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ABSTRACT

BACKGROUND: Fumonisin B1 (FB1) is a mycotoxin produced by several Fusarium species
and a very common contaminant of maize-based food and feed throughout the world. The
selection and use of FB1-degrading microorganisms appears as a promising alternative to cope
with the problem of toxicity towards humans and livestock. High moisture maize grain silage
which is based on natural maize fermentation could be an interesting reservoir of such
microorganisms.

RESULTS: Using an in vitro simulated silage model with FB1 naturally contaminated grains, we
demonstrated a significant raw decrease in FB1 during ensiling process ascribed to biodegradation
mechanisms. A panel of 98 bacteria and yeasts were isolated from this matrix and selected for
their ability to use FB1 as the sole source of C and N. For nine of them, the ability to degrade FB1
in vitro was evidenced. Notably, two bacteria identified as Lactobacillus sp. were highlighted for
their efficient FB1-degrading capacity and production of hydrolysed FB1 as intermediate

degradation metabolite.
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CONCLUSION: Fermentation of high moisture maize grain contaminated with FB1 leads to a
significant reduction of the toxin and allows the isolation of FB1-degrading microorganisms that

could further be used as FB1 decontaminating agents.
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INTRODUCTION

Maize is the world's most widely grown cereal. Its use significantly varies from country to country, with
a percentage intended for human consumption ranging between 4% to 60%?* and the rest being used for
feed and bioethanol. Maize is particularly prone to contamination with mycotoxins among which
Fumonisins are dramatically worrying in regards to their toxicity to humans? and animals.®# Fumonisins
are mainly produced by Fusarium proliferatum and Fusarium verticillioides which are the two major
fungal actors of Fusarium ear rot, one of the most common fungal diseases of maize. There are at least
28 different forms of Fumonisins, classified as belonging to class A, B, C, and P. Fumonisin B1 (FB1)
which is the most common form, is a polyhydroxy alkyl amine, esterified on C14 and C15 with 2
molecules of tricarballylic acid (TCA). FB1 is mostly produced during pre-harvest®; however it can also
be accidentally produced during post-harvest storage such as in the ensiling processes.®’
Unfortunately, once produced, FB1 is highly stable and its detoxification by physical and chemical
methods, authorized only in Europe for products intended for animal consumption,® are limited due to
partial efficiency and alteration of the matrix, including decrease of the nutrient content.®! Biological
post-harvest treatments for mycotoxin removal might represent an alternative promising option to
decrease FB1 content in maize products. These biological treatments include both adsorption and
microbial degradation.!? Adsorption can result from the binding of FB1 with cell wall components of
microorganisms, which is largely documented in the literature.*3® Moreover, during the biological post-
harvest treatments of maize, FB1 binding can also involve the formation of covalent bonds with maize
components or the physical entrapment of the toxin into macromolecules such as starch.” Since bound

or entrapped into macromolecules forms of FB1 may be difficult to detect using conventional analytical
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procedures, they have been commonly designed as hidden or masked fumonisins.*” But, according to
Rychlik et al.® the term matrix-associated fumonisins may be more suitable to encompass all possible
forms of interactions, both physical and chemical ones. The capacity of numerous organic and inorganic
compounds to bind mycotoxins has led to the release of a large panel of feed additives marketed as
mycotoxin binders which use aims to reduce mycotoxin availability, uptake and toxicity to livestock.®
Two main adverse effects require however to be considered when using FB1-binders: (i) the binders can
interact with other nutrients and feed compounds, (ii) the mycotoxin-complexes are reversible under
some physicochemical conditions and the toxins are prone to be released in the digestive tract of
consumers.

In addition to adsorption mechanisms, biological treatments can also exploit the occurrence of
microbial enzymatic activities capable to transform FB1 into less or non-toxic metabolites'? 22! giving
therefore the guarantee of a lower risk. The occurrence of microorganisms able to metabolize
mycotoxins has been the subject of several publications.'® 2:-%6 As regards to FB1, bacteria and fungi
reported and/or patented as able to degrade the toxin have been mainly isolated from field grown maize
stalk??2* or soil.?2® FB1 degradation through microbial activities usually involves a decarboxylation
reaction that cleaves the two TCA moieties from C14 and C15 of the main chain converting FB1 into
hydrolysed fumonisin B1 (HFB1). The lowest toxicity of HFB1 compared to that of FB1 was recently
evidenced by Grenier et al.*® A further deamination of HFB1 by an aminooxidase,?>?* 3° an
aminotransferase,® 32 a deaminase® or an aminomutase® may also occur. Nonetheless, most of these
microbial activities involve molecular oxygen independent** or dependant?* reactions and require
specific conditions such as the presence of specific co-substrates®™ 32 that could not be present in a
specific food or feed product, including maize fermented products.

