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Abstract

:

Mycotoxins are important food contaminants that commonly co-occur with modified mycotoxins such as mycotoxin-glucosides in contaminated cereal grains. These masked mycotoxins are less toxic, but their breakdown and release of unconjugated mycotoxins has been shown by mixed gut microbiota of humans and animals. The role of different bacteria in hydrolysing mycotoxin-glucosides is unknown, and this study therefore investigated fourteen strains of human gut bacteria for their ability to break down masked mycotoxins. Individual bacterial strains were incubated anaerobically with masked mycotoxins (deoxynivalenol-3-β-glucoside, DON-Glc; nivalenol-3-β-glucoside, NIV-Glc; HT-2-β-glucoside, HT-2-Glc; diacetoxyscirpenol-α-glucoside, DAS-Glc), or unconjugated mycotoxins (DON, NIV, HT-2, T-2, and DAS) for up to 48 h. Bacterial growth, hydrolysis of mycotoxin-glucosides and further metabolism of mycotoxins were assessed. We found no impact of any mycotoxin on bacterial growth. We have demonstrated that Butyrivibrio fibrisolvens, Roseburia intestinalis and Eubacterium rectale hydrolyse DON-Glc, HT-2 Glc, and NIV-Glc efficiently and have confirmed this activity in Bifidobacterium adolescentis and Lactiplantibacillus plantarum (DON-Glc only). Prevotella copri and B. fibrisolvens efficiently de-acetylated T-2 and DAS, but none of the bacteria were capable of de-epoxydation or hydrolysis of α-glucosides. In summary we have identified key bacteria involved in hydrolysing mycotoxin-glucosides and de-acetylating type A trichothecenes in the human gut.
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Key Contribution: The current paper identifies key human gut bacteria that release mycotoxins from conjugated mycotoxins. These bacteria could increase mycotoxin exposure from the diet.










1. Introduction


Mycotoxins are toxic secondary metabolites of fungi and are frequently found in a variety of agricultural crops such as cereals, fruits, and nuts. Mycotoxin contamination of crops and their carry over into the human food chain are of great concern as they are potent toxins and their toxicities may contribute to adverse health effects in humans [1]. In response to fungal infection and mycotoxin production, several cereal plants have been found to transform mycotoxins into mycotoxin metabolites. Amongst those metabolites, sugar conjugates or masked mycotoxins have been identified and their co-occurrence with parent mycotoxins in cereals has been confirmed [2,3,4]. Deoxynivalenol-3-β-glucoside (DON-Glc) is the most studied masked mycotoxins, but masked forms of other trichothecenes, zearalenone, and fumonisin have also been reported. Resulting from the prevalence of these masked mycotoxins in foods it is paramount to understand their fate in the human gut and their potential contribution to toxicity. Over the last decade several studies have assessed the fate of DON-Glc and other masked mycotoxins under gastrointestinal conditions in vitro and in vivo, and most studies have found masked mycotoxins to be stable towards small intestinal digestion and not to be absorbed intact [5]. However, microbial hydrolysis of masked mycotoxins by human gut microbiota is well described in vitro [6,7,8,9,10] and further confirmed in pig microbiota [11,12]. Furthermore, the release of DON from a dose of DON-Glc and subsequent absorption and urinary excretion have recently been confirmed to occur in vivo in humans [13]. Individual differences between stool samples from different donors have been reported in the kinetics of mycotoxin release from masked forms and different efficiencies for various types of masked mycotoxins are also evident [7]. Hence, the role of the complex microbiome in the hydrolysis and further metabolism of different masked mycotoxins is poorly understood.



The human colon is colonized by a diverse bacterial population comprising the three most abundant phyla Firmicutes, Bacteroidetes, and Actinobacteria followed by Verrucomicrobia, Proteobacteria, Fusobacteria, and Cyanobacteria [14]. This diverse population of the human colon microbiota plays an important role in host health [15] and its contribution to nutrition and metabolism is well documented [16]. The human colon microbiota plays an important role in fermentation of non-digestible polysaccharides and results in the formation of health promoting metabolites e.g., acetate, propionate and butyrate [17]. It is believed that the ability of human gut microbiota to ferment non-digestible food components is not only limited to formation of health promoting metabolites but could also lead to the release of dietary toxins e.g., hydrolysis of masked mycotoxins [18].



Some animal studies [19,20,21] have observed modifications of the gut microbiota following mycotoxin exposure and suggest that there is a bi-directional interaction between mycotoxins and gut microbiota. However, the direct effect of mycotoxins on the growth of bacterial species from human colon has not been studied to date. The main bacteria capable of releasing mycotoxins in the human colon have also not been identified. This study is to our knowledge the first investigation assessing members of important groups and phyla of human gut bacteria for their individual activities towards masked and unconjugated mycotoxins. At the same time, the potential effect of mycotoxins on the growth of those gut bacteria was assessed.




2. Results


We screened 14 different bacterial strains from dominant groups of human gut microbiota for their ability to hydrolyse masked mycotoxins and to degrade unconjugated mycotoxins (Table 1). Enterococcus mundtii DSM 4838 was included as a positive control strain.



2.1. Bacterial Growth in the Presence of Mycotoxins


All bacterial strains grew well in 96-well plates using the media specified in Section 4.2. Growth curves were visually examined for all bacterial strains treated with low or high mycotoxin concentrations (2 or 10 nmol/mL) and no major differences were observed. Growth rates were also calculated (Table 2) and no significant differences were observed between mycotoxin-treated bacteria and controls.



The structure of mycotoxins and masked mycotoxins used and their deacetylated metabolites depicted in Figure 1.




2.2. Hydrolysis of Masked Trichothecenes by Bacterial Strains


Individual bacterial strains were anaerobically incubated with 2 nmol/mL of masked mycotoxins (DON-Glc or HT-2-Glc) or unconjugated mycotoxins (DON, DOM-1, HT-2, or T-2) for 48 h (Section 4.5) and mycotoxins analysed. The recovery of mycotoxins (masked forms + unconjugated forms) from bacterial cultures ranged from 80–120% for all bacterial strains except B. fibrisolvens 16/4 where DON recovery was low when incubated with DON-Glc (48% of dose added) or unconjugated DON (61% of dose added, data not shown). This could be partially due to bacterial surface binding of mycotoxins, which has been reported for strains of Lactobacillus, Bifidobacterium, and Propionibacterium binding ochratoxin A, aflatoxins, trichothecenes, and zearalenone in a strain-dependent manner [38,39,40]. All results were corrected for recovery and are presented as % of dose recovered to facilitate the comparison of hydrolysis efficiency between individual bacterial strains and different mycotoxins.



Of the gut strains tested, B. adolescentis DSM 20083 and B. fibrisolvens 16/4 hydrolysed DON-Glc completely. Other strains partially hydrolysed DON-Glc (P. copri DSM 18205, B. obeum A2-162, E. rectale DSM 17629, R. intestinalis L1-82, F. prausnitzii A2-165, and L. plantarum NCIMB 7220; Figure 2a) to a varying extent while six strains tested negative for DON-Glc hydrolysis (Figure 2a). The positive control strain E. mundtii DSM 4838 was confirmed to hydrolyse DON-Glc completely within 48 h incubations.



Regarding the hydrolysis of the type A trichothecene HT-2-Glc, B. adolescentis DSM 20083 was found to be the most efficient strain, followed by B. fibrisolvens 16/4, E. rectale DSM 17629, and R. intestinalis L1-82. Minor hydrolysis of HT-2-Glc was also observed by F. prausnitzii A2-165, B. obeum A2-162, P. copri DSM 18205 and E. mundtii DSM 4838 while the remaining seven strains did not hydrolyse HT-2-Glc (Figure 2b). B. adolescentis DSM 20083 and E. rectale DSM 17629 hydrolysed DON-Glc and HT-2-Glc to a similar extent after 48 h while other strains (B. fibrisolvens 16/4, R. intestinalis L1-82, L. plantarum NCIMB 7220, E. mundtii DSM 4838) were more efficient in hydrolysing DON-Glc than HT-2-Glc.




