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Abstract

:

The occurrence of Fusarium Head Blight (FHB) mycotoxins in wheat grains is a major threat to global food safety and security. Humans and animals are continuously being exposed to Fusarium mycotoxins such as deoxynivalenol (DON) and its acetylated derivatives 3ADON and 15ADON through the ingestion of contaminated food or grain-based diet. In this study, a host-specific mycoparasite biocontrol agent (BCA), Sphaerodes mycoparasitica, significantly reduced FHB mycotoxin occurrence in harvested wheat grains from Fusarium graminearum 3ADON chemotype infected plants in greenhouse. Four genotypes of wheat, two common wheat and two durum wheat cultivars with varying FHB resistance levels were used in this study. Principal Coordinate Analysis (PCoA) using Illumina ITS sequences depicted beta diversity changes in Fusarium species indicating that both plant cultivar and BCA treatments influenced the Fusarium species structure and mycotoxin occurrence in grains. Fusarium graminearum complex (cluster A), F. avenaceum and F. acuminatum (cluster B), and F. proliferatum (cluster C) variants were associated with different FHB mycotoxins based on LC-MS/MS analyses. The predominant FHB mycotoxins measured were DON and its acetylated derivatives 3ADON and 15ADON. The BCA reduced the occurrence of DON in grains of all four cultivars (common wheat: 1000–30,000 µg·kg−1.; durum wheat: 600–1000 µg·kg−1) to levels below the Limit of Quantification (LOQ) of 16 µg·kg−1. A relatively higher concentration of DON was detected in the two common wheat genotypes when compared to the durum wheat genotype; however, the percentage reduction in the wheat genotypes was greater, reaching up to 99% with some S. mycoparasitica treatments. Similarly, a higher reduction in DON was measured in susceptible genotypes than in resistant genotypes. This study’s findings underscore the potential of a Fusarium-specific S. mycoparasitica BCA as a safe and promising alternative that can be used in conjunction with other management practices to minimize FHB mycotoxins in cereal grain, food and feed intended for human and animal consumption.
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1. Introduction


Fusarium head blight (FHB), or head scab, is the most devastating and widespread disease of small-grain cereals, especially wheat. This ancient plague, with origins in the fertile crescent, is caused by the phytopathogenic Fusarium graminearum species complex (FGSC). This FGSC, also known as F. graminearum sensu stricto, is a phylogenetically distinct group of 16 taxa that predominates in major wheat-growing areas of North America and other major wheat-producing regions worldwide. [1,2,3]. In wheat, the heads/ears of a growing plant are most susceptible to FHB attack at the beginning of anthesis through the soft dough stage of seed or kernel development [2,4,5]. Following a successful FHB infection, symptomatic and asymptomatic seeds contaminated with mycotoxins may cause a variety of adverse health effects and pose a serious health threat to both humans and livestock [6,7,8]. FHB-associated mycotoxins also play a key role in the disease’s establishment and progression [9]. For instance, F. graminearum is a highly virulent hemibiotrophic phytopathogen that produces potent toxins that are known to increase disease severity in wheat under favorable climatic changes [10,11,12,13]. Consequently, FHB and its associated mycotoxins are vital to global agriculture because of the economic burden on the cereal industry, the substantial reduction in grain yield and quality, and the undesirable health effects on humans and animals. Some Fusarium mycotoxins, such as deoxynivalenol (DON) and zearalenone (ZEA), are among the most important mycotoxins globally [14]. These two mycotoxins, along with type A trichothecenes, T-2 toxin and HT-2 toxin, and type B trichothecene, and nivalenol (NIV), round out the list of toxicologically important Fusarium mycotoxin contaminants in wheat and other cereal crops and food products. [12,13].



The detrimental effects of these Fusarium-produced mycotoxins on human and animal health have been well documented [13,15,16,17,18,19]. Type-A trichothecenes such as T-2 toxins are cytotoxic and immunosuppressive. T-2 toxin inhibits protein synthesis and damages lipids. Type B trichothecenes such as DON, also known as vomitoxin, causes intestinal irritation, vomiting, diarrhea, loss of appetite, anorexia, skin dermatitis, necrosis of certain tissue, and feed refusal in animals [16,20]. Trichothecenes also inhibit and disrupt mitotic cell division, and some can also induce apoptosis in normal cells [16]. Zearalenone, also produced by Fusarium, is a nonsteroidal estrogenic mycotoxin that affects the functioning of reproductive organs and causes reproductive disorders in pigs and cattle [21]. Therefore, regulatory limits for maximum levels of some FHB mycotoxins in food and feed have been established by various regulating bodies around the world [22,23,24]. The European Commission is one such organization that has set strict legal limits of 1250 ppb for DON in unprocessed common wheat and barley, 1750 ppb for unprocessed durum wheat and oats, 750 ppb for flour, 500 ppb for finished products, and 200 ppb for infant food [22] in an attempt to minimize toxicosis and ensure food safety and security. In both the United States and Canada, the U.S. FDA and Health Canada proposes a maximum limit ~1 ppm/1000 ppb (µg·kg−1) for DON in processed food, flour, meal, semolina and flakes derived from wheat [23,24]. Consequently, agricultural and food products with certain Fusarium mycotoxins above specified limits are excluded from trade, resulting in significant economic losses. In Canada alone, food loss and waste due to mycotoxin contamination is estimated to be USD 1 billion per year [25,26].



The increasing loss in the wheat industry due to FHB has led to the implementation and practice of several control methods to limit the development and spread of FHB mycotoxins in preharvest cereal crops and postharvest food products. Nevertheless, given the increased Fusarium aggressiveness, spectrum of mycotoxins, climate change, lowered pesticide effectiveness and plant resistance, many contemporary FHB management strategies are mostly ineffective and unsustainable [19,27,28,29,30]. Currently, there is no cultivar with complete resistance to FHB in both common wheat and durum wheat. Furthermore, most modern commercially available cultivars possess at best moderate or medium resistance, with the exception of the first ever intermediate-level resistance durum variety, which was developed in AAFC—Swift Current, Saskatchewan Canada—after years of research [31]. Owing to the lack of FHB resistance in modern cultivars against the highly virulent F. graminearum 3ADON lines, at present foliar application of fungicides is the most widely used method of controlling FHB and mycotoxins. However, the effectiveness of synthetic FHB fungicides fluctuates based on cultivar type, application time of the fungicide, pathogen sensitivity, health and environmental concerns, agricultural product quality, and cost [6,32]. Compounding this is also an increase in reports globally on Fusarium resistance to synthetic fungicide ingredients such as carbendazim, azoxystrobin, and other fungicides used in the management of FHB [33,34,35,36,37]. Additionally, most of the fungicides on the market are formulated to meet to a certain extent the requirements of the first two types of active resistance to FHB as classified by Mesterházy [38]. Type I is resistance against initial infection [39], while type II is resistance to pathogen spread in infected tissue [39]; however, only a few of these synthetic fungicides are able to provide partial resistance to toxins in wheat ears by decomposing them in what is classified as type V resistance [40,41]. Therefore, alternatives that can detoxify, degrade or transform and prevent mycotoxin formation would be an ideal treatment for controlling FHB mycotoxins in wheat and other cereal crops.



