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Abstract

:

Several feed preservation methods can ensure lower mycotoxin contamination levels enter the food life cycle, and a relatively common wet preservation method of forage plant materials is fermentation. This study aimed to characterize the microbiological state and mycotoxin contamination of fermented silages and haylages (corn, alfalfa, rye, and triticale), their main microbiota, and isolation of bacteria with mycotoxin resistance. Bacteria that remain viable throughout the fermentation process and possess high mycotoxin resistance can have a biotechnological benefit. Lactic acid bacteria, primarily found in corn silage, were Lactiplantibacillus plantarum isolates. Meanwhile, a high percentage of alfalfa silage and haylage was characterized by Lactiplantibacillus pentosus. In rye silage and haylage samples, Pediococci were the typical bacteria. Bacterial isolates were characterized by deoxynivalenol and zearalenon resistance. Some of them were sensitive to aflatoxin B1, while ochratoxin A caused 33–86% growth inhibition of the cultures. The mycotoxin resistant organisms are under further research, aiming for mycotoxin elimination in feed.
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1. Introduction


Forages can be fermented in a fermentation process that can be divided into five successive phases [1]. At a pH lower than 4, forages become more stable, and the growth of undesirable microbes can be prevented. When the silo is opened, with the introduction of air, yeasts, molds, and aerobic bacteria begin to function, and toxic molecules (e.g., mycotoxins) can be produced [2,3].



Mycotoxins are low molecular weight organic compounds, secondary metabolites produced by molds that can enter the animal or human body causing serious diseases [4]. These molecules can have acute or chronic carcinogenic, neurotoxic, immunotoxic, hepatotoxic, and nephrotoxic effects. Mycotoxins produced by aerobic filamentous fungi (mainly Alternaria, Fusarium, Aspergillus, and Penicillium species) are often found on plant materials on fields and in storage. Freshly harvested plant materials are usually contaminated with some of the well-known mycotoxins under certain environmental conditions [3,5].



Deoxynivalenol (DON) and zearalenone (ZEA) are Fusarium mycotoxins, which are the main contaminating agents on corn worldwide [6,7]. DON is a potent inhibitor of the eukaryotic protein synthesis in Eukarya, while ZEA is associated with reproductive disorders, as it is known as a myco-oestrogen with hormonal effects on both male and female mammals [6]. Ochratoxin A (OTA) produced by mainly Aspergilli and Penicilli bound to albumin can enter tissues all over the animal body. Others like fumonisins (Fusarium mycotoxins) can be released with milk, urine, or any other exudates. Aflatoxins (AFs), especially AFB1, are carcinogenic compounds, and due to their binding ability to DNA, they also have strong mutagenic effect [8].



In addition to the mycotoxins produced on raw materials, the toxin production also may occur under the wilting or fermentation steps of the plant material. Oxygen in the improperly sealed and pressed plant material supports the viability of molds and allows further mycotoxin production [9,10,11,12].



The composition and size of the microbiome can affect mold growth and the available mycotoxins [9,10]. Biological control of mycotoxin contamination is well-known [13]; however, it is hard to carry out in practice because of the inhomogeneity, the unfavorable conditions for microbial growth, or simply because of the heterogeneity of the contaminating mycotoxins. Bacteria can fulfil some of those functions, as bacterial cells usually adsorb mycotoxins, e.g., AFs on their cell wall components [13]; or can detoxify these contaminants by their enzymes, e.g., ZEA by esterases [14]; or can simply inhibit the outgrowth of molds by different metabolites, e.g., bacteriocins and acid production [1]. However, the overall solution to decrease the mycotoxin content is not known due to the diverse chemical structures of the mycotoxins that should be dealt with [10,13]. Spore-forming bacteria can also be important in mycotoxin decontamination, since the spores can survive harsh conditions, e.g., low pH or bacteriocins [1].



The hypothesis of this study was that bacteria that remain viable throughout the fermentation process can possess high mycotoxin resistance, and we could possibly find some prosperous mycotoxin-eliminating organisms. Therefore, fermented forages of different origins were investigated for the microbiological state and the mycotoxin content. Several bacterial isolates were identified, and their mycotoxin resistance was determined for further biocontrol research.




