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During the production of fuel ethanol, biogas, and organic fertilizer from 
whole grains, mycotoxins in the feedstock raise complex issues 
regarding product safely. In fuel ethanol production, processes such as 
grinding, liquefaction, and fermentation can cause structural 
transformations or reductions in the levels of certain toxins (such as 
zearalenone and vomitoxin); however, degradation products may remain 
in the distillers’ grains protein feed, affecting the safety of the byproduct. 
During the biogas fermentation stage, anaerobic microbial communities 
can further degrade some toxins through enzymatic reactions and 
metabolic processes. The degradation efficiency is significantly 
influenced by feedstock characteristics, process parameters, and toxin 
types, and small amounts of toxins or their transformation products may 
still remain in the digested liquid. In the subsequent organic fertilizer 
production process, the high-temperature phase of composting helps 
reduce residual toxins, and the synergistic action of aerobic 
microorganisms enhances degradation. However, certain mycotoxins 
may not be completely degraded or may generate unknown metabolites, 
posing potential ecological and health risks after application to farmland. 
Elucidating the degradation mechanisms, transformation pathways, and 
product safety of mycotoxins during multi-stage sequential treatment is 
important for ensuring pollution control across the entire industrial chain 
and the safe utilization of resource-recycled products. 
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INTRODUCTION 
 

During their growth, harvest, and storage in the field, whole grains are susceptible 

to infection by fungi such as Fusarium and Aspergillus, which produce mycotoxins that 

pose a serious threat to human and animal health (Pande et al. 2025). These secondary 

metabolites are widely distributed and have become a major challenge in the field of 

global food safety (Gurikar et al. 2023). A wide variety of mycotoxins have been detected 

in whole grains and their products, with contamination by deoxynivalenol (DON), 

zearalenone (ZEN), aflatoxin (AFT), and fumonisin (FUM) being particularly prominent 

(Sadhasivam et al. 2017; Shi et al. 2024). Contamination varies by grain type. For 

example, rice is primarily contaminated with ochratoxin A and deoxynivalenol, while 

corn is mainly contaminated with fumonisin and deoxynivalenol, and wheat has a high 
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detection rate of deoxynivalenol and its derivatives (Akimsha et al. 2026). It is 

noteworthy that the phenomenon of mixed contamination of multiple toxins is 

widespread. Over 80% of the grain samples are simultaneously contaminated with two or 

more mycotoxins (Tournas and Niazi 2018; Gurikar et al. 2023). This “co-

contamination” effect may result in synergistic or additive toxicity, increasing the 

complexity of risk assessment and control measures (Shi et al. Yu 2019). Toxic 

producing fungi are ubiquitous in soil and crop residues and can erupt on a large scale in 

suitable weather conditions such as high temperature and humidity. Even with 

commercially available fungicides, it is difficult to reliably prevent fungal infections 

before harvest. When grains are harvested and enter the storage stage, the situation is 

completely different. At this stage, chemical fungicides are rarely directly sprayed onto 

grain piles for food security reasons (Yao et al. 2026). 

To address mycotoxin contamination across the entire grain industry chain, multi-

tiered prevention and control strategies have been developed around the world, covering 

the entire process from farm to dining table. These strategies encompass traditional 

measures such as the breeding of disease-resistant varieties, field disease management, 

rapid post-harvest drying, and precise control of storage conditions (Bereda 2025). In 

recent years, biological control and microbial degradation technologies have garnered 

significant attention due to their environmentally friendly and highly efficient nature 

(Wang et al. 2023). Fermentation using specific beneficial microorganisms can 

significantly reduce toxin levels in grains. For example, during the fermentation process, 

specific strains such as Lactobacillus plantarum can achieve a degradation percentage of 

up to 98% for fumonisin B1 (FB1) and 84% for T-2 toxin (Anukul et al. 2014). 

Furthermore, solid-state fermentation of wheat bran using Bacillus subtilis not only 

effectively inhibits the growth of toxin-producing fungi (such as Fusarium graminearum), 

preventing the production of new toxins during processing, but it also enhances the 

nutritional quality and antioxidant capacity of wheat bran (Wang et al. 2025). Meanwhile, 

although deoxynivalenol levels in grains are relatively higher under conventional farming 

practices, there is no significant difference in overall toxin contamination levels between 

organic and conventional farming systems. This implies that prevention and control 

efforts must encompass all production models (Bernhoft et al. 2022). 