Fungal and bacterial biocontrol agents (BCAs) are a group of alterative management strategies that have been shown to produce bioactive compounds that can degrade and detoxify FHB and its associated mycotoxins. These biocontrol agents, some of which are endophytes, live asymptomatically in their host and can provide protection, degrade toxins, and induce the host plant’s immune response against different pathogens [42,43,44,45]. Trichoderma and Clonostachys (also known as Gliocladium) species are well-investigated groups of mycoparasitic generalists which have been extensively used in the agricultural industry as biopesticides and sources of enzymes used in the fight against various plant diseases [45,46,47,48]. A Fusarium-specific mycoparasite isolated from wheat fields in Canada, Sphaerodes mycoparasitica is a next-generation BCA that has been documented in numerous studies [49,50,51]. Sphaerodes mycoparasitica Vujan. is a biotrophic endophyte that not only destroys FHB caused by FGSC (F. graminearum, F. oxysporum, and F. avenaceum) species through direct parasitism, but also produces bioactive compounds that can degrade, detoxify, and transform potent toxins into more benign forms. According to Kim and Vujanovic [52], S. mycoparasitica substantially reduced DON, 3ADON, 15ADON, and ZEA to less toxic derivatives in a co-culture system. This mycoparasitic BCA also provides prenatal care to wheat plants, protecting germinating seeds from Fusarium infestation [50].



Extensive research into fungal endophytes as BCAs of FHB is ongoing [43]; however, there is currently no commercially available biopesticide for common wheat and durum wheat. Even though several studies have already demonstrated the effectiveness of wheat host resistance factors and BCA eco-friendly control, the large-scale implementation of this technology is yet to be realized. Undoubtedly, significant strides have been made using Next-Generation Sequencing (NGS) technology in deciphering the whole genome of common and durum wheat and F. graminearum. The transcriptome of F. graminearum during the infection of wheat [38] has elucidated different fungal genes coding for metabolites and multiple virulence factors assisting the spread and progression of FHB. However, these insights also highlight the complexity of pathogenic and mycotoxigenic Fusarium, suggesting that a more rigorous management system is needed to control FHB and its mycotoxins. In addition, the emergence of new pathogenic F. graminearum lineages that have rapidly evolved into more aggressive mycotoxin chemotypes, such as 3ADON compared to 15ADON and NIV, underscores the need for an innovative management strategy. Global warming is another significant factor that makes FHB a greater threat to even the most resistant common and durum wheat cultivars presently on the market. While the most promising cultivars provide a certain level of type I and type II resistance, there is no cultivar that is primed to effectively reduce or minimize the effects of harmful mycotoxins such as DON, NIV, fumonisins (FUM), and aurofusarin (AUS). It is at this juncture that protocooperation between common and durum wheat host genotypes and BCAs specific to aggressive Fusarium lineages could be a promising strategy in the management of FHB in cereal crops.



Protocooperation is an ecological interaction in which two organisms gain benefits through synergy and cooperation. The interaction, however, is not essential to the survival of either organism, as exemplified by the well-known interaction between cattle and egret. There are several studies on Fusarium–host (wheat) interaction, host improvement through cultivar optimization, breeding for FHB resistance, fungicide effectiveness, and other management strategies, as revealed by data from the Web of Science Database [53]. However, at the bottom of this FHB management list sits the least explored management area: BCA–Fusarium–cereal host interaction. A quick advanced search of the Web of Science database confirms that a great chasm exists between studies that investigate other FHB management strategies and the tripartite interaction between BCA as cereal host supporters or enhancers of resistance against FHB. Indeed, the tripartite S. mycoparasitica (BCA)–F. graminearum (pathogen)–wheat (plant host) experiments using Synchrotron-based Fourier transform infrared spectroscopy (FTIR) showed that protocooperative strategy is possible; and this BCA can be applied in agriculture fields as an early disease prevention strategy. Nonetheless, there are huge gaps in knowledge pertinent to the domain of protocooperation, such as with respect to (i) BCAs and breeding, (ii) BCAs and cultivars, (iii) BCAs and fungicides, and (iv) BCAs and other management strategies. A search in the Web of Science database also revealed that only 7% of scientific papers on FHB treatment are focused on BCA + breeding and 22% on BCA + cultivars, compared to 71% of papers reporting on BCA with fungicides and other management strategies over the 70-year period (1951–2021) [53]. Hence, there is potential to explore the interaction/protocooperation of BCA and cultivars throughout breeding programs in small-grain cereals as a sustainable alternative to reduce FHB in crops. This area of protocooperation between BCAs and crop genotypes as a possible FHB management strategy is vast, and the possibility for discovering new protective mechanisms using OMICS (genomics–transcriptomics–proteomics) strategies is promising. As the history of controlling FHB in common wheat, durum wheat, and other crops has shown, a more effective resistance against FHB is achieved when management strategies are thoughtfully and carefully combined. This research investigated the effectiveness of the BCA, S. mycoparasitica in influencing Fusarium species (FGSC) profile, especially F. graminearum species complex changes using Illumina sequencing technology and modulating FHB mycotoxins in grains assessed by High-Performance Liquid Chromatography-Tandem Mass Spectrometry (HPLC-MS/MS). The study objectives were (i) to investigate S. mycoparasitica effectiveness in reducing FHB mycotoxins in common wheat (Triticum aestivum) and durum wheat (Triticum turgidum ssp. durum) genotypes; and (ii) to investigate its effectiveness in reducing mycotoxins in moderately resistant and moderately susceptible common wheat and durum wheat genotypes.