2. Materials and Methods


2.1. Samples


Twenty-two fermented forages (14 corn, 4 alfalfa, 2 rye, and 2 triticale) were collected at the final stage of the fermentation (after 4–6 weeks) from different Hungarian dairy cattle farms, where the producers collected 10 parallel samples per site, and forage from the freshly opened silos and bales. The samples were combined (minimum of 5 kg) and transferred in sterile velcro bags to the analytical laboratory for further analysis.




2.2. Microbiological Sample Preparation


Fermented forage samples (100 g) in sterile homogenizing Stomacher bags were suspended in a 1:9 ratio in Buffered Peptone Water (BPW) (Scharlab, Barcelona, Spain) and homogenized with a Stomacher Masticator homogenizer (IUL Instruments, Barcelona, Spain). Decimal dilutions were made of the suspensions and applied as inoculums on specific agar media.



The total microbial count was determined on Plate Count Agar (Scharlab, Barcelona, Spain) medium, applying pour plate method and incubation of the solid media at 30 °C for 3 days under anaerobic and aerobic conditions [15].



Lactic acid bacteria count was determined on De Mann-Rogosa-Sharp (MRS) agar (Scharlab, Barcelona, Spain) plates, applying the diluted samples by surface spreading method, and incubating the plates at 30 °C under anaerobic conditions for 3 days [16].



Mold counts were determined by surface spreading method on Chloramphenicol Glucose Agar (CGA) (Scharlab, Barcelona, Spain) medium incubated at 25 °C for 5 days [17].



All microbial counts were determined in parallel cultures from the results of the inoculations of the subsequent dilutions by weighted mean calculations.




2.3. Dry Weight Determination


Fermented forage samples (corn, alfalfa, rye, and triticale) were dried in three repetitions in a drying cabinet (UN55, Memmert GmbH, Schwabach, Germany) at 60 °C ± 1 °C to weight stability, and were not combined. The weight of each sample was measured before and after drying, and the dry weight mean and standard deviation of the three repetitions were calculated [18].




2.4. Mycotoxin Measurement with HPLC Methods


Wet fermented forages (minimum of 4 kg) were dried in a drying cabinet (LABORMIM Ltd., Budapest, Hungary) at 60 °C ± 1 °C to weight stability. After reaching the weight stability, the samples were homogenized with Retsch SM 100 cutting mill.



All HPLC measurements were done on Dionex Ultimate 3000 (Thermo Scientific, Waltham, MA, USA) HPLC equipment. For all measurements, Biopure Aflatoxin Mix 1, deoxynivalenol, zearalenone, or ochratoxin A mycotoxin calibrant solutions were purchased as standards from Romer Labs (Tulln, Austria) and applied in suitable dilutions. The sample preparations were done by the VICAM methods (Waters) with some modifications.



For deoxynivalenol (DON) measurement, 12.5 g dried samples were homogenized with 2.5 g of polyethylene glycol (VWR, Debrecen, Hungary) and 50 mL of distilled water at high-speed mixing. After filtration, 1 mL of the extract was loaded onto the DON immunoaffinity column (VICAM DONtest HPLC Columns, Weber Consulting Ltd., Göd, Hungary). The column was washed sequentially with distilled water (5 mL) and methanol (5 mL) to elute the toxin from the column. The methanol was evaporated from the samples on Rotadest (Büchi). Phenomenex (Torrance, CA, USA) RP-C18 column (125 × 4 mm, 5 µm) was used with DAD detector in UV 218 nm with acetonitrile: water (10:90) eluent.



For HPLC determination of aflatoxin (AF) and ochratoxin A (OTA), 25 g dried samples were homogenized with 2.5 g sodium chloride (VWR) and 50 mL of 80% methanol (HPLC, Sigma-Aldrich, St. Louis, MO, USA) at high-speed mixing. The extract was diluted in a 1:4 ratio with 40 mL of distilled water. The diluted extract was filtered and 10 mL of it was loaded onto the aflatoxin immunoaffinity column (VICAM AflaTest WB HPLC Columns, Weber Consulting Ltd., Göd, Hungary) or ochratoxin immunoaffinity column (VICAM OchraTest WB HPLC Column, Weber Consulting Ltd., Göd, Hungary). The column was washed with 10 mL of distilled water, and the toxin was eluted with methanol (5 mL).



For OTA detection, Phenomenex (Torrrance, CA, USA) RP-C18 column (150 × 4.6 mm, 5 µm) was used with fluorescens detector, ex360 nm, em440 nm, with acetonitrile: 0.012 M Na-phosphate pH 7.5 (60:40) eluent.