Converting stale grain or whole grains exceeding pollution limits into fuel ethanol 

is a key approach to ensuring food security and achieving efficient resource utilization 

(Xu et al. 2025). This process not only effectively utilizes grain stocks that have 

exceeded their storage period, preventing them from re-entering the food market, but it 

also provides a stable supply of raw materials for the bioenergy industry (Albahri et al. 

2023). Currently, the process routes for producing fuel ethanol from whole grains (such 

as over-stored rice) are primarily divided into two categories: direct fermentation of 

whole rice grains with husks, and mixed fermentation with other feedstocks such as corn 

and cassava (Hoang and Nghiem 2021). In actual production, specific technical 

challenges posed by whole grain feedstocks must be addressed. For example, rice husks 

are hard in texture, which not only increases the difficulty of crushing and causes 

equipment wear, but it also reduces the starch concentration in the fermentation system, 

resulting in low ethanol content in the mature mash (Favaro et al. 2017). Furthermore, the 

high protein content in grains – particularly the high levels of gluten in rice, which has 

strong foaming properties – easily causes tray blockages during distillation, forcing 

frequent shutdowns for cleaning and severely impacting production continuity and 

economic efficiency (Hao et al. 2025). To address these issues, the industry has 



 

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu 

 

 

Wang et al. (2026). “Control of ethanol mycotoxins,” BioResources 21(4), Pg#s to be added.  4 

continuously explored and optimized pretreatment processes (such as dehulling and 

protein separation) and fermentation technologies (such as concentrated mash 

fermentation and simultaneous saccharification and fermentation), striving to ensure 

stable plant operation while improving ethanol yield (Zhang et al. 2026). 

The large amounts of distiller’s grains, spent grain, and byproducts from whole-

grain processing (such as rice husks and wheat bran) generated during fuel ethanol 

production serve as ideal feedstocks for producing biogas and organic fertilizer (Chavan 

et al. 2024). Through anaerobic digestion technology, these organic-rich byproducts can 

be converted into clean energy-biogas (primarily composed of methane), while the post-

fermentation digestate and effluent serve as high-quality organic fertilizers, achieving 

cascading utilization of materials and energy (Ferdous et al. 2020). The method of 

feedstock pretreatment directly affects biogas yield, for example, preparing silage corn 

using a finer shredding method can reduce fiber content and improve its digestibility and 

biogas yield (Gao et al. 2020). In the process of using whole grains to prepare ethanol, 

biogas, and compost, only the AFB1 content of dry distillers’ grains (DDGS) in the 

ethanol production process is required to be less than 50 μ g/kg, and there is no specific 

requirement for the toxin content in biogas and compost (Green et al. 2015). This model, 

which closely integrates whole-grain utilization, energy production, and ecological 

agriculture, provides a sustainable pathway to addressing food security, the energy crisis, 

and agricultural non-point source pollution (Ćurčić et al. 2025). 

The detoxification of mycotoxins in the preparation of ethanol, biogas, and 

compost from grains is a complex process that mainly relies on enzymatic degradation by 

microorganisms. At the same time, environmental factors such as temperature and pH 

value can significantly affect the efficiency of this process. Physical adsorption also plays 

a certain role, but it is not the main mechanism (Murtaza et al. 2024). Bacillus 

amyloliquefaciens screened from composted soil can produce extracellular enzymes that 

can degrade 80.6% of aflatoxin B1 within 48 h (Wei et al. 2015). The temperature, pH, 

and metal ions can affect the activity of the enzyme. In a biogas fermentation system for 

treating contaminated silage feed, the new carboxylesterase genes that are directly related 

to the effective degradation (about 60%) of fumonisin. At the same time, the degradation 

rate of aflatoxin B1 by the system also reached about 54% (Ferrara et al. 2021). The cell 

wall components (such as peptidoglycan) of some microorganisms (such as lactic acid 

bacteria) can adsorb mycotoxins through hydrophobic interactions or covalent bonds, 

forming toxin bacterial complexes and reducing their harm. This is a supplementary 

detoxification method during the fermentation process, characterized by minimal impact 

on grain nutrition (Murtaza et al. 2024).  

 

 

DEGRADATION OF MYCOTOMIN DURING THE PREPARATION OF FUEL 
ETHANOL FROM WHOLE GRAINS 

  

As whole grains serve as a key raw material for fuel ethanol production, concerns 

regarding their safe utilization are growing (Green et al. 2015). During the process of 

producing fuel ethanol from whole grains, the migration and degradation of mycotoxins 

directly impact the safety of the final product, particularly the feed safety of DDGs, a 

byproduct of ethanol production, and their soluble components (Berwian et al. 2025). In 

recent years, extensive research on the degradation mechanisms of mycotoxins during 

fuel ethanol fermentation has revealed that multiple pathways, including irradiation, 
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ultrasound, biodegradation, enzymatic conversion, and physical adsorption to reduce 

toxin levels (Fig. 1) (Ouyang et al. 2024; Yao et al. 2026). As shown in Table 1, however, 

the stability of different mycotoxins during fermentation varies significantly.  