2. Materials and Methods


2.1. Greenhouse Trials and Sampling Methods


All potted common wheat and durum wheat plants were grown in greenhouse (Plant Science and Crop Development Centre (CDC), University of Saskatchewan) growth chambers (Figure 1) separated from those chambers harboring different plant hosts. Seeds (provided by Dr. Hucl of CDC, University of Saskatchewan) were surface disinfected in 75% ethanol for 10 s, rinsed with sterile distilled water for 10 s, submerged for 3 min in 5% sodium hypochlorite (Javex® 12 Bleach, Clorox Company, Spartanburg, SC, USA) and then rinsed five times with sterile distilled water.



There were 10 treatments in total, as described in Table 1. For each treatment, five seeds were placed in one 4 L plastic pot containing 400 g (dry weight) of autoclaved field-capacity Sunshine mix 4 (SunGro Horticulture Canada Ltd., Vancouver, BC, Canada), consisting of three replicates. For treatments in which the BCA was applied at seed, wheat seeds of each cultivar were surface-sterilized and coated with 48-h-grown fungal endophyte SMCD 2220-01 or a combination of SMCD 2220-01 and SMCD 2220-02(5) in treatment 7-SmXseed, and then covered with a ~4 cm layer of sterilized Sunshine mix 4 (SunGro Horticulture Canada Ltd., Vancouver, BC, Canada).



In this experiment, the pots were arranged in a randomized complete block design (RCBD) in the greenhouse to mimic the setting in ongoing field trials at the time. Locations of blocks of pots and/or individual pots were changed weekly to account for any variation in the greenhouse conditions. Day and nighttime temperatures varied from 20 to 36 °C and 16 to 20 °C, respectively. Relative humidity during the afternoon and nighttime varied from 50 to 90%. On sunny days, natural sunlight provided irradiation. On cloudy or winter days with reduced daylight photoperiodic conditions, 1000-watt high-pressure sodium lightbulbs supplemented sunlight. These bulbs were suspended from the ceiling roughly 2 m above the plants. Standard-watered plants were kept at about 90–95% water-holding capacity (max. 100% only at the time of watering). A typical application rate of S. mycoparasitica to seed as a liquid suspension was 8 g per liter of water as the optimized suspension mix, and 10 mL of that suspension (1 to 2 × 106 CFU-Colony Forming Unit) was used to inoculate a kilogram of seed. This pertains to all treatments in which the BCA was applied to seeds. For treatments in which the BCA was applied at the flowering stage, a typical foliar application range was 8–10 mL BCA + 60 mL water per greenhouse experiment due to the differences in crop size and maturity stage. Fusarium graminearum suspensions contained 1 to 2 × 104 CFU and were applied to all treatments except for the control (treatment 1) at the flowering stage during an 8 h window after BCA application. Each treatment for each cultivar had 3 replicates in the greenhouse experiments, giving a total of 120 seed samples. A premium Home & Garden Hand (RL Flo master) sprayer was used to apply inoculants on healthy spikes. After spraying, spikes were covered with transparent plastic bags for 12 h to ensure that the spike was fully contaminated by the inoculant.




2.2. Seed Sample Preparation


The harvested plants of each of the 4 cultivars (2 common wheat CDC Go (moderately susceptible—MS) and AAC Brandon (moderately resistant—MR) and 2 durum wheat AAC Strongfield (susceptible—S) and CDC Credence (moderately susceptible plus—MS+)) were stored at −18 °C. Before mycotoxin analysis, the plants were removed from storage and the number of spikes on each plant was counted and recorded. Each plant was then threshed spike by spike and the weight of each spike and the weight of grains in each spike were then recorded. The cumulative weight of grains in each wheat plant was recorded and stored in labeled containers. There were three replicates for each treatment (Table 1). In total, 30 grain samples were randomly selected for each cultivar. After the plants in each cultivar and respective treatments were threshed, 15 g of seeds from the 3 replicates for each treatment of each cultivar were packaged, labeled, and analyzed for mycotoxins. There were 10 samples for each cultivar, one for each treatment, giving a total of 40 seed samples less one because no plants were harvested for the CDC Credence cultivar (that showed high sensitivity to the chemical fungicide Prosaro) that was treated with S. mycoparasitica + fungicide at the seed (treatment number 3). In all, a total of 39 samples were analyzed.



For Illumina sequencing analysis, only the control (treatment 1) and treatments applied on anthesis Smanth, SmFanth., F.gr.anth and SmXanth (treatments 4, 5, 6 and 8, respectively) were considered. Approximately 1 g of wheat seeds from each treatment was surface disinfected in 70% ethanol for 30 s, followed by submersion in NaClO (aqueous 1.2% v/v solution) for 3 min. After the disinfection process, plant material was rinsed 3 times in sterile tap water. Efficacy of surface sterilization was checked by spreading 0.1 mL of the last washes onto 1/10th strength tryptone soy (1/10 TSA) and PDA solidified with 1.5% agar. Next, the surface-disinfected seed material was cut into 0.5 cm portions in aseptic conditions and stored at (−80 °C) until processed for DNA extraction.




2.3. Analysis of Fusarium Profile Using High-Throughput Sequencing and Bioinformatics


Total genomic DNA was extracted from seed material using a plant DNA extraction kit (Qiagen Inc., Montréal, QC, Canada). Seed samples (~100 mg) were disrupted using the Precellys 24 Tissue Homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France). DNA extractions were conducted following the manufacturer’s protocols. The DNA yield was quantified using the Qubit DNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and DNA electrophoresis in 1% agarose gels stained with the SYBRTM safe DNA gel stain (Invitrogen, Waltham, MA, USA). DNA samples from replicates of the same treatment were pooled together to an equal DNA ratio. A total of 20 DNA samples were submitted for high-throughput sequencing to the Génome Québec Innovation Centre, McGill University using Illumina MiSeq technology. The PCRs were conducted using the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′), which amplify the ITS fungal gene [54]. Sample libraries were prepared according to the MiSeq reagent kit preparation guide (Illumina, San Diego, CA, USA), and the sequencing protocol from de la Cuesta-Zuluaga and Escobar, 2016 [55].