For aflatoxin detection, Phenomenex (Torrance, CA, USA) RP-C18 column (150 × 4.6 mm, 5 µm) was used with Romer UV derivatization unit (Romer Labs Ltd., Tulln, Austria) and a fluorescence detector ex360 nm, em440 nm, with methanol: water (45:55) eluent.



For HPLC determination of zearalenone (ZEA), 20 g dried samples were homogenized with 2 g sodium chloride (VWR, Debrecen, Hungary) and 50 mL of 90% acetonitrile (HPLC, Sigma-Aldrich Ltd., Budapest, Hungary) at high-speed mixing. The extract was diluted in a 1:4 ratio with 40 mL of distilled water. The diluted extract was filtered, and 10 mL of it was loaded onto the zearalenone immunoaffinity column (VICAM ZearalaTest WB HPLC Column, Weber Consulting Ltd., Göd, Hungary). The column was washed with 10 mL of distilled water, and the toxin was eluted with methanol (5 mL).



For the detection, Phenomenex (Torrance, CA, USA) RP-C18 column (150 × 4.6 mm, 5 µm) was used with fluorescence detector ex360 nm, em440 nm, and acetonitrile: water: methanol (46:46:8) eluent.



Performance as LOD, linear range, and reproducibility of the applied HPLC methods were determined with the spiking of dried and ground corn silage with different concentrations of the mycotoxins tested (n = 8). For AFB1, OTA, DON, and ZEA, the LOD were 0.01 µg/kg, 0.5 µg/kg, 0.1 mg/kg, and 0.1 mg/kg, respectively. The linear ranges were found up to 300 µg/kg for AFB1 and OTA, while for DON and ZEA, we detected linearity up to 50 mg/kg. Relative standard deviation (RSD%) as an absolute value of the coefficient of variation was calculated and was found under 10% in all cases.




2.5. Identification of Bacteria Isolated from Fermented Forages by MALDI-TOF MS Method


Bacteria isolated from MRS, and Plate Count Agar media were identified by MALDI-TOF MS (Microflex LT Instrument, Bruker Daltonik GmbH, Bremen, Germany). Solitaire colonies were applied and analyzed with the Biotyper 3.0 software (Bruker Daltonik GmbH, Germany). The highest scored bacteria were considered as taxonomically identical to the isolates. Only scores above 1.950 were considered as valid results. All analyses were made parallel on two solitaire colonies of the isolates.




2.6. Toxin Resistance of Isolated Bacterial Cultures


For all resistance studies, Biopure Aflatoxin Mix 1, deoxynivalenol, zearalenone, or ochratoxin A mycotoxin calibrant solutions were purchased as standards from Romer Labs (Tulln, Austria) and applied in suitable dilutions. Bacterial isolates were inoculated into MRS broth (Scharlab) for LAB or Nutrient Broth (Scharlab) for other bacteria and incubated for 16 h at 30 °C, gaining exponential phase cultures. Microtiter plate with MRS broth or Nutrient Broth was inoculated to gain a low-density culture (0.100 < OD630nm < 0.200). Mycotoxins were added at different concentrations to the cultures (AFB1: 24–100 µg/L; OTA: 50–1000 µg/L; DON: 700 µg/L–1000 µg/L; ZEA: 100–500 µg/L). The bacteria were incubated with the mycotoxins for up to 24 h at 30 °C in a microtiter plate reader (Synergy HTX multi-mode reader, BioTech Hungary Ltd., Szigetszentmiklós, Hungary), and optical density was read every hour at 630 nm after intensive shaking (30 s). The growth curve of the untreated control (w/o mycotoxins) cultures was compared to the mycotoxin-treated cultures. All mycotoxins with all isolates were measured in four repetitions. Data analyses were done in Gen5 3.05 software (BioTech Hungary Ltd.) and Windows Excel (Microsoft, Redmond, WA, USA).




2.7. Statistical Analysis


Correlation (Pearson) analysis of all measured microbial counts, mycotoxin contents and water contents were done in Windows Excel Analysis ToolPac (Microsoft). Growth data analyses were done in Gen5 3.05 software (BioTec) and Windows Excel Analysis ToolPac (Microsoft), where significant differences in growth of the mycotoxin-treated and untreated cultures were analyzed by t-probe (at p ≤ 0.05).