 

Table 1. Degradation of Mycotoxins during the Preparation of Ethanol from 
Whole Grains 

Types of 
Mycotoxins 

Grain 
Sources 

Degradation/Conversion Status 
Main Technologies/ 

enzymes/strains 
Reference 

DON Barley 

Conversion rate 52.4% -58.1%: DON 
was transformed into a less toxic form 

(3ADON) by transgenic yeast 
expressing TRI101 or TRI201 genes 

Transgenic yeast 
expressing 

TRI101/TRI201 

Khatibi et al. 
(2011) 

DON Wheat 

The highest degradation rate is 51.5%: 
the combined application of amylase 

and xylanase during the saccharification 
process achieved the degradation of 

DON 

Starch 
enzyme+Xylanase 

Juodeikiene  
et al. (2009) 

FUM Corn 

Almost completely eliminated (about 
100%): significantly reduced in the 

traditional cooking (high-pressure heat 
treatment) process 

Traditional 
technology (high-
pressure cooking) 

Kłosowski et al. 
(2023) 

ZEN Corn 

Degradation rate of about 95% -100%: 
also attributed to the high-pressure heat 

treatment process in traditional 
technology 

Traditional 
technology (high-
pressure cooking) 

Kłosowski et al. 
(2023) 

DON Corn 

Degradation rate of 77% -97%: 
achieved in the high-pressure heat 

treatment process of traditional 
technology 

Traditional 
technology (high-
pressure cooking) 

Kłosowski et al. 
(2023) 

AFT Cron 

During the fermentation process, there 
is little degradation: toxins do not enter 
the distilled ethanol, but concentrate in 
the distiller's grains. Chemical reagents 
(NaOH, NH4OH, etc.) are required for 

subsequent detoxification 

Traditional 
distillation 
technology 

Lillehoj et al. 
(1979) 

Total 
Aflatoxin 

DDGS 

Degradation rate of 52.8%: achieved 
through secondary fermentation of corn 

ethanol by-products by Trichoderma 
reesei 

Trichoderma reesei 
Sun et al. 

(2021) 

DON DDGS 

Degradation rate of 92.9%: achieved 
through secondary fermentation of corn 

ethanol by-products by Trichoderma 
reesei 

Trichoderma reesei 
Sun et al. 

(2021) 

ZEN DDGS 
Degradation rate of 89.2%: achieved 

through secondary fermentation of corn 
ethanol by-products by Mucor indicus 

Mucor indicus 
Sun et al. 

(2021) 

Note: DON represents deoxynivalenol, FUM represents fumonisin, ZEN represents zearalenone, 
AFT represents aflatoxin, DDGS represents dry distillers’ grains. 

 
Some mycotoxins, such as DON, exhibit strong resistance to fermentation, while 

others, such as ZEN, are relatively converted by microorganisms (You et al. 2024). A 

thorough understanding of the degradation patterns of mycotoxins during whole-grain 

fuel ethanol production holds significant theoretical and practical value for guiding the 
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safe utilization of contaminated raw materials and ensuring the feed safety of byproducts 

(Murtaza et al. 2025). 

 

Fungi

p Aspergillus 
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p Penicillium 
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......
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etc

Microorganisms, 
biological enzymes, etc  

 

Fig. 1. Origins of mycotoxins' accumulation, its control and detoxification methods 

 

 
The Main Mechanisms of Mycotoxin Degradation 

The degradation of mycotoxins during ethanol fermentation is a complex 

biochemical process involving the synergistic interaction of multiple mechanisms 

(Gavahian et al. 2021). The microbial degradation is the primary pathway for toxin 

reduction, and its mechanisms can be categorized into two types: adsorption and 

enzymatic conversion (Liu et al. 2024). In the adsorption-binding mechanism, 

components of the microbial cell wall-such as polysaccharides, peptidoglycans, and 

glucans-form non-covalent bonds with toxin molecules, thereby immobilizing the toxins 

on the surface or within the bacterial cells and rendering them biologically inactive 

(Okoye et al. 2026). Lactic acid bacteria exhibited particularly significant adsorption of 

ZEN. Cell wall fragments from strains such as Lactobacillus brevis could adsorb 50% to 

70% of ZEN (Murtaza et al. 2024). In contrast, Bacillus species adsorbed only 10% to 

20% of the toxin, but exhibited higher degradation efficiency, suggesting that different 

microbial species employ distinct detoxification strategies (Li et al. 2023). 