Bioinformatics and statistical analyses were performed to portray Fusarium diversity in grain samples. ITS sequences derived from extracted DNA from common wheat and durum wheat seeds using high-throughput Illumina technology were analyzed using Mothur version 1.34.3 [56]. The standard operating procedure included the generation of contigs from the combination of forward and reverse reads and the removal of sequence errors and chimeras [57]. Taxonomic classification was performed with naïve Bayesian classifier using the SILVA database. Reads displaying at least 97% identity were clustered into Operational Taxonomic Units (OTUs). After classification, only OTUs corresponding with Fusarium spp. were selected for further analysis. The relative abundance of a taxon in a sample was calculated as the percentage of sequence reads belonging to the taxon in relation to the total number of reads in a sample. Principal coordinate analysis (PCoA) based on Bray–Curtis distances was performed using QIIME (Quantitative Insights Into Microbial Ecology) software version 1.9.1 [57] to explore differences in the structure of Fusaria communities between treatments and any relation to the diversity and abundance of FHB mycotoxins (DON, 3ADON and 15ADON). To meet the homogeneity of variance, NGS data were standardized using Hellinger standardization and mycotoxin data were log-transformed. A permutational multivariate analysis of variance (PERMANOVA) was used to test the significant difference between taxonomic fusaria (OTU level) data (beta diversity) and the influence of treatments and plant cultivars using PC-ORD software, Version 7 for Windows [58].




2.4. Mycotoxin Analysis by Liquid Chromatography with Tandem Mass Spectroscopy


2.4.1. Sample Preparation


Each grain sample n = 39 was first inspected for moisture and size (each particle size had to be <10 mm), without contamination. Samples were then ground with an industrial mill (Ultra Centrifuge Mill ZN 200, Retsch) with a 0.5 mm sieve to obtain samples that were as homogenous as possible. Samples were prepared from 5 g of meal using a direct extraction method for all mycotoxins. The samples were mixed with 20 mL of 80% acetonitrile (ACN)+ 20% water, vortexed and then shaken for 60 min on a mechanical shaker. Following this, the samples were then centrifuged at 3500 rpm for 10 min. One milliliter (1 mL) of the organic phase (supernatant) was then filtered through a 0.45 μm nm PTFE (polytetrafluoroethylene) filter using a syringe. The syringe was triple rinsed with acetonitrile (ACN) between samples and the PTFE filter was replaced between samples. One hundred and sixty microliters (160 μL) of each filtered sample were then added to 40 μL of Internal Standard (ISTD) (this was the same ISTD that was used in the standard-STD curve), which was used to account for the matrix effect. The solution was vortexed and then dried down with nitrogen gas using the Multivap equipment. The resulting sample was then reconstituted in 200 μL of 50/50 MeOH/water solvent. This 200 μL reconstituted sample was then transferred to HPLC vials and centrifuged at 3500 rpm for 10 min. Aflatoxin B1, 3+15ADON (acetyl-deoxynivalenol), deoxynivalenol-DON, diacetoxyscirpenol-DAS, FB1, FB2, HT-2, NIV, ochratoxin A, T-2 toxin, and zearalenone (ZEA) were extracted from ground samples and quantified by UHPLC-MS/MS. The research methodology, separation chromatographs and internal standards for these mycotoxins have previously been published by Nualkaw et al. [59].




2.4.2. Mycotoxin Analysis by LC-MS/MS


The quantification of mycotoxins was performed using a Vanquish UHPLC and TSQ Altis triple quadrupole MS/MS (Thermo Scientific, Mississauga, ON, Canada). The chromatographic column used was a Hypersil GOLD 100 mm × 2.1 mm × 1.9 μm column with a 2.1 mm pre-filter cartridge. The injection volume was 2 μL. The mobile phase consisted of variable mixtures of mobile phase A (LCMS grade water with 0.1% formic acid) and mobile phase B (LCMS grade methanol with 0.1% formic acid) at a flow rate of 0.3 mL/min with a gradient elution program. The total run time was 16 min. The mass spectrometer was operated in both the positive and negative electrospray ionization (ESI) mode. The positive mode analytes were DON and its 3+15ADON derivatives, FB1, FB2, HT2, and T2. The negative mode analytes were NIV and ZEA. The capillary voltage was 3.2 kV for the positive mode and 2.2 kV for the negative mode. Nitrogen was used as the spray gas. Mycotoxins were analyzed using the Selective Reaction Monitoring Mode (SRM). The limit of detection (LOD) was 0.25 μg·kg−1 (or 0.25 ppb) for all mycotoxins, while the limit of quantification (LOQ) for DON, 3+15ADON, and NIV was 16 μg·kg−1, for FB1 and FB2 were 1 μg·kg−1, HT2, T-2, and ZEA were 4 μg·kg−1. Mycotoxin analysis was performed by Prairie Diagnostic Services, Saskatoon SK, Canada.



In terms of reagents and chemicals, methanol, acetonitrile, formic acid, and water, all LC-MS grade, were purchased from Fisher, Canada. Mycotoxin standards, 15-acetyl deoxynivalenol (15ADON), 3-acetyldeoxynivalenol (3ADON), aflatoxin B1, Fumonisins B1 (FB1), deoxynivalenol (DON), and diacetoxyscirpenol (DAS) were purchased from Romer, Canada. Mycotoxin internal standards [13C17]-3 acetyl deoxynivalenol, [13C17]-aflatoxin B1, [13C15]-deoxynivalenol, [13C19]-diacetoxyscirpenol, [13C34]-Fumonisins B1, [13C34] fumonisin B2, [13C22]-HT2 toxin, 13C20, ochratoxin A, 13C15-nivalenol, 13C24 T-2 toxin, 13C18, and zearalenone were purchased from Romer, Canada. Stock solutions for all standards were prepared by Prairie Diagnostics, University of Saskatchewan, and stored at −18 °C until analysis. Working standard solution was made by diluting the stock solution in 50% methanol (MeOH) + 50% water. From the individual stock standard solution, a standard mixture was prepared for each mycotoxin.





2.5. Statistical Analysis


Statistical analysis for mycotoxins was completed using Statistical Analysis Software (SAS, version 10). All samples with mycotoxin concentration below the LOQ were assigned a value of (LOQ)/2, i.e., 8 μg·kg−1 for DON, 3+15ADON, NIV, and DAS, 2 μg·kg−1 for T-2, HT-2, and ZEA, and 0.5 μg·kg−1 for FB1 and FB2, log10 transformed to normalize residuals for analysis of variance (ANOVA).