3. Results


3.1. Toxicological Characterization of the Fermented Forages


Well-known mycotoxins like aflatoxins (AFs), ochratoxin A (OTA), deoxynivalenol (DON), and zearalenone (ZEA) were measured from the fermented forages. In this way, preharvest and post-silo contaminations by Aspergillus/Penicillium as well as Fusarium could be presumed.



Interestingly, corn silages were decontaminated from most of the mycotoxins as the investigation proved. Mainly DON contamination was detected, and the concentration range was quite wide, from <0.1 mg/kg to 3.254 ± 0.031 mg/kg. Nevertheless, the average contamination by DON in corn silage was 0.901 ± 0.012 mg/kg. Other mycotoxins were also detected, and AFB1 and another less toxic AF metabolite, aflatoxin G2, and in some cases ZEA were also measured in the fermented forages. In alfalfa fermented products, OTA and AF contaminations were characteristic both in silage and haylage samples, and in silage, DON was also detected (Table 1). Triticale haylage samples were characterized by low mycotoxin contents and relatively high LAB counts (2.5–5.3 log10 colony-forming unit, CFU/g) (Table 1 and Table 2).




3.2. Microbial Characterization of the Fermented Forages


Microbial counts of the fermented forages were very variable, as the logarithmic values of the total plate counts ranged from 3.265 to 7.254 log10 CFU/g. The logarithmic value of the colony counts from the MRS agar medium ranged from 1.778 to 6.167 log10 CFU/g. The total colony counts of the fermented forages were in strong relation to the counts on MRS agar (cultivating mostly lactic acid bacteria) as the correlation coefficient was 0.848, showing a strong positive correlation (Figure 1).



Most of the samples were characterized by low mold counts (1.000 log10 CFU/g), but some samples contained high mold contamination (3.000–6.079 log10 CFU/g) (Table 2). The high mold contamination was in no correlation with high mycotoxin contents in any cases. LAB was found to have only a very weak negative correlation to mycotoxins (AF: −0.360; OTA: −0.336).



The final total microbial counts were composed mostly of LAB, and their viable cell number did not depend on the final water content of the feed, as the correlation coefficient was only 0.219 between the water content (range 29–81%) of the fermented forages and viable LAB count (Figure 2).




3.3. Identification of the Isolated Bacteria


Bacteria were isolated from the fermented forages and identified with MALD-TOF MS applying a Bruker MALDI-TOF MS identification software. All score values given by the software were checked, and the bacteria with the highest scores (above 1.950) were taken as real species identifications of the isolates (Table 3). Interestingly, most frequently found LAB was Lactiplantibacillus plantarum in corn silage. A high percentage (78%) of alfalfa silage microbiome was characterized by Lactiplantibacillus pentosus, while Pediococci were the typical bacteria in rye silage and haylage samples. Some of the aerobic spore-forming bacteria (e.g., Lysinibacillus spp., Rummeliibacillus spp., and Bacillus spp.), and an enterobacterium, Klebsiella pneumoniae, were also isolated and characterized from the ensilaged materials.




3.4. Mycotoxin Resistance of the Isolated Bacteria


Mycotoxin resistance of pure bacterial cultures was studied to investigate the possibility of bacterial growth inhibition causing significant hindrance of the fermentation procedures. Based on the growth curves of mycotoxin treated and untreated bacterial cultures, it was concluded for the tested mycotoxin concentrations, that the isolated organisms usually showed strong resistance (Table 3). DON (700 µg/L) and ZEA (100 µg/L) did not cause inhibition of the cell growths. However, OTA mycotoxin caused overall inhibition of the bacterial growth, with 33–86% of inhibition at 1000 µg/L concentration. Lower concentrations of the mycotoxin did not cause alternations in the growth of the bacterial cultures, and LAB, spore-forming bacteria, and Klebsiella pneumoniae did not differ.



AFB1 in 24 µg/L concentration caused growth inhibition in some LAB isolates (L. curvatus, L. brevis, L. coryniformis), but only up to 24% (L. brevis). Growth of the isolated spore-forming bacteria (Lysinibacillus spp., Rummeliibacillus spp., and Bacillus spp.) and K. pneumoniae were not affected by up to 100 µg/L AFB1 (Table 3).