High moisture maize grain (HMMG) silage is based on the natural fermentation of whole or ground
grains that are harvested shortly after the physiological maturity stage with an optimum dry matter
content around 70%.% During the last decade, it has become a more ubiquitous practice in Europe since
it can be easily processed on farms, represents an economic storage procedure (no grain drying costs are
encountered) and leads to an interesting feed characterized by a high starch digestibility and nutritional

value for livestock.3”*8 To our knowledge, the fate of FB1 during HMMG ensiling process has not been
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documented while numerous studies have addressed the issue of whole maize plant silage contamination
with mycotoxins.® 34! Interestingly, some of these studies have demonstrated that, in some cases, well-
preserved maize silage can lead to a significant decrease of FB1 levels (up to 90%) after three months
of fermentation.® *° Since maize grains composing HMMG silages have evolved in association with a
diverse epiphytic and endophytic microbial community including both bacteria and fungi or yeast,*-*
it makes sense to assume that FB1 accumulated during maize culture may have led to the selection of
some microorganisms able to degrade the toxin and that contaminated HMMG could represent an
interesting reservoir of such microorganisms.

In an attempt to select new microorganisms for the mitigation of FB1 in maize, the aims of this study
were (i) to provide baseline information on the potential for degrading FB1 of fermentation processes
as it is performed in HMMG ensiling, (ii) to investigate HMMG as an efficient source of novel FB1

degrading microorganisms.

MATERIALS AND METHODS

Maize samples and in vitro simulated silages

Fusarium contaminated (presenting ear rot symptoms) and sound (with no ear rot symptoms) maize
cobs of late yellow dent grain maize varieties were collected from different fields located in the
southwest of France during two years of harvest (2011 and 2013). Maize grains were separated from
cobs and coarsely ground. We used an in vitro simulated silage model, called mini-silos. A mini-silo
consisted of PVC tubes (10 cm diameter, 50 cm high) which contained 3 kg of compacted ground grains.

They were hermetically closed, and a valve at one end avoided over pressure.

First, to assess the FB1 evolution in contaminated maize grains during ensiling process, we prepared
mini-silos using different proportions of contaminated and sound maize harvested in 2011. Four types
of mini-silos were stablished: A (uniquely composed of sound maize), B-C (composed of 80% and 20%
of sound and contaminated maize, respectively) and D (composed of 70% and 30% of sound and

contaminated maize, respectively). Secondly, to confirm the results obtained with this first set of mini-
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silos and to isolate microorganisms able to degrade FB1, we prepared four additional set of mini-silos
using contaminated grains from four French fields harvested in 2013: E, F, G, and H. The silos were
placed in a room with temperatures varying from 18 to 25 °C throughout the ensiling process. Mean
moisture content in mini-silos was initially adjusted to 30% in all samples. A, B, C and D silages were
analysed at three fermentation time points: day O, day 78 and day 141. E, F, G and H silages were
analysed at four fermentation time points: day 0, day 48, day 82 and day 141. These dates were chosen
to be before ensiling, during the fermentation phase (day 48, 78 and 82) and during the storage phase
(day 141). At each sampling time, one mini-silo per type of silage was opened and three samples of 200
g from different silage sections were collected for analysis. Finally, physicochemical parameters

including pH, and moisture contents were determined.

Chemicals and reagents

FB1 and HFB1 standard solutions were purchased from Biopure (Tulln, Austria). All chemicals salts
and solvents used (LC grade) were purchased from VWR. Bidistilled water was produced in our

laboratory using an Alpha-Q system (Milipore, Marlborough, Ma, USA).

Microbial strains

The yeast Exophiala spinifera (ATCC 74269) and the bacterium (ATCC 55552) patented for their
ability to metabolize FB1 were purchased from ATCC (American Type Culture Collection). They were

used as positive control for optimizing the conditions of in vitro FB1 degradation.

Analytical procedure to assess the whole Fumonisin B1 content in high moisture maize grain

silages

To assess the whole FB1 content (expressed by the sum of free FB1 and matrix-associated FB1) in

high moisture maize grain silages, we defined an analytical procedure summarized on Figure 1.



Extraction of FB1 was performed using the protocol of Picot et al.®> with some modifications. Briefly,
5 g of finely ground and lyophilized maize were agitated with 25 mL of methanol/water (75:25, v/v) for
15 min. After centrifugation, filtrates were adjusted to pH 6.5 and 5 mL were purified using Bond Elut
Strong anion exchange (SAX) cartridges (Varian, Palo Alto, CA). Fumonisins were eluted with 10 mL
of methanol/acetic acid (99:1, v/v), which was evaporated to dryness under a nitrogen stream at 60 °C.
Dry samples were dissolved in acetonitrile/water (50:50, v/v), filtered through a 0.22 pum filter and
analysed by LC-MS as described below. Extractions and analysis of free FB1 were performed in

triplicate.

