCM 27192
Lactobacillus perolens BCCM 18936
Lactobacillus vespulae BCCM 30665
Lactobacillus insicii BCCM 30641
Lactobacillus oryzae BCCM 28404
Lactobacillus namurensis BCCM 23583
Lactobacillus rhamnosus BCCM 06400
Lactobacillus farraginis BCCM 24140
Lactobacillus mali BCCM 06899
Lactobacillus collinoides BCCM 09194
Lactobacillus dextrinicus BCCM 11485
Lactobacillus equi OR93

Lactobacillus coryniformis BCCM 09196
Lactobacillus ghanensis BCCM 24876
Lactobacillus parafarraginis BCCM 24141
Lactobacillus siliginis BCCM 24111
Lactobacillus acidipiscis BCCM 19820
Lactobacillus amylolyticus BCCM 18795
Lactobacillus vaccinostercus BCCM 09215
Lactobacillus fructivorans BCCM 09201

Figure 7. Sterigmatocystin binding capacities (%) of Lactobacillus strains at 0.2 pug/mL mycotoxin
concentration in MRS broth.
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NR 028725.2 Lactobacillus salivarius strain HO 66 16S ribosomal RNA partial sequence
NR 024718.1 Lactobacillus acidipiscis strain FS60-1 16S rib | RNA partial seq e
NR 028623.1 Lactobacillus equi strain YIT 0455 16S ribosomal RNA partial sequence

NR 043896.1 Lactobacillus ghanensis strain L489 16S ribosomal RNA partial sequence
NR 044709.2 Lactobacillus mali KCTC 3596 DSM 20444 16S ribosomal RNA partial sequence
NR 115847.1 Lactobacillus aquaticus strain IMCC1736 16S ribosomal RNA partial sequence

NR 029360.1 Lactobacillus perolens strain L532 16S ribosomal RNA partial sequence
NR 036861.1 Lactobacillus dextrinicus strain JCM 5887 16S ribosomal RNA partial sequence
—— NR 147740.1 Lactobacillus insicii strain TMW 1.2011 16S ribosomal RNA partial sequence
NR 025045.1 Lactobacillus paralimentarius strain MT-1077 16S ribosomal RNA partial sequence
—LE NR 028949.1 Lactobacillus mindensis strain TMW 1.80 16S ribosomal RNA partial sequence
NR 042533.1 Lactobacillus crustorum strain R-27957 16S ribosomal RNA partial sequence
NR 043408.1 Lactobacillus rhamnosus strain JCM 1136 16S ribosomal RNA partial sequence
4 NR 025880.1 Lactobacillus paracasei strain R094 16S ribosomal RNA gene partial sequence

NR 125575 1 Lactobacillus brantae DSM 23927 strain SL1108 16S ribosomal RNA partial sequence
NR 044711.2 Lactobacillus sharpeae strain DSM 20505 16S ribosomal RNA partial sequence

NR 044705.2 Lactobacillus coryniformis strain DSM 20001 16S ribosomal RNA partial sequence
] NR 042438.1 Lactobacillus graminis strain G90 (1) 16S ribosomal RNA partial sequence
NR 042437 1 Lactobacillus curvatus strain DSM 20019 16S ribosomal RNA partial sequence

@ NR 042254 1 Lactobacillus plantarum subsp. argentoratensis strain DKO 22 16S ribosomal RNA partial sequence
4 NR 029133.1 Lactobacillus pentosus strain 124-2 16S ribosomal RNA partial sequence
NR 114339.1 Lactobacillus oryzae JCM 18671 strain SG293 16S ribosomal RNA partial sequence
NR 0246451 Lactobacillus collinoides strain JCM1123 16S ribosomal RNA partial sequence
NR 042514 1 Lactobacillus namurensis strain R-27965 16S ribosomal RNA partial sequence
NR 044704 .2 Lactobacillus brevis strain ATCC 14869 16S ribosomal RNA partial sequence

NR 137386.1 Lactobacillus vespulae strain DCY75 16S ribosomal RNA partial sequence
—‘jMESMS 1 Lactobacillus fructivorans 16S ribosomal RNA
NR 0412941 Lactobacillus parabuchneri strain JCM 12493 16S ribosomal RNA partial sequence
] 4'_ENR 041468.1 Lactobacillus parafarraginis strain NRIC 0677 16S ribosomal RNA partial sequence
NR 041467 .1 Lactobacillus farraginis strain NRIC 0676 16S ribosomal RNA partial sequence
NR 042233.1 Lactobacillus vaccinostercus strain LMG 9215 16S ribosomal RNA partial sequence
—:\IR 125563.1 Lactobacillus nenjiangensis strain 11102 16S rib | RNA partial seq B