4. Discussion


Feed producers hope to eliminate mycotoxins that endanger animal health, while gaining nutrient-rich feed by fermenting plant materials. In contrast to this expectation, the fermented forages contained high concentrations (450–3250 µg/kg) of Fusarium mycotoxin DON in a considerable percentage of samples (41%), mainly in corn silage. The concentration of DON measured recently (e.g., 159.8–203.5 µg/kg, [9] and 100–213 µg/kg, [19]) was much lower than the mean for corn silages in our study (901 µg/kg). DON is one of the most usually detected mycotoxins in silages, and its concentration can be very high [20]. High DON amounts indicated that the microbial community could not eliminate it during ensiling. Besides, Jensen et al. (2019) [21] and Keller et al. (2013) [7] reported DON concentration increase under corn ensiling through biodegradation of DON derivatives to free DON structure. Meanwhile, the other Fusarium mycotoxin, ZEA, was not affected due to the stability of both the compound and its derivatives (α-zearalenol and β-zearalenol) [21]. Other sources mentioned reduction or complete elimination of DON and ZEA through ensilaging [22] by the microbial activities and environmental differences; therefore, it could be concluded that the results are contradictory and need further investigation.



We could assume that ensiling is not favorable for the ephemeral Fusarium species because of the decreasing pH and the anaerobic conditions [20]; therefore, concentrations of stable DON and ZEA Fusarium toxins detected might reflect the fungal contamination before harvesting [23] or wilting of plant materials for haylage. It was also assumed that alfalfa feed products were contaminated by Penicillium and Aspergillus strains, causing OTA and AF contamination of the feeds. The concentration of AFs in fermented forages may increase if the material is exposed to air during the preservation [24]. Considering that the mold counts of the alfalfa samples were not outstanding, the fungal contamination could happen before ensiling. High AF and OTA contaminations were also reported for alfalfa from different countries [5,25]. However, references stated that the incidence and concentration of OTA in silage are usually low relative to Fusarium mycotoxins (DON and ZEA) [26]. In our study, AFB1 and ZEA contaminations were insignificant in the samples. AFG2 with lower toxicity was present, possibly due to bioconversion of AFB1.



At the end of the fermentation, mostly acid tolerating organisms and spores survived [10,11]. The fermented forages contained many beneficial lactic acid bacteria (LAB) essential for the preservation, with antimycotic and antimycotoxic characteristics. Water content decrease by wilting haylage materials and natural drying of the fermented forages [27] did not harshly affect the viable LAB numbers. It was also assumed that a relatively low species number was characteristic of the final stage of the fermentation [28] in rye silage and haylage samples, and it was shown in corn silages as well [10]. There were some initiatives to collect information on final stage of microbiome [29,30] with the same result. While these researchers did not investigate mycotoxin resistance of the composing microbes.



LAB used to be applied as an inoculant in silos. The most common homofermentative species involved are L. plantarum, various Lactiplantibacillus or Pediococcus species, and Enterococcus faecium [31]. Lentilactobacillus buchneri is the heterofermentative species used to improve aerobic stability [32]. P. pentosaceus and L. buchneri increased aerobic stability and prevented the production of AFs (5200 µg/kg versus 0 µg/kg [33]) at ensiling. Inoculated L. buchneri decreased AFs and did not affect DON or ZEA concentrations in corn silages [34]. LAB are also applied as an antibacterial biocontrol to inhibit the growth of pathogenic bacteria. L. plantarum, L. lactis, L. acidophilus, L. plantarum, L. brevis, and L. buchneri are the most common antimicrobial bacteriocin producers [31]. Besides bacteriocins, inhibition of the growth of pathogenic bacteria, yeasts, and molds gained by the synergistic action of the LAB metabolome, where lactic acid, acetic acid, hydrogen peroxide, lactate peroxidase, lysozyme, and reuterin can affect the surrounding microbiome [35] and decrease total plate counts. LAB are also well-known as potent participants in mycotoxin biocontrol [13,36,37]. L. plantarum and L. brevis are well-known as inoculants for ensilaging; however, the aim of their usage usually is in their volatile organic carbon production and not their biocontrol capability [1].