Matrix-associated fumonisins were extracted according to the method proposed by Dall’ Asta et al.*>
4 with some modifications. After extraction of free FB1, the residue of ground maize was dried
overnight. Then, aliquots (1 g) were subjected to alkaline hydrolysis (25 mL 2M KOH, 25 °C, 90 min)
and followed by a liquid/liquid extraction with 25 mL acetonitrile (performed twice). The organic phases
were recovered, pooled and evaporated to dryness using a rotavapor (BUCHI Rotavapor R-200) at 25
°C. The final precipitates were dissolved in 2 mL of acetonitrile/water (50:50, v/v) and filtered through
a 0.22 um filter before LC-MS analysis. Extractions and analysis of matrix-associated FB1 were

performed in triplicate.

LC-MS analyses were performed using a QTrap 2000 system (Applied Biosystems, France) equipped
with a Turbolon Spray ESI source and coupled to an 1100 Series HPLC system (Agilent, France).
Chromatographic separation was performed on a Kinetex XB- C18 100 A column (150 x 4.6 mm, 2.6
pum) (Phenomenex, France). The mobile phase consisted of 0.1% formic acid in water (v/v) (solvent A)
and 0.1% formic acid in methanol (v/v) (solvent B) according to the following gradient: 50 to 70% B in
11 min, 70% B for 4 min, 70 to 50% B in 1 min and kept at 50% B for 7 min (post-run reconditioning).
The flow rate was kept at 0.7 mL.min™ and 0.35 mL.min went to the electrospray source. The column
temperature was 45 °C and injection volume was 5 pL. LC-MS analyses were carried out using MRM
monitoring mode for FB1 and HFB1 quantification. For this, monitoring of two transitions for each
analyte was performed, the primary transition was used for quantification and the second transition was

used for identification (Table 1). In the particular case of HFB1, to avoid misidentification because of
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the poor specificity of MRM transitions, the absence of matrix artefacts was checked in the non-
contaminated silage A samples at 3 time points of fermentation. Quantification was performed by
external calibrations with standard solutions of FB1 and HFB1 prepared from commercial pure solutions

ranging from 1 to 5000 ng.mL™.

Isolation of FB1 degrading microorganisms

An enrichment culture procedure based on the method proposed by Benedetti et al.?® and Shima et
al.*” was implemented. A minimum medium (MM) described by Molnar et al.*® supplemented with 0.2
g.L* of yeast extract (Difco™, Illkirch, France) was used leading to medium MMYE. At each time point
of fermentation, aliquots of silage types E, F, G and H were mixed for gathering initially small
populations of FB1-transforming microorganisms. Then, one g of these pooled samples were suspended
in 9 mL of dispersing solution (phosphate buffer 50 mM; pH 7.4, + 0.01% Tween 80), vigorously shaken
for 1 min and allowed to settle for 15 min. Five mL of supernatant of this solution was collected and
considered as the initial inoculum (NO). 100 pL of NO solution was used to inoculate 1 mL of MMYE
medium supplemented with 250 pg.mL? of FB1. Cultures were incubated at 25 °C for 8 days with
shaking (150 rpm.min) in order to obtain the N1 inoculum used to inoculate N2. Following the same
procedure, successive cultures were repeated until N5. 100 pL of N5 solution was diluted up to 10 in
900 pL of dispersing solution. Finally, 100 pL from each dilution was spread on MRS agar medium (De
Man, Rogosa, Sharpe; Difco™, France) supplemented with Pimaricin as antifungal (0.2 mg.L™) for
selecting lactic acid bacteria, TS agar medium (Tryptic soy medium, Sigma-Aldrich, St Quentin
Fallavier, France) supplemented with Pimaricin for other bacteria, and Malt extract agar medium
(Difco™, lllkirch, France) supplemented with antibiotics chloramphenicol (0.2 mg.L ) and penicillin
(0.02 mg.L™) for selecting yeasts. Plates were inoculated in triplicate and incubated at 25 °C for 48-96
h. Most representative colonies appearing on plates and selected according to morphology criteria were

collected and stored at 4 °C.

Selection of microorganisms able to growth in a minimum medium enriched with FB1 as source

of Cand N



Microbial isolates were first tested for their capacity to grow in MM supplemented with 250 pg.mL-
! of FB1 (MM-FB1). For this, pre-cultures in rich liquid medium (MRS and TS for bacteria and Malt
Extract Broth for yeast) of each isolate were used. At the log growth phase, the concentrations of broth
suspensions were determined (Absorbance at 600 nm) and adjusted to 1.5 £ 0.2 absorbance values.
Aliquots of 25 pL of microbial cultures were inoculated into 96-well microplates (CellStar, Greiner Bio-
One) containing MM-FB1 medium (200 pL per well) and incubated at 25 °C for 48 h. Absorbance
values (600 nm) were measured each hour by spectrophotometry (TECAN, InfiniteM200 Pro) after
horizontal shaking for 30 s. Four measures at four different points within each well were performed.
Cultures of ATCC 74269 and ATCC 55552 known for their ability to degrade the FB1 were considered
as positive controls and cultures without toxin (MM) were considered as negative ones. Assays and
controls were performed in five replicates. Positive isolates were selected by comparing their growth
curves in MM-FB1 and in MM. The significance of the differences observed between assays and
controls was determined at 1 to 3 time-points. Finally, these candidate isolates were collected and stored

at 4 °C and in liquid nitrogen (containing 30% glycerol).