Enzymatic conversion is another key pathway for mycotoxin degradation, 

wherein extracellular or intracellular enzymes secreted by microorganisms convert toxin 

molecules into less toxic or non-toxic products (Loi et al. 2017). During enzyme-assisted 

ethanol fermentation, the combined use of xylanase and amylase not only improved 

fermentation efficiency, but it also significantly promoted DON degradation. When a 

novel combination of amylase and xylanase was used to saccharify contaminated wheat, 

the detoxification percentage of DON during fermentation reached as high as 51.5% 

(Juodeikiene et al. 2009). During Lactobacillus fermentation, various enzymes, such as 

amylase, xylanase, and protease, were involved in the degradation of DON and its 

derivatives. Notably, differences in the enzymatic composition and activity among 
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different strains directly determined the efficiency of toxin degradation and the 

characteristics of the resulting products (Trakselyte-Rupsiene et al. 2022). 

 

Degradation Characteristics of Different Mycotoxins 
Various mycotoxins exhibit significantly different degradation patterns during 

ethanol fermentation, which is closely related to their molecular structure, chemical 

stability, and the metabolic capacity of microorganisms (Ji et al. 2016). DON, a 

representative of the B-type trichothecenes, exhibited strong stability during ethanol 

fermentation. When ethanol fermentation was carried out using Saccharomyces 

cerevisiae, only 53% of DON and T-2 toxin were removed, with 41% entering the 

fermentation broth and 6% remaining in the solid residue (Chlebicz and Śliżewska 2020). 

In corn ethanol production, the degradation efficiency of DON was significantly 

influenced by process conditions. When using a spray-cooking heater, the reduction in 

DON was approximately 20%, whereas the degradation effect was poorer when using a 

plate heat exchanger. This indicated that the intensity and method of heat treatment had a 

significant impact on DON degradation (Paneru et al. 2025). Nevertheless, by selecting 

an appropriate combination of enzyme preparations, the detoxification rate of DON could 

be increased to over 50% (Zhu et al. 2017; Hou et al. 2023). Zearalenone is relatively 

easily biotransformed during ethanol fermentation. ZEN could be converted into α-

zearalenol and β-zearalenol during Saccharomyces cerevisiae fermentation, with 

conversion rates reaching 69% and 8.1%, respectively. This conversion primarily 

occurred on the first and second days of fermentation, indicating that yeast possesses 

strong ZEN metabolic capacity (Keller et al. 2015). Bacillus species were significantly 

more efficient at degrading ZEN than lactic acid bacteria. The Bacillus species could 

achieve nearly complete degradation of ZEN after 6 h of cultivation at pH 6 and 37 ℃. 

This finding provided a new technical approach for the biological detoxification of ZEN-

contaminated grains (Zhang et al. 2016). 

The degradation patterns of fumonisin during ethanol fermentation differ from 

those of other toxins. During corn ethanol production, fumonisin could be almost 

completely eliminated through high-temperature, high-pressure treatment using 

conventional technologies. This might be related to the relatively low thermal stability of 

fumonisin (Sosa et al. 2013). Additionally, conventional dehulling could significantly 

reduce fumonisin levels in corn, bringing them below the safety limited set by the 

European Union. These results suggested that the synergistic interaction between raw 

material pretreatment and the fermentation process was crucial for the effective removal 

of fumonisin (Bowers and Munkvold 2014). 

  

Key Process Factors Affecting the Efficiency of Mycotoxin Degradation 
The efficiency of mycotoxin degradation during ethanol fermentation is 

influenced by multiple process factors, among which raw material characteristics, strain 

selection, enzyme formulation, and process conditions are key determinants of 

detoxification efficacy (Giacomini et al. 2023). The initial contamination level of the raw 

materials and the form of the toxins affect the difficulty of degradation. When the DON 

concentration in wheat reached as high as 3,950 μg/kg, a significant proportion of the 

toxin remained in the distillers’ grains (Santos et al. 2021). Furthermore, the presence of 

bound toxins added to the complexity of detoxification, different Lactobacillus strains 

exhibited significant differences in their ability to degrade DON conjugates (Nabgan et al. 