NR 104681.1 Lactobacillus siliginis strain M1-212 16S ribosomal RNA partial sequence

NR 024994 .1 Lactobacillus mucosae strain S32 16S ribosomal RNA partial sequence
4i_'7— NR 1049271 Lactobacillus fermentum strain CIP 102980 16S ribosomal RNA partial sequence
NR 025911.1 Lactobacillus reuteri strain F275 16S ribosomal RNA partial sequence

NR 025273.1 Lactobacillus johnsonii strain ATCC 33200 16S ribosomal RNA partial sequence
NR 029352.1 Lactobacillus amylolyticus DSM 11664 strain LA 5 16S ribosomal RNA partial sequence
MT436809.1 Lactobacillus gallinarum strain 3608 16S ribosomal RNA gene partial sequence
NR 041800.1 Lactobacillus crispatus strain ATCC 33820 16S ribosomal RNA partial sequence
NR 024813.1 Lactobacillus kitasatonis strain JCM 1039 16S rib | RNA partial seq -
NR 0432871 Lactobacillus amylovorus DSM 20531 16S ribosomal RNA partial sequence

0m

Figure 8. Phylogenetic relationship of the best sterigmatocystin binding Lactobacillus strains.

3. Conclusions

For mycotoxin binding abilities, broths containing 0.2 pg/mL AFB1 or ST were inoculated with
the Lactobacillus test strains. Before screening the strains for binding capacities, optimisation of
the experiment parameters was carried out. Mycotoxin binding was detectable from a germ count
of 107 cells/mL at 0.2 pg/mL mycotoxin concentration in MRS broth, so for the screening, a cell
concentration of 108 cells/mL was chosen. The incubation time of the cells with the mycotoxins was
studied from 10 min to 48 h. It was found that 2 days of co-incubation was not required for mycotoxin
binding, after 10 min of incubation nearly the same binding values were obtained for the majority of
the tested strains, though some anomalies could be observed as for L. pentosus TV3 shorter incubation
time, while in the case of L. plantarum TS23 longer incubation time was slightly more efficient. Based on
our experiments, it can be said that neither AFB1 nor ST affected the growth of bacterial strains at the
studied concentration.
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One hundred and five strains were tested for AFB1 binding; the highest capacities were obtained
for L. pentosus TV3 with 11.5% and L. plantarum AT26, AT3, and AT1 with 8-9%. Interestingly, in the case
of ST with a very similar structure, the degree of binding was more than 20%. ST binding ability was
examined in 39 Lactobacillus strains. L. plantarum TV1, AT1, AT3, AT5, L. paracasei MAS, and L. pentosus
TV3 proved to be the strains with the best adsorption abilities. The results found in the literature on
the mycotoxin binding abilities of lactobacilli are diverse due to the different methodologies used.

Toxin binding of lactobacilli was measured in the MRS medium, the optimal medium for LAB.
The highest mycotoxin binding values found in the literature for lactobacilli were measured in vitro in
PBS buffer, 87% for AFB1 by L. acidophilus [31], 96% binding was found by Liew and co-workers by
L. casei Shirota at AFB1 concentration of 2 ug/mL [32], nevertheless, Hernandez-Mendoza et al. showed
that the percentage of AFB1 bound by the same species was approximately 30% at AFB1 concentration
of 4.6 ug/mL after 4 h of incubation at 37 °C [33]. These latter findings underline that even in the
same medium the same Lactobacillus species might present very different mycotoxin binding abilities
in different experiments. Though the most results for AFB1 binding in the literature is measures in
PBS buffer, however, MRS medium represents better the possible environment for LAB to be used
for mycotoxin binding purposes. Thus, the results of our AFB1 binding assay could not be directly
compared to values in the literature.

The same location of AFB1 and ST binding is assumed by our result that the most efficient
mycotoxin binding species were representatives of L. plantarum and L. pentosus species for both
mycotoxins (Figures 6 and 8). This is consistent with literature data for AFB1 binding, where these
strains are among the most effective within the genus Lactobacillus [34].

In our studies, we consistently found that the ST binding potential of Lactobacillus strains was
approximately twice that of AFB1 binding. This phenomenon may be due to the higher ST affinity of
binding-critical cell wall polysaccharide fragments, but this may be explained by the nature of ST in
aqueous media: ST in aqueous media may form a unique type of aggregate [35].

An interesting result of our studies is that we also found a large difference in AFB1 and ST binding
potential between Lactobacillus strains belonging to a given species. This may be explained by the
strain-specific, different polysaccharide composition of the WPS fraction of cell surface polysaccharides,
as peptidoglucan has too conservative a structure to account for differences between strains [16].