Selection of microorganisms able to degrade FB1 in vitro

To confirm the capacity of candidate microorganisms to metabolize FB1, a test similar to the one
proposed by Niderkorn et al.** was performed. Culture conditions were firstly defined (e.g. culture
media, FB1 content, incubation time) using the two reference microorganisms (ATCC 74269 and ATCC
55552). Therefore, 200 pL of microbial culture at log phase of growth (24 h or 48 h culture in a rich
medium) was inoculated into Erlenmeyer flasks containing 90 mL of liquid medium: MRS for lactic
acid bacteria, TS broth for bacteria and Malt Extract broth for yeast. These cultures were incubated at
25 °C (yeast) and 30 °C (bacteria) for 48 h with shaking. Then, the cultures were centrifuged (3000 g,
10 min, 5 °C) and the supernatants were discarded. Microbial pellets were washed three times with a
phosphate buffer (10 mM, pH 7.4). These pellets were suspended in 2 mL (bacteria) or 5 mL (yeast) of
rich culture media containing FB1 (5 pug.mL™?) and incubated at 25 °C for 96 h with shaking. Positive
controls (ATCC strain cultures) and negative controls (microorganisms in culture media without FB1

and un-inoculated medium with FB1) were included. Finally, cultures were analysed at O h and after 96
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h of incubation. They were centrifuged (3000 g, 10 min, 5 °C), supernatants were filtered (0.22 pum,
Merck millipore) and stored at -20 °C for FB1 and HFB1 analysis by LC-MS/MS. The experiment was

performed in triplicate.

LC-MS analysis of microbial cultures

Microbial supernatants were analysed by LC-MS using the same equipment and conditions described
for silage samples with some modifications. Briefly, the mobile phase consisted of 0.1% formic acid in
water (v/v) (solvent A) and 0.1% formic acid in methanol/acetonitrile (50/50 v/v) (solvent B) according
to the following gradient: 45 to 80% B in 11 min, 80% B for 4 min, 80 to 45% B in 1 min and kept at
45% B for 5 min (post-run reconditioning). These modifications entailed retention time values of 5.3

and 3.7 min for FB1 (m/z 722) and HFB1 (m/z 406), respectively.

DNA extraction and taxonomic identification of candidate microorganisms

After lyophilisation (Flexi-Dry; Oerlikon Leybold, Germany), DNA of pure isolates was extracted
using the Nucleon Phytopure kit according to the manufacturer’s instructions (Amersham, Toulouse,
France). Quality of each DNA sample was determined using a spectrophotometer (Nanodrop
Technology, Cambridge, UK) and verified by gel electrophoresis (agarose 1%, Eurobio, Courtaboeuf,
France).

The primers used for amplifying and sequencing the D1/D2 region of 26S rDNA in yeasts were: NL1
(5’-GCA TAT CAA TAA GCG GAG GAA-3’) and NL4 (5 GGT CCG TGT TTC AAG ACG G-3”)
described by Kurtzman and Robnett® and the primers for the V3-V4 region of 16S rDNA in bacteria
were: V3 (57 ACT CCT ACG GGA GGC AGC AG-3’) and V4 (5 TAC NVG GGT ATC TAA TCC)
described by Cai et al.>* PCR was carried out in a 25 pL reaction mix (GoTag® reaction buffer 1X, 2.5
mM of MgCl,, 0.1 mM dNTPs, 0.02 U.uL* of DNA Polymerase and 0.1 mM of forward and reverse
specific primer) with 35 cycles that consisted of 94 °C for 60 s, 55 °C for 90 s, 72 °C for 90 s. The
reaction was completed by a final elongation step at 72 °C for 5 min. The PCR products were verified

by gel electrophoresis (agarose 1%) and paired-end sequenced (Beckman Coulter Genomics, Paris,



France). Finally, the generated DNA sequences were aligned using the Bioedit program® and compared

against NCBI database using BLAST.>

Statistical analyses

Results of free FB1 and matrix-associated FB1 concentration in HMMG silage were reported as
mean concentration values (= SD) of three analytical repetitions corresponding to three extractions per
sample. Differences between three fermentation time points for each silage type were determined with
multiple comparisons test (ANOVA) using the Duncan method (XLStat, v2014.6.03 AddinSoft,
France). Levels of significance were set at o = 0.05.

Concerning the comparison in microbial growth Kinetics between isolates with FB1 and negative
controls (without FB1), significances of the differences in means of absorbance values for 5 replications

at selected time points were evaluated with the t-student test. Levels of significance were set at a= 0.05

RESULTS AND DISCUSSIONS

Fate of FB1 during HMMG ensiling process

To monitor the ensiling process in our experimental devices, pH and moisture content were measured
during fermentation. In overall, the mini-silos gave rise to homogeneous fermentation processes with a
continuous decrease of pH values from 5.7-6.3 before ensiling to 4.0-4.6 at day 141. In addition, the
percentage of moisture contents ranged from 32% to 36% during the ensiling process without significant
changes. These values were consistent with those currently observed in farm silages.*® ** At opening of
the mini-silos, none of the silages were colonized by rots and they all had a pleasant smell. Therefore,
these results suggested a well-conducted ensiling process in our experimental mini-silos.