2025). 
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The selection of fermentation strains is a core factor influencing toxin degradation 

efficiency. Different microorganisms exhibit varying degradation capabilities for various 

toxins (Mishra et al. 2021). Brewing yeast has relatively limited degradation activity 

toward DON but demonstrates good conversion capacity for ZEN (Wall-Martínez et al. 

2019). Lacticaseibacillus casei, a member of the Lactobacillus genus, exhibited excellent 

degradation performance for DON and its derivatives, while Bacillus species, particularly 

Bacillus megaterium, demonstrated extremely high degradation efficiency for ZEN 

(Adácsi et al. 2022). This suggests that in practical applications, appropriate fermentation 

strains can be selected based on the contamination characteristics of the raw materials, or 

even multi-strain composite fermentation can be adopted to enhance detoxification 

effects (Marzano et al. 2022). 

The combined use of enzyme preparations plays a significant role in improving 

the degradation efficiency of mycotoxins. Adding xylanase to traditional amylase not 

only increases ethanol yield but also significantly promotes DON degradation. This may 

be because xylanase can degrade the hemicellulose components in grain cell walls, 

releasing bound toxins and thereby improving toxin accessibility and biotransformation 

efficiency (Vidal et al. 2017). Furthermore, thermal processing significantly influenced 

toxin degradation, and high-temperature treatment using a spray-cooker was more 

effective at reducing toxin levels than using a plate heat exchanger. However, it was 

worth noting that while certain process conditions could effectively reduce toxin levels in 

the raw material, toxins might re-accumulate in the by-products (Li et al. 2026).  

 

 

DEGRADATION OF MYCOTOXINS DURING THE PREPARATION OF BIOGAS 
FROM WHOLE GRAIN FERMENTATION WASTIE RESIDUE 

  

As a key feedstock for bioenergy conversion, the safety assessment of whole-

grain fermentation residues has attracted increasing attention. During the deep processing 

of grains, mycotoxins may accumulate in the residues due to contamination of the raw 

materials (Peles et al. 2019).  

 
 

Fig. 2. Process of preparing biogas and detoxification of mycotoxins from whole grain 
fermentation of waste residues 
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If discharged or utilized directly without effective treatment, this poses risks to 

both the environment and food safety. In recent years, the use of anaerobic fermentation 

technology to treat such organic waste and produce biogas has become a key approach to 

resource recovery. However, the degradation behavior and transformation mechanisms of 

various mycotoxins during this process, as well as their impact on the stability of the 

fermentation system, directly affect the safe utilization of digestate and the economic 

evaluation of the process (Fig. 2). A comprehensive analysis of the degradation profile of 

mycotoxins during anaerobic digestion is of critical importance for establishing a 

scientific risk management system and promoting the healthy development of the circular 

economy (Pinotti et al. 2016). 

 

Degradation Efficiency of Anaerobic Digestion for Different Mycotoxins 
The degradation of typical mycotoxins in whole grains fermentation residues have 

shown that anaerobic digestion is highly effective in removing most of these toxins 

(Table 2). According to the study by De Gelder et al. (2018), batch tests conducted on 

five common toxins revealed that the degradation rates of aflatoxin B1, ochratoxin A, 

deoxynivalenol, zearalenone, and T-2 toxin all exceeded 90%. For fumonisin B1, the 

degradation rate reached 70% under mesophilic digestion conditions and 85% under 

thermophilic conditions, and the degradation rates for ergot alkaloids were 64% and 98% 

under mesophilic and thermophilic conditions, respectively (De Gelder et al. 2018). 

Another study further confirmed that when treating contaminated corn feedstock in a 

continuously operated reactor, the degradation rates of all target mycotoxins exceeded 

99% after 1.8 hydraulic retention times (Dereli et al. 2014). Mycotoxin levels could be 

reduced by 27% to 100% during anaerobic digestion, with more thorough degradation 

observed in heavily contaminated feedstock (Kintl et al. 2023). These findings indicate 

that the anaerobic digestion process generally exhibits high degradation capacity for a 

wide range of mycotoxins with diverse structures, providing technical feasibility support 

for the safe treatment of waste residues. 

 

Table 2. Degradation of Mycotoxins during the Preparation of Biogas from 
Fermentation Residues 

Types of 
Mycotoxins 

Degradation 
Efficiency 

Degradation 
Conditions 

Key Influencing Factors Reference 

AFB1 90% - 99%  Batch 
Synergistic effects of 

microbial and physical 
factors 

Cucina and 
Tacconi (2022) 

OTA > 90% Batch 
Mesophilic or thermophilic 

anaerobic conditions 
Xia et al. (2025) 

ZEN 100%  Semi-continuous 
Mesophilic or thermophilic 

anaerobic conditions 
De Gelder et al. 