2.3. Time-Course of Hydrolysis of Masked Trichothecenes by Selected Bacterial Strains


Based on the initial screening, mycotoxin hydrolysis was investigated in more detail in five strains. Time course experiments included time points 0, 4, 8, 24, and 48 h and further masked trichothecenes (NIV-Glc and DAS-Glc). B. adolescentis DSM 20083 was found to be the most efficient bacterial strain tested to hydrolyse masked mycotoxins (Figure 3a). This bacterium hydrolysed HT-2-Glc instantaneously with complete hydrolysis achieved after only 4 h incubation when bacterial growth was in the exponential phase. B. adolescentis DSM 20083 also hydrolysed the type B-trichothecenes DON-Glc and to a lesser extent NIV-Glc, mainly during late exponential phase of growth. B. fibrisolvens 16/4 on the other hand showed fastest hydrolysis of DON-Glc (during exponential growth phase) followed by NIV-Glc (during exponential to stationary phase) and HT-2-Glc (during stationary phase) (Figure 3b). E. rectale DSM 17629 was the least efficient strain tested in time-course experiments, only hydrolysing around 20% of masked mycotoxins after 24 h and 40% of HT-2-Glc after 48 h incubation (Figure 3c). Similarly, R. intestinalis L1-82 hydrolysed DON-Glc, NIV-Glc and HT-2-Glc in similar order but at a slower rate compared to B. fibrisolvens 16/4, with degradation mainly taking place during stationary phase (Figure 3b,d). L. plantarum NCIMB 7220 hydrolysed DON-Glc but did not break down any of the other trichothecene-glucosides tested (Figure 3e). None of the strains tested extensively hydrolysed the alpha-glucoside DAS-Glc.



The results from time-course experiments were used to calculate the area under the curve (AUC) for each masked trichothecene hydrolysed by each of the five bacterial strains. To allow complete comparison of active strains, AUC were also calculated for strains with minor hydrolysis activity using 0 and 48 h incubations (L. plantarum NCIMB 7220 hydrolysing HT-2-Glc; F. prausnitzii A2-165, B. obeum A2-162, and P. copri DSM 18205 hydrolysing DON-Glc and HT-2 Glc) (Figure 4). Lower AUC presents fast hydrolysis, whereas higher AUC shows slow or no hydrolysis of masked mycotoxins.



The two type B trichothecenes DON-Glc and NIV-Glc were hydrolysed by most of the bacterial strains tested with DON-Glc hydrolysis being most efficient (Figure 4). The type A trichothecene HT-2-Glc was efficiently hydrolysed by one bacterial strain, moderately hydrolysed by three and not altered by another. The type A alpha-glucoside DAS-Glc was not hydrolysed. This marked difference in hydrolytic capacity of individual bacterial strains and specific activity toward certain masked trichothecenes, but not others, will require further investigation. This paints a complex picture of very selective and specific interactions between bacterial strains and masked mycotoxins.




2.4. Degradation of Unconjugated Mycotoxins by Bacterial Strains


In addition to hydrolysis of masked mycotoxins by human gut bacteria, this study also assessed the potential microbial further metabolism of unconjugated mycotoxins (DON, T-2, HT-2, DAS, and NIV) in anaerobic culture for 48 h.



2.4.1. De-Epoxydation of Trichothecenes


No de-epoxydation of DON to de-epoxy-deoxynivalenol (DOM-1) was observed by any of the strains tested and DON recoveries were ranging from 65.7 to 125.7% for all strains (data not presented). Mass fragments for de-epoxy NIV were also monitored but not detected. Similarly, HT-2 recoveries were also ranging from 78.7 to 113.4% for all strains (data not presented).




2.4.2. De-Acetylation of Type A Trichothecenes


Out of the 15 bacterial strains tested, P. copri DSM 18205 was the most efficient strain in de-acetylating T-2 to HT-2 followed by B. fibrisolvens 16/4 (Figure 5). L. plantarum NCIMB 7220, R. intestinalis L1-82, B. adolescentis DSM 20083, A. hallii DSM 3353, E. mundtii DSM 4838, F. prausnitzii A2-165, and B. thetaiotaomicron DSM 2079 degraded minor amounts of T-2 to HT-2 (1.0–11.6%). The six remaining strains showed no activity towards T-2 after 48 h as no HT-2 was detectable and the recoveries for T-2 were between 90.9 and 119.5%.



De-acetylation of type A trichothecenes (T-2 and DAS) by P. copri DSM 18205 was confirmed in time course experiments, including time points 0, 4, 8, 24, and 48 h. P. copri DSM 18205 de-acetylated T-2 to HT-2 and DAS to 15-MAS at a slow rate (42.7 and 51.3%, respectively, after 48 h; Figure 6). The type A trichothecene alpha-glucosides DAS-Glc and T-2-Glc were not hydrolysed by P. copri DSM 18205 or any of the other strains tested (data not shown).






3. Discussion


The human gut microbiota is involved in the hydrolysis and metabolism of masked mycotoxins and unconjugated mycotoxins. However, the gut bacteria responsible remain poorly characterised. Here we describe the ability of individual strains of human gut bacteria to hydrolyse masked mycotoxins and further metabolise mycotoxins. Our results clearly demonstrate that under in vitro conditions, masked mycotoxins (DON-Glc, NIV-Glc, and HT-2-Glc) were converted to unconjugated mycotoxins (DON, NIV, and HT-2) upon incubation with different human gut bacterial strains with different hydrolysis rates. We observed that all the tested bacterial strains hydrolysed different masked mycotoxins in a strain-dependent manner, with differences in the rate of degradation. Some mycotoxins were completely hydrolysed during early exponential growth, whereas others were mostly degraded during stationary phase. For some incubations, hydrolysis plateaued before it was complete, for example B. fibrisolvens 16/4 ceased hydrolysis of NIV-Glc during stationary phase. The exact reason why bacterial activity decreases, or stops is unknown but one possible reason could be the depletion of bacterial resources to grow and hydrolyse masked mycotoxins in vitro. We have observed that B. fibrisolvens 16/4 switched their hydrolysis activity from masked forms of type B trichothecenes to masked forms of type A trichothecene after 24 h in stationary phase. This selective choice to hydrolyse different masked mycotoxins in different growth stages could be linked to their efficiency to hydrolyse masked mycotoxins and the structure of the masked mycotoxins.



These specific interactions between bacterial strains and individual mycotoxin-glucosides were also reported previously. Authors found the specific activity of a β-glucosidase enzyme purified from B. adolescentis to be highest towards DON-Glc (11 µmol/min/mg) compared to NIV-Glc and HT-2-Glc (0.18 and 3.5 µmol/min/mg, respectively), whereas our study found B. adolescentis DSM 20083 to be more efficient in hydrolysing HT-2-Glc than DON-Glc and NIV-Glc. However, Michlmayr et al. [18] used the substrates at varying concentrations (10, 1, and 2 mM for DON-Glc, NIV-Glc, and HT-2-Glc, respectively) all of which were higher than in the current study (2 µM) and they assessed enzyme preparations rather than whole bacterial cultures. L. plantarum NCIMB 7220 has been reported to be the most efficient bacterium to hydrolyse DON-Glc (62% hydrolysis after 8 h) followed by E. mundtii DSM 4838 and B. adolescentis DSM 20083 [41]. We confirm that E. mundtii DSM 4838 is very efficient in hydrolysing DON-Glc, whereas L. plantarum NCIMB 7220 and B. adolescentis DSM 20083 were slightly slower in hydrolysing DON-Glc compared to the published report. However, we started the bacterial incubations with less bacterial cells (OD650nm, 0.150 ± 0.050), compared to the previous study (OD600 about 2.0) [41].



In this study, none of the strains hydrolysed α-glucosides except minor hydrolysis of DAS-Glc by B. adolescentis. Therefore, the configuration of the glucosides (α and β linkages) is of importance along with the different types of masked mycotoxins. However, hydrolysis of α-glucosides has been reported in mixed human faecal samples [7,9,42] and further work is needed to identify the bacterial groups responsible for this activity.