It has been extensively showed that the use of conventional methods for FB1 determination in maize
and maize-based products do not allow assessing the matrix associated FB1 which are not solubilized
with the solvent-based extraction procedure.® Since fermentation during HMMG silages could lead to

physicochemical changes in the maize matrix and to the development of microorganisms that can favour
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the sequestration of mycotoxins and result in a significant underestimation of FB1 content, we assessed
the whole content of FB1 that includes both free and matrix-associated forms using the procedure

described in Figure 1.

Free FB1 evolution in HMMG silage

According to literature data, the evolution of FB1 during the maize ensiling process has been yet
only addressed in whole plant maize silages.5 3415 In this work, we examined for the first time, the
fate of FB1 during ensiling of HMMG (Figure 2). At day 0, three of the four maize grain silages showed
high levels of toxin, with contamination values ranging from 7 to 11.9 pg.g* of maize. As expected,
silage A, which was initially prepared with grains from non-contaminated plants, exhibited a low level
of FB1, close to 0.2 pg.g™. Contaminated silages B, C and D showed a significant decrease in free FB1
concentration after 78 days of ensiling. The decrease during the following 63 days was not significant.
The rates of decrease in free FB1 concentrations after four months of fermentation were different,
depending on the considered silage. During fermentation of silage B, a drastic decrease of free FB1
content was observed, reaching up to 93% after 141 days. The percentage of free FB1 loss at the end of
the process reached 41% and 38% for silage D and C, respectively. The same experiment was repeated
with maize grains harvested in 2013 from four different fields showing symptoms of Fusarium ear rot.
The main results obtained with harvest 2013 mini-silos are summarized on Table 2. In overall, it
supports the occurrence of situations conducive to a consequent reduction of free FB1 during
fermentation. The percentage of free FB1 loss ranged between 54.1% for silage F and 76.3% for silage
H. The observed decrease in free FB1 was consistent with data reported by Keller et al.® and Boudra et
al.*® that highlighted a significant decrease in free FB1 concentrations reaching as much as 90% in three
month-old whole plant silages. Such a decrease was however not evidenced by Uegaki et al. *° and
Latorre et al.** who indicated stable free FB1 concentrations in whole plant silages, even after eight
months of storage. As corroborated by numerous publications, one of the main processes that could
explain the free FB1 decrease results from adsorption mechanisms.'* 16 % Fumonisin adsorption
mechanisms which generate FB1 complexed forms may take place during silage fermentation with the

matrix or fermentative bacterial peptidoglycans.®® Association with the matrix can involve either
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covalent and noncovalent interactions between the FBL1 tricarballylic moieties and hydroxyl groups of
maize carbohydrates or amino-acids, esterification with fatty acids, or physical entrapment of FB1 in

maize macromolecules such as starch and proteins.t” 575

Matrix-associated FB1 evolution in HMMG silage

Procedures based on an alkaline hydrolysis step have been proposed by several authors to estimate
matrix-associated FB1 forms.*1 4% 46.59-61 According to Bryta et al.>® this alkaline hydrolysis produces a
disruption of the primary and secondary structure of maize macromolecules involved in the toxin
complexation and the release of the sequestered toxin, together with a cleavage of the FB1 side chains
and elimination of carboxylic groups that are potential sites of covalent modification. Therefore, the
cleavage of FB1 side chains after alkaline hydrolysis gives rise to the measurable HFB1 metabolite.
Such alkaline hydrolysis based procedure was applied to evaluate and follow the concentrations of
matrix-associated FB1 in the different HMMG silages considered in our study. As reported on Figure
3, significant amounts of matrix-associated FB1 were detected for any of the considered silages and any
of the fermentation times. At day O before the ensiling process, the estimated amounts of matrix-
associated FB1 ranged between 4 pg.g™* for silage D and 6.3 pg.g™* for silage B. When compared to total
FBL1 levels (free FB1 + matrix-associated FB1), the amounts of matrix-associated FB1 accounted for
26% in silage D and 40% in silages B and C. Similarly, in 2013 harvest mini-silos, matrix-associated
FB1 forms reached between 5 to 30% (Table 2). These results were similar to previous reports*-6:
addressing whole plant maize silages and raw maize. In addition, the ratios of matrix-associated FB1 to
free FB1 determined in 2011 and 2013 silages varied from 0.05 to 0.7 in contaminated non-fermented
maize grains and never reached values higher than one as observed by Bryta et al.*°. Indeed, the matrix-
associated to free FBL1 ratios determined by the former authors in different maize based-food products
including noodles, corn flakes and maize snacks ranged between 1.47 and 5.95. During the ensiling
process of 2011 silages, the concentrations of matrix-associated FB1 decreased weakly, a decrease that
was however not statistically significant. At day 141, matrix-associated FB1 loss attained 2.7 pug.g* and
1.8 ug.g* of maize for silage B and D, respectively. Additionally as reported in Table 2, data on the