3. Results


3.1. Mycotoxins Results


A total of 39 seed samples—CDC Go (n = 10), AAC Brandon (n = 10), AAC Strongfield (n = 10), and CDC Credence (n = 9)—were analyzed for 12 mycotoxins—DON, 3ADON and 15ADON, FB1, FB2, NIV, ZEA, T-2 toxin, HT-2 toxin, DAS, ochratoxin A and aflatoxin B1. Of these, nine mycotoxins were quantifiable above their respective LOQs in varying amounts in the samples. Three mycotoxins—aflatoxin B1, DAS, and ochratoxin A—were not quantifiable above their respective LOQs in all samples. Deoxynivalenol (DON) was the major mycotoxin, and was quantifiable in 54% of the samples above its LOQ of 16 μg·kg−1, followed by FB1, which was detected in varying amounts in 51% of the samples above the LOQ of 1 μg·kg−1, next was 3+15ADON, which was also detected in varying amounts in 13% of the samples above the LOQ of 16 μg·kg−1, and FB2 was detected in minimal amounts in 3% of the sample above the LOQ of 1 μg·kg−1 (Table 2, Table 3, Table 4 and Table 5). The other mycotoxins—NIV, ZEA, T-2 toxin, and HT-2 toxin—were not detected or were only minimally detected in fewer than 1% of all the samples at levels above their respective LOQs. Table 2, Table 3, Table 4 and Table 5 summarize the concentrations of DON, 3+15ADON, FB1, and FB2 in four cultivars. The major mycotoxins detected in the grain samples were DON, 3+15ADON, Fumonisins B1 and B2 (FB1 and FB2) (Table 4 and Table 5). These four mycotoxins were detected in more than 2% of the grain samples.




3.2. Deoxynivalenol (DON) Concentration in Common Wheat and Durum Wheat Cultivars


Deoxynivalenol (DON) was the most frequently detected Fusarium mycotoxin and was usually reported as having the highest concentration in the common and durum wheat samples. The highest concentration of DON was seen with treatment 6 (F. graminearum applied at anthesis (F.gr.anth.)), as the positive control, in all four cultivars (Table 2). The results of the mycotoxin analysis showed that the BCA-formulated treatments reduced DON concentrations to levels below the LOQ (<16) in 58% of the 31 samples (this number does not include the four samples of the control and the four samples of the F.gr.anth. treatment). In all of the BCA-treated samples, DON occurrence was significantly reduced by at least 94.2–99.9% across all four cultivars when compared to the F. graminearum treatment. Overall, there was a cumulative reduction in DON levels of 99.9% in the CDC Go with all BCA treatments compared to the F.gr.anth. treatment. For AAC Brandon, there was a cumulative reduction in DON levels of 99% with all BCA treatments compared to the F.gr.anth. treatment. In both durum cultivars, AAC Strongfield and CDC Credence, there was an overall 97% reduction in DON levels for all BCA treatments when compared to F.gr.anth. treatments.



The treatments Sm anth. and SmF seed + SmF anth. were the most effective at reducing the occurrence of DON to levels below the LOQ in all four (4) cultivars compared to both the control and F.gr.anth. treatments. With these two treatments, the DON levels in both wheat cultivars, CDC Go and AAC Brandon, were reduced by at least 99.9% and 99.8%, respectively, compared to the F.gr.anth. treatment. In the durum cultivar AAC Strongfield, DON occurrence was reduced by at least 98.4% with both treatments compared to the F.gr.anth. treatment. In the case of the durum cultivar CDC Credence, Sm anth. treatment reduced DON levels by at least 97.2%, and SmFseed + SmF anth. treatment reduced DON levels by at least 96.8% when compared to the F.gr.anth. treatment. In all treatments, the highest DON concentration (29720 μg·kg−1) was detected with treatment 6 (F.gr.anth.) in the moderately susceptible wheat cultivar CDC Go (Table 2). The lowest DON levels were detected with treatment 3 (Sm anth.) in all four cultivars. Overall, a higher concentration of DON was detected in the two common wheat cultivars (CDC Go and AAC Brandon) compared to the two durum wheat cultivars (AAC Strongfield and CDC Credence. The concentration of DON was also detected as being higher in the two moderately susceptible cultivars (CDC Go and AAC Strongfield) compared to the more resistant cultivars AAC Brandon and CDC Credence (Table 2).




3.3. Acetylated 3ADON+15ADON in Common Wheat and Durum Wheat Cultivars


Of the 39 samples that were analyzed for the various mycotoxins, only 13% had 3+15ADON levels above the LOQ of 16 (μg·kg−1). The concentration of these mycotoxins was relatively low compared to the DON. These acetylated DON derivatives were only detected in 2% of all samples. Overall, all the BCA treatments reduced the occurrence of 3+15ADON to a significant extent, below the LOQ levels compared to the control and F.gr.anth. treatments. All eight BCA treatments reduced 3+15ADON levels in CDC Go by at least 96.8% when compared to the F.gr.anth. treatment. In the other wheat cultivar, AAC Brandon 3+15ADON levels were also significantly reduced by at least 94.3% with all BCA treatments compared to the F.gr.anth. treatment. There was no comparative reduction in 3+15ADON levels between the BCA treatments and F.gr.anth. treatment for the cultivar AAC Strongfield. AAC Strongfield was the only cultivar in which 3+15ADON levels were below the LOQ with the F.gr.anth. treatment. The lowest average of 3+15ADON occurrence in all four cultivars was observed in the moderately susceptible plus cultivar CDC Credence. Only one treatment, F.gr.anth., induced 3+15ADON occurrence reaching levels above the LOQ. The percentage reduction in 3+15ADON in CDC Credence compared to treatment 6 was at least 26.9%. In AAC Strongfield, the only increase (73.1%) in 3+15ADON levels compared to the control and all other treatments including F.gr.anth. was recorded with treatment 8 (SmX anth.). However, the detected amount was way below the regulated amount according to the Canadian Grain Commission monitoring limits.



The highest concentration of 3+15ADON was observed in CDC Go, followed by AAC Brandon, and AAC Strongfield, and the lowest occurrence was found in CDC Credence (Table 3). In general, the two mycotoxins quantified together constituted the third most frequently detected mycotoxin found in all 39 samples. The concentration of these mycotoxins was relatively low compared to the other three frequently detected mycotoxins (DON, FB1, and FB2). The highest concentration of 3+15ADON was seen in the moderately susceptible common wheat cultivar CDC Go (Table 3), while the lowest concentration was seen in the moderately susceptible plus durum wheat cultivar CDC Credence. This was similar to the trend found with the other major mycotoxins. The overall concentration of 3+15ADON was higher in the common wheat cultivars compared to the durum wheat cultivars. The concentration of 3+15ADON was also higher in both moderately susceptible cultivars compared to the more resistant cultivars. There are no legal limits for DON, 3+15 ADON, FB1, and FB2 in Canada; however, there are regulatory guidelines for these mycotoxins in food and feedstuff. None of the samples, except for those that were treated with treatment 6 (F.gr.anth.) exceeded the World Health Organization guidance values for DON or the recommended tolerance levels for Fumonisins.