We have identified bacterial strains from different groups of gut bacteria to be important contributors to mycotoxin hydolysis. In addition, we found F. prausnitzii A2-165, P. copri DSM 18205, and B. obeum A2-162 to release minor amounts of unconjugated mycotoxins from DON-Glc and HT-2-Glc. F. prausnitzii A2-165 belongs to the clostridial cluster IV and accounts for 5–10% of the total bacteria detectable in human faecal samples [43]. Similarly, B. obeum A2-162 is recognized as being abundant in the human colon [44] whereas P. copri DSM 18205 is present in high abundance only in a subsection of healthy Westerners [45]. Therefore, due to their high abundance in the human colon compared to our in vitro assays, it is suggested that these bacteria can significantly contribute to mycotoxin release in the human colon.



The gut bacterial strains we identified in the present study for masked mycotoxin hydrolysis contribute to gut microbiota composition in different proportions. B. adolescentis is abundant in the human colon [46]. Bifidobacterium species are more abundant in infants than in adults but comparatively stable in adults [47]. Our results demonstrate that B. adolescentis DSM 20083 can efficiently hydrolyse different masked mycotoxins and likely plays a vital role in hydrolysis of masked mycotoxins both in infants and adults. L. plantarum NCIMB 7220 was also found to efficiently hydrolyse DON-Glc, but had no activity towards other β-glucosides tested. Lactobacillus species usually only constitute ≤1% of the total bacteria in the human gut [48] and are more abundant in children. A recent study has proven that children are frequently exposed to multiple mycotoxins [49] and this high exposure is linked to the high intake of mycotoxins-contaminated cereals [50]. Therefore, it is likely children regularly ingest masked mycotoxins and ultimately their efficient hydrolysis due to the presence of Lactobacillus and Bifidobacterium species can increase their mycotoxin exposure.



E. rectale and R. intestinalis are among the most abundant firmicutes [51] as estimated to account for 5–10% of the total bacteria in the healthy human colon [43]. We observed that both strains were capable of hydrolysing both type A and type B trichothecenes, hence theses strains are major contributors to the hydrolysis of mycotoxin β-glucosides in the human colon. Butyrivibrio spp. have occasionally been reported in human faeces [33], but their presence is mostly linked to ruminants and other mammals [52]. In the present study we found that B. fibrisolvens 16/4 is very efficient in hydrolysing masked type B trichothecenes, suggesting that individuals harbouring this bacterium could be at higher risk of releasing unconjugated mycotoxins if ingesting masked mycotoxins through contaminated food.



Microbial metabolism of unconjugated mycotoxins could act as route of detoxification. A previous study [8] has reported the conversion of DON to DOM-1, a less toxic de-epoxydation metabolite [53], by human faecal microbiota. Similarly, de-acetylation of trichothecenes is considered a detoxification pathway for DAS [54,55] and DAS is de-acetylated by mixed human faecal microbiota [7]. In vitro studies also demonstrated that HT-2 is less cytotoxic than the T-2 [56,57]. The current study identified P. copri DSM 18205 as efficiently de-acetylating type A trichothecenes T-2 and DAS. P. copri is the most abundant Prevotella species in the human colon [58], comprising > 10% of relative abundance of Prevotella in faeces of 10–25% of healthy individuals from Europe and America [45]. The presence of Prevotella species in the human colon is mostly linked with vegetarian diets rich in plant fibre and carbohydrates [59,60,61,62]. Individuals harbouring P. copri DSM 18205 could therefore potentially decrease the mycotoxin load by converting mycotoxins into less toxic metabolites. B. fibrisolvens 16/4 can also de-acetylate T-2 (current study) and DAS [63], hence contributing to de-acetylation in the colon of individuals harbouring this bacterium.



Some in vivo studies have reported mycotoxin-induced modifications in gut microbiota of animals by using advanced molecular approaches. These authors reported that Coprococcus genus was more abundant in DON fed rats [20], whereas Lactobacillus was found more abundant in DON and ZEN fed pigs [21]. Another study in pigs observed that DON and ZEN in feed increased the relative abundance of Erysipelotrichaceae and decreased Ruminococcaceae, Streptococcaceae, and Veillonellaceae [19]. However, in the current study we observed that mycotoxin exposure (unconjugated or masked forms) did not impact the growth of any bacterial strain tested, suggesting that mycotoxins do not act directly on gut microbes. However, the large intestine and gut microbiota have been identified as targets of mycotoxin toxicity [64], but it is more likely that secondary effects on microbiota composition are caused by host-toxicity. More work is needed to further elucidate these interactions.



In summary, we have identified novel strains of gut bacteria likely to play a key part in hydrolysing masked mycotoxins in the human gut due to their high activity combined with high prevalence amongst the gut microbiota (E. rectale A1-86, R. intestinalis L1-82, and B. fibrisolvens 16/4) and confirmed the role of B. adolescentis and L. plantarum. We have also demonstrated that P. copri DSM 18205 is a key species in de-acetylation of type A trichothecenes and confirmed the activity in B. fibrisolvens 16/4. These findings support the notion that the microbial release of mycotoxins from their masked forms contributes to overall exposure in humans. The extent to which hydrolysis occurs varies in individuals, which likely depends on the individual composition of the gut microbiota and the use of probiotics (Bifidobacterium and Lactobacillus spp.) and prebiotics boosting the numbers of specific gut bacteria could influence the hydrolysis of masked mycotoxins in individuals.




4. Materials and Methods


4.1. Bacterial Strains


Thirteen strains of human gut bacteria were obtained from the Rowett Microbiology collection. Akkermansia muciniphila DSM 22959 and Enterococcus mundtii DSM 4838 were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ). E. mundtii DSM 4838 is a strain isolated from the human naval and was included as a control strain which was previously found to hydrolyse DON-Glc in vitro [41]. All strains were stored as glycerol stocks at −70 °C and revived overnight at 37 °C in M2GSC medium (+0.2% mucin for A. muciniphila) before culturing them in the respective growth medium (Table 1).




4.2. Medium Selection


All strains were grown in anaerobic yeast extract-casitone-fatty acids medium containing three substrates: glucose, starch, and cellobiose (YCFAGSC) [65], with the exception of F. prausnitzii A2-165 and E. mundtii DSM 4838, which were grown in anaerobic modified Med2 of Hobson (M2GSC) [66], and L. plantarum., which was grown in anaerobic De Man, Rogosa and Sharpe medium (MRS broth, Sigma Aldrich, Gillingham, UK) for optimal growth.




4.3. Mycotoxin Standards


All mycotoxins used, their full names and abbreviations are summarized in Table 3. DON, DON-Glc, DOM-1, NIV, DAS, 15-MAS, T-2, and HT-2 were purchased from Romer Labs Ltd., Tulln, Austria. DAS-Glc, T-2-Glc [67] and HT-2-Glc [68] were obtained from Dr. Mark Busman and Dr Susan McCormick, Mycotoxin Prevention and Applied Microbiology Unit, USDA-ARS-NCAUR in the USA. NIV-Glc was obtained from Dr. Tomoya Yoshinari, National Institute of Health Sciences, Japan [69]. Working solutions for all mycotoxins were prepared in acetonitrile and stored at 4 °C.




4.4. Bacterial Growth and Mycotoxin Metabolism in Anaerobic 96-Well Plates over 48 h


Overnight cultures of all bacterial strains at early stationary phase were Gram-stained prior to each experiment. All bacterial and mycotoxin incubations were carried out in 96-well plates (Costar 3370, Corning Inc., Corning, NY, USA) and inside an anaerobic cabinet (Don Whitley MACS VA500, gas composition 10% hydrogen, 10% carbon dioxide, and balance nitrogen). Then, 4 µL of bacterial culture (in triplicate for each strain) were inoculated into 196 µL of medium (as specified in Section 4.2) containing either DON, DOM-1, DON-Glc, T-2, HT-2, or HT-2-Glc in acetonitrile (at 2 or 10 nmol/mL). The mycotoxin concentration of 2 nmol/mL was used to assess the hydrolysis/metabolism of masked or unconjugated mycotoxins by human gut bacteria in accordance with published studies [9,12]. The effect of mycotoxins on bacterial growth was assessed at 2 and 10 nmol/mL. Mycotoxin-free controls, solvent controls, and medium blanks as well as mycotoxin stability controls in medium blanks were included (in triplicates). The plates were sealed (Bio-Rad optical sealing tape, cat no 2239444), closed with a plate lid and placed into an EPOCH2 microplate reader (BioTek Instruments Inc. USA) and incubated anaerobically for 48 h at 37 °C. Growth was continuously monitored by automatically recording OD at 650 nm every 10 min, after 10 s of double orbital shaking (frequency 425 rpm, 3 mm). At the end of the experiment, growth data were captured using Gen 5 software [version 3.02.1]. Growth rates were determined as described by Soto-Martin et al. [70]. The exponential phase of growth (blank subtracted data) was visualised by plotting the OD reading on a logarithmic scale. Growth rates (µ/h) were calculated by choosing a time interval ensuring linearity from a trend line (R2 0.99, with 5–10 data points).