evolution of matrix-associated FB1 in two of the 2013 silages (E and G) support the results obtained
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with 2011 silages, suggesting that the fermentation process did not favour the sequestration of FB1
within the maize grain matrix. Opposite results were obtained with silages F and H that showed a weak
increase in matrix-associated FB1 concentration after 141 days of fermentation (0.54 pg.g™* of maize for
silage F and 1.26 pg.g™ for silage H). Nonetheless this event clearly did not wholly explain the decrease
in free FB1 concentration (8.8 and 7.5 pg.g* of maize for silages F and H, respectively).

Taken together, our results on free and matrix-associated FB1 contents in mini-silos prepared with
two cropping year harvests indicated a significant decrease in total FB1 contents during HMMG ensiling
process. This reduction was at least partly ascribed to a mechanism different from FB1 adsorption, since
matrix-associated FB1 quantities exhibited relatively stable levels during fermentation. We therefore
hypothesized that the FB1 decrease observed in this work could be the result of biodegradation
mechanisms involving endogenous microbial activities. The microbiota composing HMMG mini-silos
contaminated with FB1 could therefore contain microorganisms able to degrade the toxin, either
individually or in cooperation within the microbiota. The detection of degradation metabolites of FB1
in the silages would have been an argument supporting a biodegradation mechanism. Nonetheless
whatever the considered silage and day of fermentation, the occurrence of free HFB1 was never
highlighted in the LC-MS chromatograms. Microorganisms in the silages were probably able to
transform HFB1 in more degraded metabolites. The lack of this molecule was also reported by Latorre

et al.** for whole plant silages

Search of microbial agents associated with FB1 degradation in high moisture maize grain silages

To assess the hypothesis that the measured FB1 disappearance in HMMG silages resulted from
microbial degradation activities, a culture-dependent approach using mini-silos E, F, G and H at four

time points of fermentation was implemented.

Isolation of microorganisms able to grow in a minimal medium supplemented with FB1

By using optimized culture screening methods, several mycotoxin degrading microorganisms have
been isolated from complex environments.?% 23 28. 47. 48. 6267 Among these culture methods, enrichment

procedures based on successive culture cycles in presence of mycotoxins were shown to notably favour
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an initially small population of mycotoxin-transforming microorganisms to become the majority
population and to increase the probability of isolating cultivable active strains.*’ This culture strategy
was therefore applied. After five enrichment cycles for each time point of fermentation, we obtained 98
isolates of bacteria and yeasts from which 37 were selected based on morphological criteria and their
optimal viability in in vitro cultures.

These 37 isolates were assessed for their ability to growth in a minimal broth (MM) supplemented
with FB1 as the sole carbon and nitrogen source. Positive isolates were selected by comparing microbial
growth curves (absorbance at 600 nm) of cultures enriched or not with FB1 for 48 h of incubation.
Typical microbial growth kinetics are reported on Figure 4. Figure 4A and 4B show two curves
corresponding to microbial isolates we considered as positive and interesting to further characterize,
where the presence of FB1 seems to favour a higher growth (p < 0.05 for both isolates at 28 hours).
Figures 4C and 4D described typical curves obtained with negative isolates where the presence of FB1
did not significantly modify the growth pattern (Figure 4C) or was even deleterious (Figure 4D). This
analysis allowed identifying 9 positive isolates, 5 bacteria and 4 yeasts, gathered in Table 3. It is
noteworthy that 24% of the tested isolates appeared as potential FB1 degraders in this experiment. Both
the enrichment procedure and the quality of the matrix used proved to be favorable for this selection.
These data corroborate the conclusion of McCormick? who indicated that microorganisms able to
growth in limited conditions are logically expected to metabolize the toxin.

The sequence analysis of partial 16S rRNA (~ 465 bp, for bacteria) and 26S rRNA (~ 550 bp, for
yeasts) genes of these nine positive isolates revealed, with 100% sequence similarities (Table 3), that
they belonged to two yeast species: Pichia fermentans (isolate N183), Candida glabrata (isolates N345,
N346 and N353) and four bacteria species: Lactobacillus brevis (isolate N195 and N197), Klebsiella
oxytoca (isolate N186), Klebsiella variicola (isolate VA26), Bacillus sp. (isolate N339). Most of these
strains belong to species or genus that have already been reported for their occurrence in maize grains
or fermentative processes such as silages. Pichia fermentans has been reported to occur at relatively
high frequency, both in fresh and ensiled maize.%® Candida spp. was also detected in HMMG silages.®