3.4. Fumonisin B1 (FB1) and Fumonisin B2 (FB2) in Common Wheat and Durum Wheat Cultivars


The occurrence of Fumonisin B1 (FB1) and Fumonisin B2 (FB2) above LOQ < 1 μg·kg−1 was detected in 51.3% and 20.5%, respectively of the 39 seed samples analyzed. FB1 and FB2 were the second and third most frequently detected Fusarium mycotoxins in the samples. These two mycotoxins were detected in all four cultivars in varying amounts. The highest occurrence of FB1 and FB2 was recorded with treatments 8 (SmX seed) and 9 (S. mycoparasitica seed + S. mycoparasitica at anthesis (Sm seed + Sm anth.)) compared to both control and F.gr.anth. treatments in the moderately susceptible wheat cultivar CDC Go (Table 4 and Table 5). The moderately resistant wheat cultivar AAC Brandon had the second-highest occurrence of FB1 and FB2 with treatments 8 and 9 (Table 4 and Table 5). A marked increase in FB1 and FB2 was also seen in AAC Strongfield with the SmF seed treatment (Table 4 and Table 5). CDC Credence was the only cultivar that had an increase in FB1 and FB2 with treatment 6 (F.gr.anth). In all of the other three cultivars, the occurrence of FB1 and FB2 was not detected or was slightly above the LOQ of 1. In most of the BCA-treated samples, there was an increase in FB1 levels compared to the control and F.gr.anth. treatments. The concentration of FB1 was higher in the common wheat cultivars compared to the durum wheat cultivars, which was also the same trend as that seen for FB2 in the samples. An overall higher concentration of both mycotoxins was seen in the moderately susceptible cultivars compared to the more resistant cultivars of both common and durum wheat (Table 4 and Table 5). In general, the concentration and frequency of FB1 were higher than those of FB2 for all cultivars and treatments.



The highest concentrations of FB2 compared to both the control and F.gr.anth. treatments were recorded in the wheat cultivars. In comparison to FB2, most of the BCA treatments were effective at reducing or stabilizing the levels of FB2 in all cultivars when compared to the control and F.gr.anth. Treatments SmF seed and SmF anth. were the most effective at reducing or maintaining FB2 levels at below the LOQ in all cultivars compared to both the control and F.gr.anth. treatments. Overall, in all cultivars, the BCA treatments maintained FB2 levels at or below LOQ < 1 except for a few marked increases in AAC Brandon and CDC Go.




3.5. Treatment Effect on Mycotoxin Levels in Common Wheat and Durum Wheat Cultivars


3.5.1. Treatment Effect on DON Level


The data for the effects of the 10 treatments on commonly found mycotoxins in small cereal grains were statistically analyzed with One-Way ANOVA, followed by a post hoc Tukey Test, p < 0.05. One-way ANOVA confirmed a significant difference between the BCA treatments and other treatments, and their effects in reducing or exacerbating the different mycotoxins. From the data, F.gr.anth. (treatment 6) had the greatest effect on DON concentration in all cultivars, resulting in a 100–1000-fold increase in DON concentration relative to the control and the treatments formulated with the BCA S. mycoparasitica in each cultivar.



In the common wheat cultivars, DON concentration was not quantifiable above the detection level with the Sm seed, SmF seed, SmF anth., or SmF seed + Sm anth. treatments, while a slight decrease in DON level was seen with the treatments Sm anth. and Sm seed + Sm anth. in the moderately susceptible cultivar CDC Go (MS), (Figure 2). For the moderately resistant common wheat cultivar AAC Brandon, most of the treatments had no significant effect on DON levels when compared to the untreated (negative control); however, when compared to the F.gr.anth. treatment (positive control), there was a significant reduction in DON levels with all BCA treatments. The DON levels in AAC Brandon were the same as in the control with treatments Sm anth., SmFseed, SmF anth.; however, there was a slight increase in DON concentration with the treatments Sm seed + SmF anth. In the durum wheat cultivar AAC Strongfield, DON concentration was not quantifiable with most BCA treatments compared to the control; however, as in the AAC Brandon cultivar, there was a slight increase in DON level with treatment 5—SmF anth. In the moderately susceptible plus CDC Credence cultivar, 50% of the treatment showed DON levels below the LOQ or slightly less than the negative control. There was also a slight increase in DON levels with the treatments Sm seed, Sm seed + Sm anth. in CDC Credence compared to the control. Overall, the highest concentration of DON levels was seen in the common wheat cultivars CDC GO and AAC Brandon, especially with treatments 6–8 in CDC Go and 6, 9–10 in AAC Brandon. One-way ANOVA revealed that the effect of the treatments on DON levels was significant F(9,30) = 3.42, p = 0.005. Post hoc analysis using Tukey’s HSD test for multiple comparisons indicated that the effect of treatment F.gr.anth. was significantly different from the other nine treatments (Figure 2). There were no significant differences between the treatments indicated with the same letter in Figure 2.




3.5.2. Treatment Effect on 3ADON +15ADON


ANOVA analysis revealed that the effect of the treatments on 3+15ADON levels was significant F(9,30) = 4.05, p = 0.002. Post hoc analysis using Tukey’s HSD test for multiple comparisons indicated that the effect of treatment F.gr.anth. on 3+15ADON concentration in the cultivars was significantly different from all other treatments (Figure 3).





3.6. Fusarium Diversity and Associated Accumulation of Mycotoxins in Seeds


Beta diversity of Fusarium OTUs, obtained using Illumina ITS sequences, was visualized using PCoA analysis. The results presented in Figure 4 indicate that both plant cultivar and treatment influenced the Fusarium community structure and mycotoxin production associated with common wheat and durum wheat seeds. Total variance in the dataset could be explained to an extent of 38% by the first component, and the second component explained another 16%. Ordination results depicted the presence of three clusters corresponding with (A) mostly CDC Go samples and Fusarium treatment, SmF anth., (B) mostly AAC Strongfield samples with Sm anth. and SmF anth. treatments, and (C) mostly CDC Credence samples and SmX anth treatment. A positive correlation was detected between F. graminearum (Fgr) and F. unclassified (Fun) with Cluster A; F. proliferatum (Fpr) with Cluster B; and F. avenaceum (Fav) and F. acuminatum (Fac) with Cluster C. The mycotoxins DON and 3+15ADON were also associated with F. graminearum and unclassified Fusarium (Fun) within the F. graminearum complex in cluster A. No correlation between DON and 3+15ADON was observed with any other Fusarium species of clusters B and C. Permanova analysis indicated a tendency (p = 0.08) of F.gr.anth treatment effects on Fusarium communities and associated mycotoxins (Table 6). As shown in Figure 5, the agronomic trait harvested wheat weight/seed yield was also positively associated with CDC Go and AAC Brandon of Cluster C. Association between AAC Strongfield and harvested seed weight/seed yield was also observed. No correlation was observed between CDC Credence and seed yield, with this possibly being attributable to the low success rate of CDC Credence with F.gr.anth treatment. Permanova analysis indicated a tendency of higher effect of BCA (p = 0.08) on Fusarium communities and associated mycotoxins compared to the cultivar effect (p = 0.51); Table 7.