At the end of the incubation, 180 µL of each bacterial suspension were transferred to Eppendorf tubes and the reactions stopped by adding 600 µL of acetonitrile. Samples were centrifuged at room temperature (10,000× g, 5 min). The supernatants were evaporated to dryness under a nitrogen stream at 50 °C, reconstituted in 1 mL of H2O and cleaned through pre-conditioned (2 mL of methanol twice followed by 2 mL of water) C18 solid phase extraction columns (Agilent, Wokingham, UK). Samples were eluted with 3 mL methanol, evaporated to dryness, and reconstituted in 180 µL of 50% aqueous methanol for LC-MS/MS analysis. Stability controls for each mycotoxin (in triplicate) were also included in each plate by adding target mycotoxins to the respective medium in the absence of any bacterial culture. All tested mycotoxins and their masked forms were found to be stable when incubated for 48 h in the absence of bacteria. For time 0 samples, overnight bacterial cultures were diluted 2/100 with their optimized anaerobic culture medium in Eppendorf tubes (200 µL), spiked in triplicate separately with 2 or 10 nmol/mL of DOM-1, DON, DON-Glc, T-2, HT-2, or HT-2-Glc in acetonitrile and processed immediately (time 0). Mycotoxins detected in time 0 samples were set as the reference (100%) and the results for 48 h time point were calculated as a percentage of time 0.




4.5. Time Course Experiments of Mycotoxin Metabolism of Selected Bacterial Strains


Initial screening experiments identified the following six bacterial strains which were further studied for mycotoxin metabolism: Bifidobacterium adolescentis DSM 20083, Eubacterium rectale A1-86, Roseburia intestinalis L1-82, Butyrivibrio fibrisolvens 16/4, Lactobacillus plantarum NCIMB 7220, and Prevotella copri DSM 18205.



Time course experiments were performed to compare the efficiency of different bacterial strains from the human gut to hyrdolyse masked mycotoxins. Each incubation was started with the same number of bacterial cells by diluting overnight cultures of each strain to an OD650nm of 0.150 ± 0.050 in 96-well plates with anaerobic culture medium (total volume 200 µL). Each well was spiked separately with 2 nmol/mL of DON-Glc, NIV-Glc, HT-2-Glc, or DAS-Glc in acetonitrile (in triplicate). For microbial deacetylation, unconjugated mycotoxins T-2 or DAS were also tested in addition to their glucosides (P. copri DSM 18205 only). The plate was then sealed, closed with a lid, and inserted into the plate reader at 37 °C and OD (650 nm) measured every 10 min. At different time intervals (0, 4, 8, 24, and 48 h), the plate was removed from the plate reader and 180 µL of bacterial suspension from the appropriate wells were removed and the plate returned to the plate reader. Samples were transferred to Eppendorf tubes and further processed as described above (Section 4.5).




4.6. LC-MS/MS Analysis


The liquid chromatography analysis of the mycotoxins was performed on an Agilent 1200 HPLC system (Agilent Technologies, Wokingham, UK) fitted with an Agilent Zorbax 5 µm, 150 mm × 4.6 mm C18 column. For analysis of type A trichothecenes (T-2, T-2-Glc, HT-2, HT-2-Glc, 15-MAS, 4-MAS, SCP, DAS, and DAS-Glc) the mobile phase solvents were (A) 5 mM ammonium acetate and (B) methanol for all experiments. The starting gradients were 45% A and 55% B. The proportion of the 55% B rising linearly to 100% B at 13 min, held at 100% B for 2 min, with a 2.5 min column re-equilibration at 55% B. The flow rate was 400 µL/min, and the injection volume was 15 µL. For analysis of type B trichothecenes (DOM-1, DON, DON-Glc, deNIV, NIV, and NIV-Glc) mobile phase solvents were (A) 0.1% Acetic Acid and (B) methanol for all experiments. The starting gradient was 70% A and 30% B, the proportion of B rising linearly to 100% B at 15 min, held at 100% B for 2 min, with a 2.5 min column re-equilibration at 30% B. The flow rate was 350 µL/min, and the injection volume was 15 µL.



All mycotoxins were detected on a Q-Trap 4000 triple quadrupole mass spectrometer (AB Sciex, Warrington, UK) fitted with a Turbo Ion Spray™ (TIS) source. The mass spectrometer was run with the following source settings: ion spray voltage -4000 V, temperature 200 °C, Gases 1 and 2 set at 24 and 40 psi respectively and the Curtain Gas set at 10 psi in negative ion mode. Ion transition parameters are summarized in Table 3. Mycotoxins were quantified using the multiple reaction monitoring (MRM) technique. Standard solutions of 500 ng/mL were pumped directly into the TIS source via a syringe pump and their transition values were optimized. Calibration curves (0.25–10 nmol/mL equivalent to 74–2963 ng/mL DON, 115–4585 ng/mL DON-Glc, 70–2803 ng/mL DOM-1, 78 –3123 ng/mL NIV, 119–4745 ng/mL NIV-Glc, 117–4665 ng/mL T-2, 157–6287 ng/mL T-2-Glc, 106–4245 ng/mL HT-2, 147–5866 ng/mL HT-2-Glc, 92–3664 ng/mL DAS, 132–5286 ng/mL DAS-Glc, and 81–3244 ng/mL 15-MAS) were prepared for each metabolite, no internal standard was used. The precursor ions used were (M+Ac)− for DOM-1, DON, DON-Glc, NIV, and NIV-Glc and (M+NH4)+ for T-2, HT-2, DAS, 15-MAS and their glucosides. LC-MS/MS chromatrograms for all mycotoxin standards are presented in Figure 7.




4.7. Statistical Analysis


To explore the significant difference (p < 0.05) in growth rate of each bacterial strain across the different treatments, single step method was used in “R” (version 3.5.2 (2018-12-20)). Initially, a linear model without an intercept was conducted to calculate means across replicates of each treatment. The R package “multcomp” was used to construct a General Linear Hypothesis Test using the function “glht”. This function allows to specify several comparisons between treatments while adjusting for multiple testing. We used the single step method to correct for multiple testing which adjusts the p-values by using the joint t-distribution for the contrasts [71]. The contrast testing is similar to a t-test for comparing two groups with the difference that variance and standard error estimates are based on data from all groups involved in the analysis. The comparisons in this case were (a 2 nmol/mL; b 10 nmol/mL):




	
Bacterial control vs. solvent control a



	
Bacterial control vs. solvent control b



	
Solvent control a vs. mycotoxin a



	
Solvent control b vs. mycotoxin b













Author Contributions


S.G. had overall responsibility for planning and conducting the study; N.D. planned and carried out all the experiments, analysed data, and performed statistical analysis; V.C. provided support for all experiments; F.F. and P.L. advised on selection of strains and anaerobic culture experiments; G.D. performed all LC-MS/MS analysis; T.Y. provided standard and expertise on NIV-Glc; N.D., S.G. and P.L. drafted the article; all authors contributed to the final manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Scottish Government Rural and Environment Science and Analytical Services division (RESAS). N.D. was supported by an Elphinstone PhD scholarship from the University of Aberdeen.