However, the species C. glabrata is a prevalent yeast pathogen in humans®® which implies that if
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promising properties of C. glabrata isolates are confirmed, their usage safety has to be rigorously
studied.’”® Klebsiella oxytoca, a facultative anaerobic enterobacteria, is ubiquitous and involved in plant
microbiota as one of the nitrogen-fixing microorganisms.” 2 It has been found in both fresh maize
forage and throughout the whole fermentative process in silage samples evaluated by Santos et al.”
Klebsiella variicola is an endophyte isolated from many plants’ and was identified as a component of
endophytic bacterial communities in seeds of maize.** Lactobacillus brevis (belonging to lactic acid
bacteria, LAB) is known for its capacity to colonize maize silage and its essential role during the
fermentation process.” LAB are interesting candidates as mycotoxin detoxifying agents because of their
easy adaptation and ability to grow in the particular fermentative ecosystems.’® Finally, Bacillus spp.
strains have been frequently isolated from maize and whole plant maize silage.** 52 Despite the absence
of original species in our isolates, we should have selected strains with enhanced specific properties for

FB1 transformation.

In vitro FB1 biodegradation by HMMG microorganisms

To confirm and characterize the capacity of the nine candidate microorganisms to degrade FB1, both
FB1 and HFB1 amounts were evaluated in broth cultures before and after four days of incubation (Table
3). As shown by reference microbial strains (ATCC 74269 and ATCC 55552), the experimental
conditions used in this work were efficient for revealing decreases of FB1 contents and the production
of HFBL1 in culture broths. The ability to decrease FB1 levels in culture medium was confirmed for all
candidate microorganisms, with an efficiency ranging from 6% to 33% which was lower than those
reported by reference microbial strains in the given conditions of our test. The highest percentages of
FB1 loss were emphasized for two isolates: L. brevis N195 and L. brevis N197. Similar percentages of
FB1 decrease were reported by Camilo et al.% and Mokoena et al.”” for a mixed culture of Lactobacillus
delbrueckii and Streptococcus lactis and several Bacillus sp. strains.

To ensure that the observed FB1 decrease was the result of a degradation process and not only of
adsorption events, the occurrence of FB1 metabolites such as HFB1 was investigated. HFB1 is a
hydrolyzed form of FB1 that lacks the two TCA moieties. Quantifiable levels of HFB1 were only

observed in the culture media where the highest decreases in FB1 were highlighted: L. brevis N195 and
15



L. brevis N197. These data undoubtedly corroborate that the two former microorganisms have the
enzymatic capacity to metabolize FB1. The best efficiency for degrading FB1 observed in the in vitro
test (Table 3) was close to 33 % (L. brevis N195) while more than 90 % of FB1 degradation was
observed in some silages such as silage B (Figure 2). These data can suggest that the corn grain maize
matrix is more conducive to the expression of enzymatic activities involved in FB1 degradation
compared to the culture medium we used for the in vitro test. Besides it is highly likely that the
significant degradation of FB1 in silages results from microbial interactions leading to a cooperative
mechanism, i.e. enzymes involved in the mycotoxin degradation are induced by metabolites produced
by another microorganism.?° As it clearly appears in table 3, the apparent percentages of conversion of
FB1 into HFB1 were low (up to 17%), when compared to cultures of references microorganisms known
as FB1 degrading strains (Table 3). Three main rationales could explain these low percentages. First, it
could be not excluded that adsorption and degradation mechanisms concomitantly occurred in the liquid
media and that, consequently, the observed decrease in FB1 can only be partially ascribed to a
degradation activity. Further analyses will allow determining the part of FB1 binding with microbial
cell wall components. Secondly, the FB1 degradation pathway can have stopped before the synthesis of
HFB1. Indeed, Fodor et al.” reported a mixed microbial culture composed of Escherichia coli and
Bacteroides spp. that was able to transform in vitro 49% of FB1 and was also characterized by a low
percentage of FB1 conversion into HFB1 (less than 1%). They ascribed this low percentage to the
accumulation of a partially hydrolysed metabolite called pHFB1 which corresponds to FB1 minus one
TCA moiety. Therefore, since partially hydrolysed metabolites as pHFB1 can be produced by microbial
activities as a first step of degradation, further search on these metabolites in microbial cultures will be
necessary. Finally, further transformations of HFB1 into more degraded compounds could have
occurred in our liquid media. This hypothesis was raised up by Benedetti et al.?® who reported the
degradation of FB1 into heptadecanone, isononadecene, octadecenal and eicosane caused by a bacterium
related to the Delftia/Comamonas group. Moreover, several microorganisms have been reported for their
capacity to completely metabolize FB1.2224 27.30. 3L 78 Ag described by several authors, the complete
degradation of the toxin involves two consecutive microbial activities: decarboxylation and

deamination.?1:2426
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CONCLUSION