Our work is the first report on microbial ST binding. The investigated LAB type strains had
different ST and AFB1 binding abilities. These data, especially the altered binding potential of the
Lactobacillus strains belonging to the same species, would be very useful in the future for investigating
the molecular mechanism of bacterial mycotoxin adsorption and developing aflatoxin bio-binders.

4. Materials and Methods

4.1. Bacterial Strains

Eighty Lactobacillus strains of our collection isolated from faeces samples of zoo animals were used
for the studies. The strains were identified by the 165 rDNA sequence extracted from pure bacterial
cultures and sequenced by BaseClear (Table 1). In addition, 25 other Lactobacillus strains have been
obtained from BCCM (Belgian Coordinated Collections of Microorganisms) (Table 2). The Lactobacillus
strains stored at —80 °C in 43.5% glycerine were thawed on ice before culturing.

4.2. Mycotoxins

AFBI and ST were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany). Standard solutions
were made by diluting the mycotoxin powder with methanol (puriss., MOLAR Chemicals Ltd., Halasztelek,
Hungary) to make stock solutions of 50 pug/mL. The concentrations of the stock solutions were verified by
HPLC measurement. The mycotoxin concentrations for our experiments were set at 0.2 pg/mL, which is a
tenth of the maximum permitted level for AFB1 by EU Regulation No.574/2011.
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Table 1. Lactobacillus species of our collection with the strains used in this study.

Species Strains
Lactobacillus amylovorus GO5, GOS8, GO43, GO45, GO67
L. brevis AT70, TV23, TV50, TV53
L. crispatus GO48
L. crustorum TV19
L. curvatus TS4
L. equi OR7, OR25, OR86, OR93
L. fermentum SK64
L. gallinarum G047, GO75, GO78
L. graminis OR12, OR81, OR88, TV24, TV35
L. johnsonii GO76
L. kitasatonis GO6, GO13, GO16, GO17, GO63, GO66, GO73, GO95, GOS8
L. mucosae OR2, OR13, OR17, OR23, OR28, OR48, OR63, OR66, OR80, OR92
L. paracasei MA1, MA2, MA4, MAS, MA99
L. pentosus TV3,TV45
L. plantarum AT1, AT3, AT5, AT6, AT9, AT25, AT26, AT27, AT51, TS5, TS16, TS23, TS62, TV1
L. reuterii VO12, VO26
L. salivarius SK6, SK12, SK17, SK20, SK29, SK41, SK42, SK45, SK46, SK48, SK63, VO20

Table 2. Type strains of the Lactobacillus species ordered from BCCM for this study.

Strains:

Lactobacillus farraginis BCCM 24140
L. acidipiscis BCCM 19820
L. fructivorans BCCM 09201
L. oryzae BCCM 28404
L. vaccinostercus BCCM 09215
L. siliginis BCCM 24111
L. parafarraginis BCCM 24141
L. amylolyticus BCCM 18795
L. namurensis BCCM 23583
L. aquaticus BCCM 26190
L. vespulae BCCM 30665
L. coryniformis BCCM 09196
L. sharpeae BCCM 09214
L. paralimentarius BCCM 19152
L. mali BCCM 06899
L. midensis BCCM 21932
L. dextrinicus BCCM 11485
L. ghanensis BCCM 24876
L. collinoides BCCM 09194
L. nenjiangensis BCCM 27192
L. perolens BCCM 18936
L. rhamnosus BCCM 06400
L. brantae BCCM 26001
L. insicii BCCM 30641
L. parabuchneri BCCM 11457