Acknowledgments


Susan McCormick and Mark Busman at the USDA-Agricultural Research Service in Peoria, IL, USA, are acknowledged for providing the standard solutions of T-2-Glc and HT-2-Glc used in this study. We acknowledge Saima Khalid, who worked with the team when planning this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lee, H.J.; Ryu, D. Worldwide Occurrence of Mycotoxins in Cereals and Cereal-Derived Food Products: Public Health Perspectives of Their Co-occurrence. J. Agric. Food Chem. 2017, 65, 7034–7051. [Google Scholar] [CrossRef] [PubMed]

	



Bryla, M.; Waskiewicz, A.; Ksieniewicz-Wozniak, E.; Szymczyk, K.; Jedrzejczak, R. Modified Fusarium Mycotoxins in Cereals and their Products-Metabolism, Occurrence, and Toxicity: An Updated Review. Molecules 2018, 23, 963. [Google Scholar] [CrossRef] [PubMed]

	



Broekaert, N.; Devreese, M.; De Baere, S.; De Backer, P.; Croubels, S. Modified Fusarium mycotoxins unmasked: From occurrence in cereals to animal and human excretion. Food Chem. Toxicol. 2015, 80, 17–31. [Google Scholar] [CrossRef] [PubMed]

	



Berthiller, F.; Crews, C.; Dall’Asta, C.; De Saeger, S.; Haesaert, G.; Karlovsky, P.; Oswald, I.P.; Seefelder, W.; Speijers, G.; Stroka, J. Masked Mycotoxins: A Review. Mol. Nutr. Food Res. 2013, 57, 165–186. [Google Scholar] [CrossRef] [PubMed]

	



Gratz, S.W. Do Plant-Bound Masked Mycotoxins Contribute to Toxicity? Toxins 2017, 9, 85. [Google Scholar] [CrossRef] [PubMed]

	



Dall’Erta, A.; Cirlini, M.; Dall’Asta, M.; Del Rio, D.; Galaverna, G.; Dall’Asta, C. Masked Mycotoxins Are Efficiently Hydrolyzed by Human Colonic Microbiota Releasing Their Aglycones. Chem. Res. Toxicol. 2013, 26, 305–312. [Google Scholar] [CrossRef]

	



Daud, N.; Currie, V.; Duncan, G.; Busman, M.; Gratz, S.W. Intestinal Hydrolysis and Microbial Biotransformation of Diacetoxyscirpenol-Alpha-Glucoside, HT-2-Beta-Glucoside and N-(1-Deoxy-D-Fructos-1-Yl) Fumonisin B-1 by Human Gut Microbiota in Vitro. Int. J. Food Sci. Nutr. 2020, 71, 540–548. [Google Scholar] [CrossRef]

	



Gratz, S.W.; Duncan, G.; Richardson, A.J. The Human Fecal Microbiota Metabolizes Deoxynivalenol and Deoxynivalenol-3-Glucoside and May Be Responsible for Urinary Deepoxy-Deoxynivalenol. Appl. Environ. Microbiol. 2013, 79, 1821–1825. [Google Scholar] [CrossRef]

	



Gratz, S.W.; Dinesh, R.; Yoshinari, T.; Holtrop, G.; Richardson, A.J.; Duncan, G.; Macdonald, S.; Lloyd, A.; Tarbin, J. Masked trichothecene and zearalenone mycotoxins withstand digestion and absorption in the upper GI tract but are efficiently hydrolyzed by human gut microbiota in vitro. Mol. Nutr. Food Res. 2017, 61, 1600680. [Google Scholar] [CrossRef]

	



McCormick, S.P.; Kato, T.; Maragos, C.; Busman, M.; Lattanzio, V.M.T.; Galaverna, G.; Dall’Asta, C.; Crich, D.; Price, N.P.J.; Kurtzman, C.P. Anomericity of T-2 Toxin-glucoside: Masked Mycotoxin in Cereal Crops. J. Agric. Food Chem. 2015, 63, 731–738. [Google Scholar] [CrossRef]

	



Eriksen, G.S.; Pettersson, H.; Johnsen, K.; Lindberg, J.E. Transformation of Trichothecenes in Ileal Digesta and Faeces from Pigs. Arch. Anim. Nutr. 2002, 56, 263–274. [Google Scholar] [CrossRef] [PubMed]

	



Gratz, S.W.; Currie, V.; Richardson, A.J.; Duncan, G.; Holtrop, G.; Farquharson, F.; Louis, P.; Pinton, P.; Oswald, I.P. Porcine Small and Large Intestinal Microbiota Rapidly Hydrolyze the Masked Mycotoxin Deoxynivalenol-3-Glucoside and Release Deoxynivalenol in Spiked Batch Cultures In Vitro. Appl. Environ. Microbiol. 2018, 84, e02106-17. [Google Scholar] [CrossRef] [PubMed]

	



Vidal, A.; Claeys, L.; Mengelers, M.; Vanhoorne, V.; Vervaet, C.; Huybrechts, B.; De Saeger, S.; De Boevre, M. Humans significantly metabolize and excrete the mycotoxin deoxynivalenol and its modified form deoxynivalenol-3-glucoside within 24 hours. Sci. Rep. 2018, 8, 5255. [Google Scholar] [CrossRef] [PubMed]

	



Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.-M. Enterotypes of the human gut microbiome. Nat. Cell Biol. 2011, 473, 174–180. [Google Scholar] [CrossRef]

	



Flint, H.J.; Scott, K.P.; Louis, P.; Duncan, S.H. The role of the gut microbiota in nutrition and health. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 577–589. [Google Scholar] [CrossRef]

	



Ramakrishna, B. Role of the gut microbiota in human nutrition and metabolism. J. Gastroenterol. Hepatol. 2013, 28, 9–17. [Google Scholar] [CrossRef]

	



Jandhyala, S.M. Role of the normal gut microbiota. World J. Gastroenterol. 2015, 21, 8787–8803. [Google Scholar] [CrossRef]

	



Michlmayr, H.; Varga, E.; Malachova, A.; Nhung, T.N.; Lorenz, C.; Haltrich, D.; Berthiller, F.; Adam, G. A Versatile Family 3 Glycoside Hydrolase from Bifidobacterium Adolescentis Hydrolyzes Beta-Glucosides of the Fusarium Mycotoxins Deoxynivalenol, Nivalenol, and HT-2 Toxin in Cereal Matrices. Appl. Environ. Microbiol. 2015, 81, 4885–4893. [Google Scholar] [CrossRef]

	



Le Sciellour, M.; Zemb, O.; Serviento, A.-M.; Renaudeau, D. Transient effect of single or repeated acute deoxynivalenol and zearalenone dietary challenge on fecal microbiota composition in female finishing pigs. Animal 2020, 1–11. [Google Scholar] [CrossRef]

	



Miró-Abella, E.; Torrell, H.; Herrero, P.; Canela, N.; Arola, L.; Borrull, F.; Ras, R.; Fontanals, N. Monitoring and evaluation of the interaction between deoxynivalenol and gut microbiota in Wistar rats by mass spectrometry-based metabolomics and next-generation sequencing. Food Chem. Toxicol. 2018, 121, 124–130. [Google Scholar] [CrossRef]

	



Reddy, K.E.; Jeong, J.; Song, J.; Lee, Y.K.; Lee, H.-J.; Kim, D.-W.; Jung, H.J.; Kim, K.H.; Kim, M.; Oh, Y.K.; et al. Colon Microbiome of Pigs Fed Diet Contaminated with Commercial Purified Deoxynivalenol and Zearalenone. Toxins 2018, 10, 347. [Google Scholar] [CrossRef] [PubMed]

	



Derrien, M.; Vaughan, E.E.; Plugge, C.M.; De Vos, W.M. Akkermansia muciniphila gen. nov., sp. nov., a human intestinal mucin-degrading bacterium. Int. J. Syst. Evol. Microbiol. 2004, 54, 1469–1476. [Google Scholar] [CrossRef] [PubMed]

	



Barcenilla, A.; Pryde, S.E.; Martin, J.C.; Duncan, S.H.; Stewart, C.S.; Henderson, C.; Flint, H.J. Phylogenetic Relationships of Butyrate-Producing Bacteria from the Human Gut. Appl. Environ. Microbiol. 2000, 66, 1654–1661. [Google Scholar] [CrossRef] [PubMed]

	



Castellani, A.; Chalmers, A. Manual of Tropical Medicine, 3rd ed.; Williams Wood and Co.: New York, NY, USA, 1919. [Google Scholar] [CrossRef]

	



Hahnke, R.L.; Meier-Kolthoff, J.P.; García-López, M.; Mukherjee, S.; Huntemann, M.; Ivanova, N.N.; Woyke, T.; Kyrpides, N.C.; Klenk, H.-P.; Göker, M. Genome-Based Taxonomic Classification of Bacteroidetes. Front. Microbiol. 2016, 7, 2003. [Google Scholar] [CrossRef]