Using in vitro simulated silage models prepared with FB1 naturally contaminated grains from two
cropping years; we evidenced for the first time the decrease of FB1 content during HMMG ensiling
process. This decrease was explained by microbial degradation activities rather than matrix-association
mechanisms. Nine FB1-degrading microorganisms were isolated from this matrix. Notably, two
bacterial isolates, L. brevis N195 and L. brevis N197, were emphasized for their capacity to metabolize
FBL1 in vitro. Additional studies will be required to fully characterize their kinetic of FB1 degradation
in vitro and within maize-based products and to identify both the enzymatic pathways and the genes
involved in this microbial activity. Since microbial degradation of mycotoxins represents an
environmental friendly decontamination option and an irreversible mechanism, maize grains and
HMMG silages are a promising reservoir of new FB1 degrading microorganisms that could be used
individually, or in mixed cultures, for post-harvest remediation of FB1-contaminated commaodities in

biological processes applied before consumption of maize grains by livestock or humans.
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5 g of maize silage

v

Extraction by 25 mL methanol/water
(7525, v/v) and centrifugation

/

v v

Supernatant: Free FB1 Dried pellet: Matrix-associated FBI
Filtration and pH adjustment (6.5) 1 g of maize pellet recovered
Purification by SAX cartridges Hydrolysis by 25 mL of KOH 2M
J’ 90 min at 25 °C
Evaporation until dryness, : A4 —
dilution with acetonitrile/water Extraction (2X) by 25 mL acetonitrile
(50/50, v/v), filtration and J,
HPLC-MS/MS analysis : : : —
Pooling, evaporation until dryness, dilution
\ll with acetonitrile/water (50/50, v/v),
Free FB1 filtration and HPLC-MS/MS analysis

v

HFB1 converted to matrix-associated FB1

Figure 1: Flow chart of the analytical procedure used to quantify free and matrix-associated

FBL1 in high moisture maize grain silage
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Figure 2: Evolution of free FB1 concentration during maize grain ensiling from harvest 2011.
Silages A to D were prepared using different proportions of contaminated and sound maize: A
(uniquely composed of sound maize), B-C (composed of 80% and 20% of sound and
contaminated maize, respectively) and D (composed of 70% and 30% of sound and
contaminated maize, respectively). Data are means + standard deviation using three analytical
replicates. Different letters designate statistically significant differences between data from a

same silage (o = 0.05).
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Figure 3: Evolution of matrix-associated FB1 concentration during maize grain ensiling from

harvest 2011. Data are means * standard deviation using three analytical replicates. Different

letters designate statistically significant differences between data from a same silage (o = 0.05).
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Figure 4: Typical microbial growth kinetics during 48 h of incubation. In black line, FB1-
supplemented microbial cultures (test). In dotted line, microbial cultured not supplemented with
FB1 (control). Statistically significant differences between both treatments were examined after
28 h of incubation (t-student test, a= 0.05). A and B isolates were considered positive to the test.

C and D considered as negatives.



Table 1: Retention time and compound dependent parameters for LC-MS analysis of free FB1
and HFB1 in HMMG silages.

Retention  Precursorion  Productions Declustering Collision Cell exit

Compound ) ) )
time (min)  (m/z)[M+H]* (m/z) potential (V) energy (V) potential (V)

FB1 8.9 722.4 334.4/352.3 121 45/49 6/6
HFB1 6.1 406.4 388.3/370.3 121 23/23 16/16




Table 2: Evolution of free FB1 and matrix-associated FB1 in silages processed with maize harvested in 2013

and percentage of matrix-associated FB1 at day 0.

Silage Free FB1, pg.g* Matrix-associated FB1, % of matrix- % of whole
ug.g* associated FB1 FB1
Days after fermentation Days after fermentation at day 0 loss at day 141
0 141 0 141

E 222+20 78+05 53+0.1 50+0.3 19.3 53.4
F 16.3+0.8 75+0.6 09+0.1 14+01 5.2 48.2
G 203+24 51+20 89+05 85+0.3 30.5 53.4
H 9.9+0.9 24+05 34+£03 46+0.3 25.6 47.4

Silages E to H were prepared using grains harvested in 2013 from four fields showing Fusarium ear rot

symptoms, located in the Southwest of France. "Percentage of matrix-associated FB1 at day 0 calculated

according to the formula: matrix-associated FB1/(matrix-associated FB1+ free FB1)*100. Data are

means + standard deviations using three analytical replicates.



Table 3: In vitro characterization of microbial cultures for their ability to degrade FB1

Accession number

FBLlossafter4 o ersion of FB1

Isolate obtained after days of : 0

BLAST analysis incubation (%)" into HFB1 (%)
Lactobacillus brevis. N195 NC _008497.1 33 16
Lactobacillus brevis N197 KP773479.1 30 17
Klebsiella variicola VA26 LC049203.1 22 ND
Bacillus sp. N339 KM819175.1 21 ND
Klebsiella oxytoca N186 LC049201.1 15 ND
Candida glabrata N353 LC015357.1 7 ND
Candida glabrata N345 LC015357.1 7 ND
Candida glabrata N346 LC015357.1 6 ND
Pichia fermentans N183 KM029994.1 6 ND
Reference  Exophiala spinifera ATCC74269 82 49
strains Bacterium ATCC55552 65 52

ND: Not detected. Percentage of FB1 loss after 4 incubation days.



	Martinez-tuppia et al JSFA 2017
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2-1
	Table 3