The capability of the cells to resist mycotoxins and absorb or degrade the molecules is a well applicable characteristic [13] in food and feed industry. However, significant growth inhibition of LAB can hinder the fermentation and the elimination of mycotoxins as well. OTA and AFB1 were detected to inhibit bacterial growth of the isolates; although, AFB1 showed only moderate concentration in this case, causing low consideration. Meanwhile, non-lactic acid bacteria also can be potent mycotoxin eliminating organisms. In the project, Lysinibacillus spp. and Rummeliibacillus spp. spore-forming Gram-positive aerobe bacteria were isolated, besides Klebsiella pneumoniae Gram-negative bacterium that are not known to have a special role in fermentation processes, as far as we know. None of those bacteria were known for their mycotoxin resistance or elimination, except Lysinibacillus fusiformis [38]; however, it was shown here that, similarly to LAB, they also possess that positive characteristic. Natural contamination or active inoculation applying these bacteria could have an effect on mycotoxin content as, besides absorption, there is a possibility for mycotoxin degradation by enzyme activities similar to Bacillus spp. [13,14]. The role of these organisms in mycotoxin elimination are under further research to explore their potential for biotechnological applications.




5. Conclusions


Based both on the literature and our study, it was assumed that the main Fusarium mycotoxin DON could cause most of the quality problems, especially in corn silages, where occasionally low viable LAB counts can characterize the system. The other problem is OTA contamination, because the bacterial growth inhibitory characteristic of this mycotoxin could hinder the fermentation processes at high concentrations of the toxin.



Relatively low LAB species number was characteristic of the final stage of the fermentations. Isolation and application of bacteria presented at that stage, usually in low counts but with significant antimycotic and/or anti-mycotoxigenic activity, is a new perspective. Here, we identified and characterized also some non-lactic acid bacteria with unknown mycotoxin elimination possibilities. Their activity could hinder fungal growth and mycotoxin contaminations at the aerobic starting conditions of ensilaging or after silo openings. The possible role of these organisms in mycotoxin elimination needs further research to explore their use.
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Figure 1. Correlation of total plate count and LAB counts in the final stage of the fermented forages. 
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Figure 2. Correlation of water content and LAB counts in fermented forages. 
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Table 1. Toxicological characterization of the studied fermented forages. Aflatoxins (AF), ochratoxin A (OTA), deoxynivalenol (DON), and zearalenone (ZEA) were measured by HPLC techniques from dried samples (n = 3, RSD% ≤ 10%) and expressed as mycotoxin contents for dry weights of the fermented forages. The lowest detection limits (LODs) are presented where no mycotoxin could be detected.
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	No.
	Fermented Forages
	AF

(µg/kg)
	OTA

(µg/kg)
	DON

(mg/kg)
	ZEA

(mg/kg)





	1
	Corn silage
	<0.01
	<0.5
	<0.1
	<0.1



	2
	Corn silage
	<0.01
	<0.5
	<0.1
	<0.1



	3
	Corn silage
	<0.01
	<0.5
	<0.1
	<0.1



	4
	Corn silage
	<0.01
	<0.5
	<0.1
	<0.1



	5
	Corn silage
	B1 1.15
	<0.5
	3.25
	<0.1



	6
	Corn silage
	<0.01
	<0.5
	1.07
	<0.1



	7
	Corn silage
	<0.01
	<0.5
	1.35
	<0.1



	8
	Corn silage
	<0.01
	<0.5
	0.47
	<0.1



	9
	Corn silage
	<0.01
	<0.5
	1.03
	<0.1



	10
	Corn silage
	<0.01
	<0.5
	2.57
	0.42



	11
	Corn silage
	<0.01
	<0.5
	1.19
	<0.1



	12
	Corn silage
	<0.01
	<0.5
	1.24
	<0.1



	13
	Corn silage
	G2 0.045

B1 < 0.01
	<0.5
	<0.1
	<0.1



	14
	Corn silage
	<0.01
	<0.5
	<0.1
	<0.1



	15
	Alfalfa silage
	<0.01
	<0.5
	0.45
	<0.1



	16
	Alfalfa silage
	<0.01
	0.80
	<0.1
	<0.1



	17
	Alfalfa haylage
	<0.01
	2.52
	<0.1
	<0.1



	18
	Alfalfa haylage
	G2 24.23

B1 < 0.01
	27.57
	<0.1
	<0.1



	19
	Rye silage
	<0.01
	<0.5
	<0.1
	<0.1



	20
	Rye haylage
	G2 0.301

B1 < 0.01
	<0.5
	<0.1
	<0.1



	21
	Triticale haylage
	<0.01
	<0.5
	<0.1
	<0.1



	22
	Triticale haylage
	<0.01
	<0.5
	<0.1
	<0.1
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Table 2. Characterization of the microbial composition of the studied fermented forages (n = 3; CV% ≤ 10%). Counts on total plate count agar, MRS agar, and CYG agar were expressed in logarithmic form.
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	No.
	Fermented Forages
	Total Aerobic Plate Count (log10 CFU/g)
	LAB Count