	



Hayashi, H.; Shibata, K.; Sakamoto, M.; Tomita, S.; Benno, Y. Prevotella Copri Sp Nov and Prevotella Stercorea Sp Nov., Isolated from Human Faeces. Int. J. Syst. Evol. Microbiol. 2007, 57, 941–946. [Google Scholar] [CrossRef] [PubMed]

	



Barcenilla, A. Diversity of the Butyrate-Producing Microflora of the Human Gut. Ph.D. Thesis, Robert Gordon University, Aberdeen, UK, 1999. [Google Scholar]

	



Holdeman, L.V.; Moore, W.E.C. New Genus, Coprococcus, Twelve New Species, and Emended Descriptions of Four Previously Described Species of Bacteria from Human Feces. Int. J. Syst. Bacteriol. 1974, 24, 260–277. [Google Scholar] [CrossRef]

	



Shetty, S.A.; Zuffa, S.; Bui, T.P.N.; Aalvink, S.; Smidt, H.; De Vos, W.M. Reclassification of Eubacterium hallii as Anaerobutyricum hallii gen. nov., comb. nov., and description of Anaerobutyricum soehngenii sp. nov., a butyrate and propionate-producing bacterium from infant faeces. Int. J. Syst. Evol. Microbiol. 2018, 68, 3741–3746. [Google Scholar] [CrossRef]

	



Louis, P.; Duncan, S.H.; McCrae, S.I.; Millar, J.; Jackson, M.S.; Flint, H.J. Restricted Distribution of the Butyrate Kinase Pathway among Butyrate-Producing Bacteria from the Human Colon. J. Bacteriol. 2004, 186, 2099–2106. [Google Scholar] [CrossRef]

	



Dabek, M.; McCrae, S.I.; Stevens, V.J.; Duncan, S.H.; Louis, P. Distribution of β-glucosidase and β-glucuronidase activity and of β-glucuronidase gene gus in human colonic bacteria. FEMS Microbiol. Ecol. 2008, 66, 487–495. [Google Scholar] [CrossRef]

	



Flint, H.J.; Duncan, S.H.; Scott, K.P.; Louis, P. Interactions and competition within the microbial community of the human colon: Links between diet and health. Environ. Microbiol. 2007, 9, 1101–1111. [Google Scholar] [CrossRef]

	



Rumney, C.; Duncan, S.; Henderson, C.; Stewart, C. Isolation and Characteristics of a Wheatbran-Degrading Butyrivibrio from Human Feces. Lett. Appl. Microbiol. 1995, 20, 232–236. [Google Scholar] [CrossRef] [PubMed]

	



Alessi, A.M.; Gray, V.; Farquharson, F.M.; Flores-Lopez, A.; Shaw, S.; Stead, D.; Wegmann, U.; Shearman, C.; Gasson, M.; Collie-Duguid, E.S.R.; et al. Beta-Glucan is a Major Growth Substrate for Human Gut Bacteria Related to Coprococcus Eutactus. Environ. Microbiol. 2020, 22, 2150–2164. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, S.; Hold, G.; Barcenilla, A.; Stewart, C.; Flint, H. Roseburia Intestinalis Sp Nov., a Novel Saccharolytic, Butyrate-Producing Bacterium from Human Faeces. Int. J. Syst. Evol. Microbiol. 2002, 52, 1615–1620. [Google Scholar] [PubMed]

	



Sharpe, M.E. A Serological Classification of Lactobacilli. J. Gen. Microbiol. 1955, 12, 107–122. [Google Scholar] [CrossRef]

	



Collins, M.; Farrow, J.; Jones, D. Enterococcus-Mundtii Sp-Nov. Int. J. Syst. Bacteriol. 1986, 36, 8–12. [Google Scholar] [CrossRef]

	



El-Nezami, H.; Polychronaki, N.; Salminen, S.; Mykkanen, H. Binding rather than Metabolism may Explain the Interaction of Two Food-Grade Lactobacillus Strains with Zearalenone and its Derivative Alpha-Zearalenol. Appl. Environ. Microbiol. 2002, 68, 3545–3549. [Google Scholar] [CrossRef]

	



El-Nezami, H.; Chrevatidis, A.; Auriola, S.; Salminen, S.; Mykkänen, H. Removal of common Fusarium toxins in vitro by strains of Lactobacillus and Propionibacterium. Food Addit. Contam. 2002, 19, 680–686. [Google Scholar] [CrossRef]

	



Fuchs, S.; Sontag, G.; Stidl, R.; Ehrlich, V.; Kundi, M.; Knasmüller, S. Detoxification of patulin and ochratoxin A, two abundant mycotoxins, by lactic acid bacteria. Food Chem. Toxicol. 2008, 46, 1398–1407. [Google Scholar] [CrossRef]

	



Berthiller, F.; Krska, R.; Domig, K.J.; Kneifel, W.; Juge, N.; Schuhmacher, R.; Adam, G. Hydrolytic fate of deoxynivalenol-3-glucoside during digestion. Toxicol. Lett. 2011, 206, 264–267. [Google Scholar] [CrossRef]

	



McCormick, S.; Stanley, A.M.; Stover, N.A.; Alexander, N.J. Trichothecenes: From Simple to Complex Mycotoxins. Toxins 2011, 3, 802–814. [Google Scholar] [CrossRef]

	



Aminov, R.I.; Walker, A.W.; Duncan, S.H.; Harmsen, H.J.M.; Welling, G.W.; Flint, H.J. Molecular Diversity, Cultivation, and Improved Detection by Fluorescent In Situ Hybridization of a Dominant Group of Human Gut Bacteria Related to Roseburia spp. or Eubacterium rectale. Appl. Environ. Microbiol. 2006, 72, 6371–6376. [Google Scholar] [CrossRef] [PubMed]

	



Flint, H.J.; Scott, K.P.; Duncan, S.H.; Louis, P.; Forano, E. Microbial degradation of complex carbohydrates in the gut. Gut Microbes 2012, 3, 289–306. [Google Scholar] [CrossRef] [PubMed]

	



Koren, O.; Knights, D.; Gonzalez, A.; Waldron, L.; Segata, N.; Knight, R.; Huttenhower, C.; Ley, R.E. A Guide to Enterotypes across the Human Body: Meta-Analysis of Microbial Community Structures in Human Microbiome Datasets. PLoS Comput. Biol. 2013, 9, e1002863. [Google Scholar] [CrossRef] [PubMed]

	



Ramirez-Farias, C.; Slezak, K.; Fuller, Z.; Duncan, A.; Holtrop, G.; Louis, P. Effect of inulin on the human gut microbiota: Stimulation of Bifidobacterium adolescentis and Faecalibacterium prausnitzii. Br. J. Nutr. 2008, 101, 541–550. [Google Scholar] [CrossRef] [PubMed]

	



Arboleya, S.; Watkins, C.; Stanton, C.; Ross, R.P. Gut Bifidobacteria Populations in Human Health and Aging. Front. Microbiol. 2016, 7, 1204. [Google Scholar] [CrossRef] [PubMed]

	



Heeney, D.D.; Gareau, M.; Marco, M.L. Intestinal Lactobacillus in health and disease, a driver or just along for the ride? Curr. Opin. Biotechnol. 2018, 49, 140–147. [Google Scholar] [CrossRef] [PubMed]

	



Gratz, S.W.; Currie, V.; Duncan, G.; Jackson, D. Multimycotoxin Exposure Assessment in UK Children Using Urinary Biomarkers—A Pilot Survey. J. Agric. Food Chem. 2019, 68, 351–357. [Google Scholar] [CrossRef]

	



Schothorst, R.C.; Van Egmond, H.P. Report from SCOOP task 3.2.10 “collection of occurrence data of Fusarium toxins in food and assessment of dietary intake by the population of EU member states”. Toxicol. Lett. 2004, 153, 133–143. [Google Scholar] [CrossRef]

	



Louis, P.; Flint, H.J. Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the human large intestine. FEMS Microbiol. Lett. 2009, 294, 1–8. [Google Scholar] [CrossRef]

	



Cotta, M.A.; Hespell, R.B. Proteolytic activity of the ruminal bacterium Butyrivibrio fibrisolvens. Appl. Environ. Microbiol. 1986, 52, 51–58. [Google Scholar] [CrossRef]