4. Discussion


The biocontrol agent (BCA) in this study Sphaerodes mycoparasitica was effective at reducing Fusarium mycotoxins DON, 3+15ADON, FB1, and FB2 in common and durum wheat under greenhouse conditions. The results of this study are consistent with previous studies on the degradative activity of S. mycoparasitica [60]. The level of reduction depended on the time of BCA (S. mycoparasitica) application, the plant growth stage, and the treatment, which included BCA only, BCA with other beneficial strains (SmX), and BCA with the fungicide Prosaro. The highest concentration of S. mycoparasitica used in this study was 1–2 × 106 CFU/mL, which was an effective treatment dose against F. graminearum based on previous in vitro trials (data not shown). The highest concentration of F. graminearum used in this study was 1–2 × 104 CFU/mL, which was a mixture of F. graminearum 3ADON chemotype SMCD2243 strain and the F. graminearum 3ADON, SMCD2910–10B strain. The dosage of Prosaro fungicide used in this study was 50% of the recommended concentration for the Raxil application, as suggested by the manufacturer, Bayer. The fungicide dosage was reduced to (i) highlight the potency of S. mycoparasitica in solely degrading pathogenic Fusarium mycotoxins under greenhouse conditions, and (ii) assess the effectiveness of reduced chemical fungicide in combination with other management strategies for the treatment of FHB mycotoxins. This study is one of few comparative studies that have so far investigated the effect of the BCA S. mycoparasitica on Fusarium in common wheat and durum wheat. Even though there are a growing number of studies comparing BCA efficacy in resistant and susceptible common wheat cultivars (biocontrol–cultivar relationship), few to none have examined the efficacy of BCAs in susceptible and resistant durum wheat cultivars. To the best of our knowledge, there is no study reported in the literature that has so far compared the effects of BCA, BCA + fungicide, and BCA–cultivar on FHB in resistant and susceptible common wheat and durum wheat cultivars.



There is a well-documented relationship between FHB index and DON concentration, as the most frequently detected mycotoxin in wheat and durum globally [61,62,63]. Of the 39 samples that were analyzed in this study, DON occurrence was above the LOQ of 16 µg·kg−1 in 54% of the samples. Except for treatment 6 (F.gr.anth.), in which no BCA was added, DON levels detected above the LOQ in these samples were significantly reduced and were considered negligible when compared to the standard and regulations for Fusarium mycotoxins in food as set by the Canadian Grain Commission (CGC) [64]. The CGC has established a limit for uncleaned wheat in non-staple foods, which is set at 2000 ppb (2000 µg·kg−1); this limit is currently being reviewed [64]. The reduction in DON levels with the eight different BCA treatments confirmed the effectiveness of S. mycoparasitica in controlling and reducing the levels of DON in all four cultivars in this study.



In the moderately susceptible cultivar CDC Go, DON was reduced by all BCA treatments by at least 99.9% when compared to F.gr.anth. (treatment 6). In the moderately resistant wheat cultivar AAC Brandon, there was at least a 90–99% reduction in DON, and in the moderately susceptible plus durum cultivar CDC Credence there was at least a 96–97% reduction in DON. The efficacy of BCAs in reducing DON and other Fusarium mycotoxins has been reported in other studies with Trichoderma- [47] and Clonostachys rosea-formulated CLO-1 [65] products, albeit with limited efficacy. Of all the BCA treatments used in this study, treatment 4 (Sm anth.) and treatment 9 (SmF seed + Sm F anth.) were more effective at reducing DON levels in all four cultivars when compared to treatment 6 (F.gr.anth.). These two treatments also reduced DON concentration to comparable levels below that of the control plants. Previous studies on S. mycoparasitica [60] revealed that S. mycoparasitica degraded DON by 89% to a lesser toxic metabolite, deoxynivalenol sulphate ([M−COCH3+SO3-CH2O]). As was expected, the Fusarium treatment F.gr.anth. resulted in the highest occurrence of DON in all four cultivars. The F. graminearum 3ADON chemotype is a prolific producer of DON, whose occurrence in Canadian common and durum wheat is quite common and is of great concern. DON levels were also higher in both susceptible CDC Go and AAC Strongfield cultivars compared to the two more resistant cultivars. However, DON levels were higher in common wheat cultivars when compared to durum wheat, even though all cultivars received the same dosage of all the inoculants. Durum is the more susceptible of the two varieties, so it would be expected for durum cultivars to have higher levels of DON.



Principal coordinate analysis (PCoA) based on Bray–Curtis distances indicated that both plant cultivar and treatment influenced the Fusarium community structure and mycotoxin production associated with common wheat and durum wheat grain. Differences in Fusarium diversity profiles in BCA-treated plants were characterized by F. graminearum and F. unclassified variants associated with cluster A formed by the presence of DON and 3+15ADON. Competitive interactions by non-DON producing natural F. avenaceum and F. acuminatum under (cluster A) and F. proliferatum (cluster C) contaminants were observed. The Fusarium species within the B and C clusters are known to prefer different environmental (water and temperature) conditions [66] compared to F. graminearum species within the A cluster.