(2018) 

DON > 90% Semi-continuous 
Mesophilic or thermophilic 

anaerobic conditions 
De Gelder et al. 

(2018) 

T-2 > 90% Semi-continuous 
Mesophilic or thermophilic 

anaerobic conditions 
De Gelder et al. 

(2018) 

FB1 

Mesophilic 
digestion: 70%;  
Thermophilic 

digestion: 85% 

Batch 

Temperature: High-
temperature (55 °C), 
Medium-temperature 

(35 °C) 

De Gelder et al. 
(2018) 

  



 

PEER-REVIEWED REVIEW ARTICLE bioresources.cnr.ncsu.edu 

 

 

Wang et al. (2026). “Control of ethanol mycotoxins,” BioResources 21(4), Pg#s to be added.  10 

Factors and Mechanisms Affecting Mycotoxin Degradation 
The degradation efficiency of mycotoxins during anaerobic digestion is 

influenced by a combination of factors, with process parameters and microbial 

community structure being the key determinants (Giorni et al. 2018). Temperature 

conditions play a significant regulatory role in degradation efficiency. High-temperature 

digestion typically exhibits higher degradation efficiencies compared to mesophilic 

digestion, particularly for structurally stable toxins such as fumonisin B1 and ergot 

alkaloids. Extending the hydraulic retention time facilitates sufficient contact between 

microorganisms and toxins, thereby enhancing the degree of degradation. High 

degradation under semi-continuous operating conditions validate this principle. 

Furthermore, a complex relationship exists between the initial contamination level of the 

feedstock and degradation efficiency (Gao et al. 2023). Kintl et al. (2023) found that the 

degradation of certain toxins was actually more thorough in the moderately contaminated 

group, whereas the concentration of deoxynivalenol in the low-contamination group even 

increased by 27.8%. This suggested that the degradation process might be influenced by 

the interaction of factors such as microbial metabolic activity, the form in which toxins 

are present, and substrate characteristics (Kintl et al. 2023). Regarding the degradation 

mechanism, anaerobic microbial communities achieve the decomposition or modification 

of toxin molecules through the secretion of extracellular enzymes, alteration of the local 

microenvironment, and biotransformation. However, the specific transformation products 

and changes in their toxicity require further investigation. 

 

The Impact of Mycotoxins on the Operation of Anaerobic Digestion 
Systems  

Mycotoxins not only serve as target pollutants for degradation, but also 

potentially affect the operational stability of anaerobic fermentation systems (Efremenko 

et al. 2023). In batch experiments, the addition of high concentrations of mycotoxins did 

not significantly affect biogas or methane production, and process parameters remained 

stable. This suggests that conventional levels of toxin contamination may not directly 

inhibit the metabolic activity of anaerobic microorganisms. However, it is important to 

note that fungal proliferation in feedstock is often accompanied by changes in organic 

composition, which can indirectly affect gas production performance (Soldano et al. 

2021). Kintl et al. (2023) found that as the degree of fungal contamination increased, the 

content of neutral detergent fiber, acid detergent fiber, crude fiber, and lignin in the 

feedstock rose, while soluble sugar content decreased, and these structural changes led to 

a significant reduction in biogas yield. This suggests that when evaluating the impact of 

mycotoxins on fermentation systems, the effects of the toxins themselves should be 

distinguished from the combined effects resulting from feedstock quality deterioration.   

 

Mycotoxin Degradation and Safety Assessment of Digestate and Digested 
Slurry 

The safety of digested sludge and digestate following anaerobic digestion is the 

ultimate criterion for evaluating the feasibility of this technology (Wang et al. 2017). 

Mycotoxin residues in fully digested material can be reduced to extremely low levels. 

Continuous operation trials by De Gelder et al. (2018) confirmed that no significant 

concentrations of toxin residues were detected in the digested slurry under stable 

operating conditions. However, it was worth noting that not all toxins were completely 

degraded (De Gelder et al. 2018). Systematic toxicological evaluations of the residual 
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degradation products are currently lacking, and some transformation products may retain 

certain biological activities. Furthermore, multiple mycotoxins may coexist in whole-

grain fermentation residues, and the potential risks of synergistic effects should not be 

overlooked. Therefore, relying solely on the degradation rate of the parent toxin as a 

safety evaluation indicator may have limitations, and establishing a risk assessment 

system that includes major transformation products is an important direction for future 

research (Zadeike et al. 2021). 