	



Pierron, A.; Mimoun, S.; Murate, L.S.; Loiseau, N.; Lippi, Y.; Bracarense, A.-P.F.L.; Schatzmayr, G.; He, J.W.; Zhou, T.; Moll, W.-D.; et al. Microbial biotransformation of DON: Molecular basis for reduced toxicity. Sci. Rep. 2016, 6, 29105. [Google Scholar] [CrossRef]

	



Madhyastha, M.; Marquardt, R.; Abramson, D. Structure-activity relationships and interactions among trichothecene mycotoxins as assessed by yeast bioassay. Toxicon 1994, 32, 1147–1152. [Google Scholar] [CrossRef]

	



Wu, Q.; Dohnal, V.; Kuca, K.; Yuan, Z. Trichothecenes: Structure-Toxic Activity Relationships. Curr. Drug Metab. 2013, 14, 641–660. [Google Scholar] [CrossRef] [PubMed]

	



Behm, C.; Föllmann, W.; Degen, G.H. Cytotoxic Potency of Mycotoxins in Cultures of V79 Lung Fibroblast Cells. J. Toxicol. Environ. Health Part A 2012, 75, 1226–1231. [Google Scholar] [CrossRef]

	



Tran, V.; Viktorová, J.; Augustynkova, K.; Jelenova, N.; Dobiasová, S.; Řehořová, K.; Fenclová, M.; Stranska-Zachariasova, M.; Vítek, L.; HajšLová, J.; et al. In Silico and In Vitro Studies of Mycotoxins and Their Cocktails; Their Toxicity and Its Mitigation by Silibinin Pre-Treatment. Toxins 2020, 12, 148. [Google Scholar] [CrossRef] [PubMed]

	



Fehlner-Peach, H.; Magnabosco, C.; Raghavan, V.; Scher, J.U.; Tett, A.; Cox, L.M.; Gottsegen, C.; Watters, A.; Wiltshire-Gordon, J.D.; Segata, N.; et al. Distinct Polysaccharide Utilization Profiles of Human Intestinal Prevotella copri Isolates. Cell Host Microbe 2019, 26, 680–690.e5. [Google Scholar] [CrossRef]

	



Fragiadakis, G.K.; Smits, S.A.; Sonnenburg, E.D.; Van Treuren, W.; Reid, G.; Knight, R.; Manjurano, A.; Changalucha, J.; Dominguez-Bello, M.G.; Leach, J.; et al. Links between environment, diet, and the hunter-gatherer microbiome. Gut Microbes 2018, 10, 216–227. [Google Scholar] [CrossRef]

	



Smits, S.A.; Leach, J.; Sonnenburg, E.D.; Gonzalez, C.G.; Lichtman, J.S.; Reid, G.; Knight, R.; Manjurano, A.; Changalucha, J.; Elias, J.E.; et al. Seasonal cycling in the gut microbiome of the Hadza hunter-gatherers of Tanzania. Science 2017, 357, 802–806. [Google Scholar] [CrossRef]

	



Ruengsomwong, S.; La-Ongkham, O.; Jiang, J.; Wannissorn, B.; Nakayama, J.; Nitisinprasert, S. Microbial Community of Healthy Thai Vegetarians and Non-Vegetarians, Their Core Gut Microbiota, and Pathogen Risk. J. Microbiol. Biotechnol. 2016, 26, 1723–1735. [Google Scholar] [CrossRef]

	



De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci. USA 2010, 107, 14691–14696. [Google Scholar] [CrossRef]

	



Matsushima, T.; Okamoto, E.; Miyagawa, E.; Matsui, Y.; Shimizu, H.; Asano, K. Deacetylation of diacetoxyscirpenol to 15-acetoxyscirpenol by rumen bacteria. J. Gen. Appl. Microbiol. 1996, 42, 225–234. [Google Scholar] [CrossRef]

	



Robert, H.; Payros, D.; Pinton, P.; Théodorou, V.; Mercier-Bonin, M.; Oswald, I.P. Impact of mycotoxins on the intestine: Are mucus and microbiota new targets? J. Toxicol. Environ. Health Part B 2017, 20, 249–275. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, S.; Hold, G.; Harmsen, H.; Stewart, C.; Flint, H. Growth Requirements and Fermentation Products of Fusobacterium Prausnitzii, and a Proposal to Reclassify it as Faecalibacterium Prausnitzii Gen. Nov., Comb. Nov. Int. J. Syst. Evol. Microbiol. 2002, 52, 2141–2146. [Google Scholar] [PubMed]

	



Hassan, F.-U.; Ebeid, H.M.; Tang, Z.; Li, M.; Peng, L.; Peng, K.; Liang, X.; Yang, C. A Mixed Phytogenic Modulates the Rumen Bacteria Composition and Milk Fatty Acid Profile of Water Buffaloes. Front. Veter. Sci. 2020, 7, 569. [Google Scholar] [CrossRef] [PubMed]

	



McCormick, S.P.; Price, N.P.J.; Kurtzman, C.P. Glucosylation and Other Biotransformations of T-2 Toxin by Yeasts of the Trichomonascus Clade. Appl. Environ. Microbiol. 2012, 78, 8694–8702. [Google Scholar] [CrossRef]

	



Wetterhorn, K.M.; Newmister, S.A.; Caniza, R.K.; Busman, M.; McCormick, S.P.; Berthiller, F.; Adam, G.; Rayment, I. Crystal Structure of Os79 (Os04g0206600) from Oryza sativa: A UDP-glucosyltransferase Involved in the Detoxification of Deoxynivalenol. Biochemestry 2016, 55, 6175–6186. [Google Scholar] [CrossRef]

	



Yoshinari, T.; Sakuda, S.; Furihata, K.; Furusawa, H.; Ohnishi, T.; Sugita-Konishi, Y.; Ishizaki, N.; Terajima, J. Structural Determination of a Nivalenol Glucoside and Development of an Analytical Method for the Simultaneous Determination of Nivalenol and Deoxynivalenol, and Their Glucosides, in Wheat. J. Agric. Food Chem. 2014, 62, 1174–1180. [Google Scholar] [CrossRef]

	



Soto-Martin, E.C.; Warnke, I.; Farquharson, F.M.; Christodoulou, M.; Horgan, G.; Derrien, M.; Faurie, J.-M.; Flint, H.J.; Duncan, S.H.; Louis, P. Vitamin Biosynthesis by Human Gut Butyrate-Producing Bacteria and Cross-Feeding in Synthetic Microbial Communities. mBio 2020, 11. [Google Scholar] [CrossRef]

	



Bretz, F.; Hothorn, T.; Westfall, P. Multiple Comparisons Using R; Informa UK Limited: London, UK, 2016; p. 205. [Google Scholar]








[image: Toxins 12 00654 g001 550] 





Figure 1. Chemical structure and ligands identifying the trichothecene mycotoxins used in this study and their masked forms and deacetylated metabolites. 
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Figure 2. Hydrolysis of DON-Glc (panel a) and HT-2-Glc (panel b) by bacterial strains after 48 h incubation. Results are presented as percentage of the mycotoxin dose recovered and the average of triplicates ± SD. 
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Figure 3. Time-course of hydrolysis of masked trichothecenes (solid lines) by (a) B. adolescentis DSM 20083, (b) B. fibrisolvens 16/4, (c) E. rectale A1-86, (d) R. intestinalis L1-82, (e) L. plantarum NCIMB 7220, and their growth (dashed lines) (a–e). Results are presented as percentage of the mycotoxin dose recovered and the average of triplicates ± SD (solid lines). T-2-Glc was only included for L. plantarum NCIMB 7220 (d). The SD for bacterial growth ranged between 0.01 and 0.05 per strain (dashed lines). 
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Figure 4. Difference in DON-Glc, NIV-Glc, HT-2-Glc, DAS-Glc, and T-2-Glc hydrolysis during 0–48 h by different human gut bacterial strains summarized by area under the curve (AUC). 
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Figure 5. De-acetylation of T-2 by bacterial strains after 48 h incubation. Results are presented as a percentage of the mycotoxin dose recovered and the average of triplicates ± SD. Data are presented as T-2 degradation and HT-2 formation (0–48 h). 
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Figure 6. Time-course of de-acetylation of T-2 and DAS by P. copri DSM 18205. Results are presented as means of triplicate experiments ± SD. 
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Figure 7. LC-MS/MS chromatograms for the quantification of type A trichothecenes (panel a) and type B trichothecenes (panel b) at 2 nmol/mL. 
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Table 1. Summary of strains of human gut bacteria used in this study.