4.3. Mycotoxin Extraction and Analytical Determination

The mycotoxin content of the samples was determined by UV detection after high performance
liquid chromatographic separation (HPLC-UV) on the basis of literature methods for AFB1 [19])
and ST [36,37]. First, the mycotoxin was extracted as follows. The cultures in the Falcon tubes were
centrifuged for 40 min at room temperature at 4000 rpm. The supernatant contains the remaining
unbound mycotoxin and the residue, referred to as the biomass hereinafter, contains the mycotoxin
bound by the bacteria. One millilitre of the supernatant transferred to an empty Falcon tube was shaken
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with 1 mL of dichloromethane for 20 min in a horizontal shaker in the dark. From the dichloromethane
phase, 0.5 mL was taken out and concentrated in a clean Eppendorf tube at 45 °C under a fume
hood. For the extraction of the mycotoxin from the biomass, 1.8 mL of dichloromethane and 0.2 mL
of methanol were added to the Falcon tube containing the biomass. The mixture was pipetted into
Eppendorf tubes. The tubes were vortexed (Vortex Genie 2, MO BIO Laboratories, Carlsbad, CA, USA)
for 20 min in the dark and then centrifuged at 3000 rpm for 10 min. One ml of the supernatant was
evaporated as before. The residues of the extracts were resolved in 1.0 mL eluent, and determined by
HPLC on a Younglin YL9100 HPLC system equipped with a YL9150 autosampler (YL Instruments Co.,
Anyang, Korea). For the analysis, 30 uL of the extracts were applied onto a Brisa (Technochrome)
C18 column (5 um, 15 cm X 0.46 cm) at 30 °C. The separation was carried out at a flow rate of 1 mL/min
using isocratic elution, containing 60:20:20 or 40:30:30 (v/v%) of water, methanol and acetonitrile for
AFB1 and ST, respectively. The detector wavelengths were 365 nm or 325 and 240 nm for AFB1 and ST,
respectively. All determinations were performed in triplicates from three parallel samples. Relative
standard deviations established for binding capacities for three parallel samples ranged between 0.53%
and 1.35%.

4.4. Optimisation for Mycotoxin Binding Experiments

4.4.1. Study of the Effect of Bacterial Count on Mycotoxin Binding of LAB Strains

Three strains (TV3, MA2, TS23) with good mycotoxin binding capacities, selected by the results
obtained in preliminary experiments (results not shown), were used for the study. The strains were
grown in 9 mL of MRS broth (de Man Rogosa and Sharpe Broth, VWR) for 48 h at 37 °C. From these
cultures of 108 cfu/mL, ten-fold dilutions were performed in MRS broth until the concentration of
103 cfu/mL. From the five dilutions, 15-15 mL was transferred to 15 mL plastic Falcon tubes. Bacterial
concentrations were checked by plating on MRS agar. To each sample a uniform amount of mycotoxin
equal to 0.2 ug/mL was added, the samples were mixed and incubated for 10 min at room temperature.
The tubes were then centrifuged at 4000 rpm for 40 min (Centrifuge 5810 R, Eppendorf, Wien, Austria).
The supernatant was decanted and the mycotoxin was extracted from the biomass (see Section 4.3).

4.4.2. Study of the Effect of Incubation Time on Mycotoxin Binding of Lactobacillus Strains

The effect of incubation time was studied with 5 efficient AFB1 binding strains (TV3, TV24,
MAZ2, TS23, SK63) selected by the results obtained in preliminary experiments (results not shown).
In one case, the Lactobacillus strains were grown in 15 mL of MRS broth in the presence of 0.2 pg/mL
AFB1 mycotoxin for 48 h at 37 °C. In the other case, the strains were cultivated in the same manner,
but without the presence of the mycotoxin for 48 h at 37 °C, then the mycotoxin was added to the
culture broths. The tubes were vortexed and incubated for 10 min at room temperature. The samples
were then centrifuged at 4000 rpm for 40 min. The supernatant was decanted and the mycotoxin was
extracted from the biomass (see Section 4.3).

4.4.3. Study of the Effect of Mycotoxin on Lactobacillus Cell Count

In addition to Lactobacillus strains grown in 15 mL MRS broth in the presence of 0.2 ng/mL
mycotoxin, the number of bacterial cells was also determined under the same conditions but in
mycotoxin free MRS broth by plating on MRS agar to determine the effect of the mycotoxin on the
bacterial growth.

4.5. Screening LAB Strains for Mycotoxin Binding Capacities

Lactobacillus strains were taken from —20 °C storage, thawed on ice, and 20 pl of the suspension
was transferred to 9 mL MRA broth. The tubes were incubated at 37 °C for 24 h. Falcon tubes containing
15 mL of MRS broth were inoculated with 50 ul of the cultures. The tubes were incubated at 37 °C for
two days. Three replicates were prepared with each strain.
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After the incubation, 0.2 pg/mL of AFB1 or ST were added to the tubes. Pure MRS broth was used
as a negative control, and mycotoxin-only MRS broth without bacteria was used as a positive control.
The tubes were mixed by shaking and the tubes were incubated with the mycotoxin for 10 min at room
temperature. The tubes were centrifuged at 4000 rpm for 40 min to separate the biomass from the
supernatant. The supernatant was transferred to an empty sterile Falcon tube and stored at —80 °C
until further analysis. The AFB1 and ST contents of the biomasses were determined by the HPLC
method described in Section 4.3.

4.6. Statistical Analyses

Statistical calculations of F- and t-Tests were performed in Microsoft Excel 2007 program.
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