 

 

DEGRADATION OF MYCOTOXINS DURING THE PRODUCTION OF 
ORGANIC FERTILIZER FROM WHOLE GRAINS FERMENTATION RESIDUES 

  

Although anaerobic fermented sludge is rich in organic matter and nutrients such 

as nitrogen, phosphorus, and potassium, it is not yet completely stable, and direct 

application to soil carries risks. Aerobic composting can convert unstable organic matter 

in sludge into stable humus through microbial action. At the same time, untreated biogas 

residue may have plant toxicity (manifested as low seed germination rate) and fungal 

problems, and there is a higher risk of direct return to the field. The high temperature 

generated during aerobic composting process kills fungi and insect eggs (Różyło et al. 

2016). However, during harvesting, storage, or pre-fermentation processing, whole grains 

are highly susceptible to infection by toxin-producing fungi such as Fusarium and 

Aspergillus, which contaminate the raw materials and result in the presence of 

mycotoxins such as deoxynivalenol, zearalenone, and aflatoxin B₁ in the waste residue. 

These toxins are chemically stable and highly toxic. If they are not effectively degraded 

during the organic fertilizer production process, their application to farmland will not 

only inhibit crop growth and reduce agricultural product quality but may also pose a 

threat to human and animal health through the food chain (Arata et al. 2022). Therefore, 

elucidating the degradation patterns and mechanisms of mycotoxins during the aerobic 

composting of whole-grain biogas residues is a scientific prerequisite for ensuring the 

safe use of organic fertilizers (Jasarevic et al. 2025). 

 

Mycotoxin Contamination and the Basic Principles of Composting 
Although biogas slurry produced from whole-grain fermentation is rich in organic 

matter and nutrients, it generally suffers from low decomposition levels and high 

phytotoxicity, making its direct application to farmland quite risky (Smith et al. 2022). 

When fermentation feedstock is contaminated by mold, biogas slurry may contain 

residual mycotoxins such as aflatoxin B1, vomitoxin, etc. These toxins have stable 

chemical structures and are difficult to degrade rapidly in the natural environment. If they 

enter the agricultural ecosystem via biogas slurry, they not only inhibit crop growth but 

may also pose a threat to food safety through the food chain (Arata et al. 2022). Aerobic 

composting, as a mature technology for the stabilization of organic waste, offers a viable 

technical pathway for the degradation of toxins in digested slurry. During the composting 

process, microbial communities secrete various extracellular enzymes (such as lignin 

peroxidase and manganese peroxidase) through metabolic activities. These enzyme 

systems can attack the toxic groups of mycotoxins, disrupting the molecular structure of 

the toxins through reactions such as hydroxylation, demethylation, and ring opening, 

thereby converting them into less toxic or non-toxic metabolites (Qi et al. 2022). At the 

same time, the high-temperature phase of composting (maintained above 55 °C for 
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several days) inherently kills toxin-producing fungi, thereby suppressing the formation of 

new toxins at the source. Consequently, aerobic composting is regarded as a critical step 

in achieving the harmless treatment and resource utilization of biogas slurry (Noble et al. 

2011). 

 

The Key Role of Functional Microorganisms in the Degradation of 
Mycotoxins 

The degradation efficiency of mycotoxins during natural composting is often 

limited. However, bio-enhancement through the inoculation of specific functional 

microorganisms can significantly improve toxin removal. The addition of exogenous 

fungi such as Paenibacillus sp. and Weissella paramesenteroides can enhance the activity 

of metabolic pathways related to the biodegradation of exogenous substances in digestate 

compost, thereby promoting the decomposition and transformation of macromolecular 

organic matter. The co-composting of moldy feed and crop straw have provided more 

direct evidence. After 60 d of composting treatment using a composite inoculum of 

Weissella paramesenteroides and Paenibacillus sp., the degradation percentages reached 

64.5% for aflatoxin B1, 65.0% for T-2 toxin, and 61.3% for ochratoxin A. Meanwhile, 

zearalenone degradation reached 67.7%, and vomitoxin degradation reached 48.3% 

(Chen et al. 2025). This degradation effect is primarily attributed to two factors: first, the 

extracellular enzymes – such as cellulase and laccase – secreted by functional strains 

during the composting process possess non-specific attack capabilities against toxin 

molecules. Second, the introduction of the composite microbial inoculant optimized the 

microbial community structure, increasing the relative abundance of functional 

microorganisms associated with toxin degradation (such as Bacillus and Pseudomonas 

species), thereby forming a synergistic microbial ecosystem for degradation. Additionally, 

composting temperature, lignocellulose content, and humic acid content are key 

environmental factors influencing microbial community succession, and regulating these 

parameters can further optimize degradation efficiency (Tao et al. 2025). 