Table 1. Summary of strains of human gut bacteria used in this study.





	Phylum
	Family
	Bacterial Species
	Reference(s)





	Verrucomicrobia
	Akkermansiaceae
	Akkermansia muciniphila DSM 22959
	[22]



	Actinobacteria
	Bifidobacteriaceae
	Bifidobacterium adolescentis DSM 20083
	[23]



	Bacteroidetes
	Bacteroidaceae
	Bacteroides thetaiotaomicron DSM 2079
	[24,25]



	Bacteroidetes
	Bacteroidaceae
	Prevotella copri DSM 18205
	[26]



	Firmicutes
	Erysipelotrichaceae
	Faecalitalea cylindroides T2-87
	[27]



	Firmicutes
	Lachnospiraceae
	Anaerobutyricum hallii DSM 3353
	[28,29]



	Firmicutes
	Lachnospiraceae
	Anaerostipes hadrus SSC/2
	[30]



	Firmicutes
	Lachnospiraceae
	Blautia obeum A2-162
	[27,31,32]



	Firmicutes
	Lachnospiraceae
	Butyrivibrio fibrisolvens 16/4
	[33]



	Firmicutes
	Lachnospiraceae
	Coprococcus sp. ART55/1
	[30,34]



	Firmicutes
	Lachnospiraceae
	Eubacterium rectale DSM 17629 (A1-86)
	[23]



	Firmicutes
	Lachnospiraceae
	Roseburia intestinalis L1-82
	[23,35]



	Firmicutes
	Lactobacillaceae
	Lactiplantibacillus plantarum NCIMB 7220
	[36]



	Firmicutes
	Ruminococcaceae
	Faecalibacterium prausnitzii A2-165
	[23]



	Firmicutes
	Enterococcaceae
	Enterococcus mundtii DSM 4838 *
	[37]







* E. mundtii was isolated from the human navel.
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Table 2. Growth rates (µ/h) of bacterial strains in the presence of unconjugated or masked mycotoxins at two concentrations (2 or 10 nmol/mL).
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Bacterial Strain

	
Bacterial

	
Solvent Control

(nmol/mL)

	
DON

(nmol/mL)

	
DON-Glc

(nmol/mL)

	
HT-2

(nmol/mL)

	
HT-2-Glc

(nmol/mL)




	
Control

	
2

	
10

	
2

	
10

	
2

	
10

	
2

	
10

	
2

	
10






	
A. muciniphila DSM 22959

	
0.148

	
0.197

	
0.191

	
0.210

	
0.202

	
0.131

	
0.141

	
0.128

	
0.127

	
0.122

	
0.150




	
B. adolescentis DSM 20083

	
0.747

	
0.708

	
0.732

	
0.728

	
0.715

	
0.619

	
0.622

	
0.764

	
0.656

	
0.642

	
0.647




	
B. thetaiotaomicron DSM 2079

	
0.099

	
0.157

	
0.107

	
0.085

	
0.108

	
0.110

	
0.100

	
0.097

	
0.089

	
0.121

	
0.096




	
P. copri

DSM 18205

	
0.367

	
0.355

	
0.343

	
0.366

	
0.384

	
0.364

	
0.375

	
0.368

	
0.363

	
0.377

	
0.376




	
F. cylindroides

T2-87

	
0.570

	
0.536

	
0.548

	
0.629

	
0.628

	
0.552

	
0.665

	
0.574

	
0.582

	
0.501

	
0.576




	
A. hallii

DSM 3353

	
1.072

	
1.197

	
1.328

	
1.017

	
1.123

	
1.511

	
0.964

	
1.281

	
1.213

	
1.285

	
1.295




	
A. hadrus

SSC/2

	
1.111

	
1.170

	
1.074

	
1.055

	
1.113

	
1.009

	
1.180

	
1.141

	
1.061

	
1.147

	
1.164




	
B. obeum

A2-162

	
0.240

	
0.260

	
0.243

	
0.240

	
0.243

	
0.235

	
0.261

	
0.251

	
0.264

	
0.255

	
0.268




	
B. fibrisolvens

16/4

	
0.254

	
0.237

	
0.317

	
0.220

	
0.290

	
0.265

	
0.292

	
0.271

	
0.289

	
0.298

	
0.367




	
Coprococcus sp. ART55/1

	
0.775

	
0.834

	
0.852

	
0.782

	
0.803

	
0.696

	
0.941

	
0.781

	
0.678

	
0.626

	
0.551




	
E. rectale

DSM 17629

	
0.301

	
0.308

	
0.328

	
0.290

	
0.333

	
0.317

	
0.340

	
0.337

	
0.357

	
0.345

	
0.358




	
R. intestinalis

L1-82

	
1.229

	
1.178

	
1.141

	
1.208

	
1.188

	
1.154

	
1.153

	
1.156

	
1.172

	
1.222

	
1.120




	
L. plantarum NCIMB 7220

	
0.731

	
0.733

	
0.747

	
0.768

	
0.800

	
0.784

	
0.769

	
0.772

	
0.765

	
0.773

	
0.781




	
F. prausnitzii

A2-165

	
0.523

	
0.552

	
0.531

	
0.559

	
0.526

	
0.539

	
0.546

	
0.523

	
0.503

	
0.500

	
0.453




	
E. mundtii

DSM 4838

	
1.325

	
1.286

	
1.379

	
1.273

	
1.381

	
1.560

	
1.361

	
1.371

	
1.347

	
1.281

	
1.286








Data are presented as the average of triplicate growth rate measurements and SD ranged between 0.01–0.30 for all measurements.
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Table 3. Summary of mycotoxin metabolites and their ion transition parameters used in LC-MS/MS analysis.
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	Compound
	Precursor Ion (m/z)
	Product Ion (m/z)
	Retention Time (RT) (min)
	Dwell Time (msec)
	Collision Energy
	Polarity





	DOM-1
	339.1
	249.10
	11.64
	75
	−16.0
	Negative



	DON
	355.1
	265.10
	9.47
	75
	−21.0
	Negative



	DON-Glc
	517.3
	427.30
	8.65
	75
	−29.0
	Negative



	NIV
	371.1
	281.1
	6.76
	75
	−21.5
	Negative



	NIV-Glc
	533.3
	473.4
	6.16
	75
	−19.5
	Negative



	deNIV
	355.1
	265.1
	6.96
	75
	−21.5
	Negative



	T-2
	484.4
	185.3
	12.87
	50
	30.5
	Positive



	T-2-Glc
	646.4
	305.1
	11.76
	50
	26.5
	Positive



	HT-2
	442.3
	215.3
	11.60
	50
	17.0
	Positive



	HT-2-Glc
	604.4
	323.1
	10.53
	50
	17.0
	Positive



	DAS
	384.4
	307.3
	9.31
	50
	17.0
	Positive



	DAS-Glc
	546.3
	349.3
	7.99
	50
	20.5
	Positive



	15-MAS
	342.2
	265.2
	7.80
	50
	12.0
	Positive



	4-MAS
	342.2
	217.1
	5.90
	50
	17.0
	Positive



	SCP
	300.2
	247.1
	5.3
	50
	17.0
	Positive







DOM-1, Deepoxy-deoxynivalenol; DON, Deoxynivalenol; DON-Glc, DON-3-β,D-glucoside; deNIV, Deepoxy-nivalenol; NIV, Nivalenol; NIV-Glc, NIV-3-β,D-glucoside; T-2, T-2 toxin; T-2-Glc, T-2-3-α,D-glucoside; HT-2, HT-2 toxin; HT-2-Glc, HT-2-3-β,D-glucoside; DAS, diacetoxyscirpenol, DAS-Glc, DAS-3-α,D-glucoside; 15-MAS, 15-monoacetoxyscirpenol; 4-MAS, 4-monoacetoxyscirpenol; SCP, scirpenol.
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