(log10 CFU/g)
	Mold Count

(log10 CFU/g)





	1
	Corn silage
	3.265
	2.041
	2.204



	2
	Corn silage
	6.068
	6.000
	1.000



	3
	Corn silage
	6.740
	6.176
	1.000



	4
	Corn silage
	6.526
	4.176
	1.000



	5
	Corn silage
	3.397
	2.000
	1.000



	6
	Corn silage
	5.247
	3.813
	1.000



	7
	Corn silage
	5.656
	3.756
	3.477



	8
	Corn silage
	6.830
	5.079
	1.602



	9
	Corn silage
	4.991
	3.279
	1.000



	10
	Corn silage
	6.755
	5.415
	6.079



	11
	Corn silage
	6.884
	4.079
	1.699



	12
	Corn silage
	4.341
	2.908
	1.000



	13
	Corn silage
	4.235
	1.845
	1.000



	14
	Corn silage
	5.965
	5.176
	4.146



	15
	Alfalfa silage
	6.522
	5.041
	3.176



	16
	Alfalfa silage
	7.254
	4.851
	1.000



	17
	Alfalfa haylage
	6.377
	4.000
	1.301



	18
	Alfalfa haylage
	4.289
	1.778
	1.000



	19
	Rye silage
	5.886
	4.322
	1.000



	20
	Rye haylage
	4.170
	2.398
	1.477



	21
	Tritikale haylage
	6.715
	5.362
	2.903



	22
	Tritikale haylage
	5.705
	2.544
	1.000
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Table 3. Identification results of bacterial isolates from fermented forages and their aflatoxin B1 (AFB1) and ochratoxin (OTA) resistance. All identifications of the isolates based on the protein profile of the bacteria were done in two repetitions with the MALDI-TOF MS technique. Identification with a score value below 1.950 was defined as an uncertain identification, and the analysis was repeated. Bacterial growth inhibition was tested with 24 µg/L AFB1 and 1000 µg/L OTA, respectively.
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Source

	
Identified Organism

	
Highest Score Value per Isolate

	
Growth Inhibition by AFB1

	
Growth Inhibition by OTA






	
corn silage

	
Lactiplantibacillus plantarum

	
2.292

	
0%

	
43%




	
2.261

	
0%

	
45%




	
2.317

	
0%

	
66%




	
2.295

	
0%

	
67%




	
2.343

	
0%

	
33%




	
2.297

	
0%

	
48%




	
2.242

	
0%

	
69%




	
2.379

	
0%

	
52%




	
2.382

	
0%

	
64%




	
corn silage

	
Lactiplantibacillus pentosus

	
2.377

	
0%

	
64%




	
2.211

	
0%

	
61%




	
2.235

	
0%

	
58%




	
2.181

	
0%

	
47%




	
2.271

	
0%

	
57%




	
2.283

	
0%

	
65%




	
alfalfa silage

	
Lactiplantibacillus pentosus

	
2.273

	
0%

	
61%




	
2.338

	
0%

	
80%




	
2.391

	
0%

	
39%




	
corn silage

	
Latilactobacillus curvatus

	
2.327

	
13%

	
77%




	
corn silage

	
Lacticaseibacillus paracasei

	
2.473

	
0%

	
41%




	
corn silage

	
Levilactobacillus brevis

	
2.226

	
0%

	
57%




	
2.226

	
24%

	
25%




	
corn silage

	
Pediococcus pentosaceus

	
2.214

	
0%

	
57%




	
rye silage

	
Pediococcus acidilactici

	
2.21

	
0%

	
53%




	
2.207

	
0%

	
53%




	
corn silage

	
Loigolactobacillus coryniformis

	
2.239

	
12%

	
64%




	
corn silage

	
Klebsiella pneumoniae

	
2.39

	
0%

	
86%




	
corn silage

	
Bacillus thuringiensis

	
2.137

	
0%

	
65%




	
corn silage

	
Lysinibacillus fusiformis

	
1.959

	
0%

	
73%




	
alfalfa haylage

	
Rummeliibacillus suwonensis

	
1.956

	
0%

	
54%




	
alfalfa haylage

	
Lysinibacillus boronitolerans

	
2.258

	
0%

	
46%
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