 

Factors Affecting Degradation Efficiency and Prospects for Resource 
Recovery 

The degradation efficiency of mycotoxins in digested sludge compost is 

influenced by multiple factors, and scientifically regulating these factors is key to 

achieving efficient detoxification. The inoculation with a single microbial strain yields 

limited degradation results, whereas a composite inoculum consisting of cellulose-

degrading bacteria and fermentation-promoting bacteria can produce a synergistic effect, 

significantly improving toxin removal rates (Wang et al. 2024).  

For the composting process parameters, temperature control is particularly 

important to maintain a high-temperature phase above 55 ℃ for 5 to 7 d to kill 

pathogenic bacteria and toxin-producing fungi without excessively inhibiting the activity 

of functional microorganisms. Simultaneously, controlling the initial moisture content at 

65 to 70% and adjusting the C/N ratio to around 25:1 creates a suitable environment for 

microbial metabolism (Shen et al. 2024).  

Regarding substrate characteristics, when the lignocellulose content in biogas 

slurry was high, adding conditioners such as biochar could improve the permeability of 

the compost pile, extend the duration of the high-temperature phase, and thereby promote 

the humification process. From the perspective of resource utilization, composted biogas 

slurry achieved a seed germination index of over 81.7%, with humus content increasing 
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by more than 15% and total nutrient content significantly rising, indicating that the 

product possesses good agricultural safety (Maffia et al. 2024).  

Future research should focus on the screening and domestication of highly 

efficient degrading strains, the optimization of composite microbial agent formulations, 

and the elucidation of mycotoxin metabolic pathways during the composting process. 

This will provide scientific support for establishing a safe technology system for the 

return of digester residue to farmland, thereby promoting the synergistic development of 

agricultural waste recycling and agricultural product quality and safety. 

 
 
FUTURE DIRECTIONS 

 

Research on the degradation of mycotoxins in whole grains during the production 

of fuel ethanol, biogas, and organic fertilizers is evolving from a focus on “passive 

removal” toward a future approach centered on “active regulation and synergistic 

resource conversion.” The future trend is to systematically integrate ethanol, biogas, 

composting and other links, forming a closed-loop system of the entire industry chain 

with efficient material and energy circulation.  

The future efforts should focus on developing engineered strains or enzyme 

preparations tolerant to high concentrations of toxins and feedback inhibition by 

metabolites, and deeply integrating them into key process nodes such as ethanol 

fermentation, biogas methane production, and the humification of organic fertilizers to 

achieve an integrated approach of “targeted toxin removal-high-efficiency product 

conversion-safety enhancement.”  

Concurrently, a comprehensive evaluation system must be established covering 

the toxicity assessment of degradation intermediates and the safe application of fertilizers 

throughout the entire chain. By leveraging machine learning and process sensing 

technologies to enable dynamic optimization, we can promote the synergistic high-value 

utilization and harmless disposal of byproducts. Ultimately, this will establish a circular 

economy model centered on “source control—process degradation—end-use safety,” 

providing a systematic solution for the green and low-carbon transformation of the 

whole-grain deep-processing industry and the safety of agricultural ecosystems. 

 
 
CONCLUDING STATEMENTS  
 

1. Limited degradation during ethanol fermentation: The fermentation pretreatment and 

distillation processes for fuel ethanol do not fully degrade most mycotoxins; some 

toxins are transferred to the distiller’s grains, increasing the risks associated with 

subsequent processing. 

2. Turn waste into treasure: The conversion of waste such as distiller’s grains and 

wastewater generated during ethanol production into energy not only solves the 

problem of treatment, but also creates new value. Distilled grains are anaerobically 

digested to produce biogas, which not only treats high concentration organic 

wastewater but also recovers green energy.  
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3. Enhanced biodegradation through composting: During the aerobic composting of 

biogas slurry, the synergistic interaction between microbial metabolism and high 

temperatures further breaks down residual toxins, ensuring the safety of the organic 

fertilizer product. 

4. Coordinated management is required throughout the entire process: Effective toxin 

reduction and safe resource utilization can only be achieved through process 

optimization and monitoring across the entire “fermentation-anaerobic digestion-

composting” chain. 
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