In terms of common and durum wheat’s susceptibility and resistance levels to FHB, our results align with previous findings [67] that compared the reaction of hexaploid and tetraploid wheat to Fusarium graminearum chemotypes. It was reported [67] that tetraploid genotypes inoculated with the 3ADON chemotype showed lower disease symptoms compared to hexaploid genotypes, suggesting that the difference in pathogenicity of each chemotype may be due to the different resistance mechanisms of each genotype to the chemotypes and their associated mycotoxins. In our study, the F. graminearum 3ADON chemotype was used as the Fusarium inoculant. All plants under BCA treatment were co-infected with Fusarium graminearum 3ADON except for the untreated plants (negative control). Most BCA treatments applied on these plants reduced DON concentration in grains below the detectable LOQ < 16 ppb (parts per billion) level compared to individual F. graminearum 3ADON application (F.gr.anth.—positive control) without BCA co-inoculation, which resulted in a DON concentration of 10,000–30,000 ppb in common wheat and a concentration of 500–1000 ppb in durum wheat cultivars. For instance, the positive control F.gr.anth. was applied at the same rate, same concentration, and in the same amount to all wheat and durum cultivars, yet in CDC Go, the DON concentration was thirty times greater than the DON concentration in AAC Strongfield, while the DON concentration in AAC Brandon was ten times greater than the DON concentration in CDC Credence. Currently, there is no research or evidence reported in the literature that explains the mechanism underlying the differential responses of wheat genotype to different chemotypes of Fusarium species. However, this study, along with other previous work, postulates that the difference in resistance among genotypes may be related to the differential degradation of mycotoxins produced by the 3ADON and 15ADON chemotypes. Walkowiak et al. [68,69] found variation in the genomes of 3ADON and 15ADON chemotypes using a comparative genomics approach. It was found that the difference in genotypes between these two chemotypes could potentially explain the difference in their aggressiveness and the interaction with host plants that results in diverse levels of disease symptoms and DON production. Despite the difference in DON concentration in common wheat and durum wheat genotypes, S. mycoparasitica significantly reduced DON levels in all four genotypes relative to that of their respective control. In the wheat cultivars, there was an average 99.5% reduction of DON concentration with all BCA formulations, while in durum wheat cultivars, there was an average 97% reduction with all BCA treatments. The most effective treatments were SmX anth. and SmF seed + SmF anth. These two treatments reduced DON to undetectable levels in all genotypes when compared to the control (untreated seeds). For 3+15ADON, all eight S. mycoparasitica treatments except for one in the wheat cultivar AAC Brandon significantly reduced these mycotoxins to undetectable levels in all four genotypes. Overall, all BCA treatments resulted in reduced DON-vomitoxin concentrations in grains to levels considered negligible when compared to the 1000–2000 ppb (part per billion/µg·kg−1) limit based on regulations for Fusarium mycotoxins in foods set by the U.S. FDA and Health Canada.



In this study, the effects of the BCA S. mycoparasitica on the acetylated derivatives of DON, 3+15ADON, were also investigated. These two mycotoxins are sometimes separately quantified, but in this study, they were grouped as one. Separating these isomers can be tedious and complex, and it is possible that the chromatographic column used in the separation of these Fusarium mycotoxins was not efficient in separating the two isomers. Both 3ADON and 15ADON are position isomers that differ in the presence or absence of acetyl groups at C-3 and C-15, [70], 3ADON has a C-3 acetyl group but lacks a C-15 acetyl, whereas 15ADON has a C-15 acetyl but lacks a C-3 acetyl. These isomers are precursors of DON, with either 3ADON or 15ADON being more aggressive in producing elevated levels of DON depending on location and climatic conditions [71,72]. Therefore, it is useful to know which isomer is produced by F. graminearum.



The occurrence of 3+15ADON in both common and durum wheat was relatively low compared to the occurrence of DON in the same samples. These mycotoxins were only detected above the LOQ of 16 µg·kg−1 in five of the 39 samples; three of these samples were treated with F.gr.anth. (treatment 6), one sample was treated with Sm seed + Sm anth. (treatment 9) in the common wheat cultivar AAC Brandon, and the other sample was treated with SmX anth. (treatment 8) in the durum wheat cultivar AAC Strongfield. The levels of 3+15ADON detected in the two BCA-treated samples were relatively low compared to the control, 23.8 µg·kg−1 for AAC Brandon and 27.7 µg·kg−1 for AAC Strongfield (Table 3). Currently, there are no set limits for 3+15ADON levels in food or feeds. The Canadian Food Inspection Agency has a monitoring program for mycotoxin in livestock feed, but no limits have been set. Both isomers have been shown to have different adverse effects on mammals [73]. With the exception of these two samples, the BCA treatments resulted in at least a 96.8% reduction of 3+15ADON levels in CDC Go, a 94% reduction in AAC Brandon, and at least a 28% reduction in CDC Credence. There was no comparable reduction for AAC Strongfield and the F.gr.anth. treatment, since 3+15ADON levels were not detected above the LOQ of 16 for the F.gr.anth. treatment. In all BCA treatments with AAC Strongfield, except treatment 7 (SmX anth.), 3+15ADON levels were below the LOQ. Overall, 3+15ADON levels were higher in common wheat cultivars than in durum wheat cultivars and the BCA was efficient in reducing or maintaining 3+15ADON levels, as shown in Figure 3.



Fumonisins (FUMs), an atypical group of mycotoxins in wheat, were also detected in this study. However, the maximum < 300 ppb concentration of FB1+FB2 detected in common wheat and <200ppb in durum wheat grain was negligible, considering that <2000 ppb of total FUMs (FB1 + FB2 + FB3) in food and 5000 ppb in feed are considered safe by the U.S. Food and Drug Administration Agency (2018). Fumonisins are usually produced by different species, including F. proliferatum and F. verticilloides (syn. F moniliforme), in maize. This mycotoxin group includes 28 different forms of Fumonisins, which are designated as being either A, B, C, or D series. FB1 is the most common and economically important, followed by FB2 [74]. In this study, FB1 and FB2 were detected above the LOQ of 1 in all four cultivars with all BCA treatments at least once. The occurrence of FB1 and, to a lesser extent, FB2 in most of the BCA-treated samples was greater than that of the occurrence of FB1 and FB2 with F.gr.anth. treatment. The only BCA treatment that was effective in reducing FB1 in all four cultivars to levels comparable with the control and F.gr.anth. treatments was Sm anth. FB1 and FB2 levels were significant in the moderately susceptible plus durum wheat cultivar CDC Credence with treatment 6—F.gr.anth.—in reference to the other treatments, while there was a slight increase in FB2 with the same treatment in the moderately susceptible common wheat cultivar CDC Go. It can be theorized that the increase in FB1 and FB2 in these cultivars, as well as with the other BCA treatments, is based on a competition for nutrients and space between the different Fusarium species. Fusarium graminearum, which produces DON, and F. proliferatum, which produces Fumonisins, are competing species, of which F. graminearum is the most aggressive. In the absence of effective control, F. graminearum dominates, and the probability of DON production increases, which is evident in the F.gr.anth. treatment. However, in the presence of an effective biocontrol such as the biotrophic S. mycoparasitica, F. graminearum growth is controlled, and its mycotoxins degraded, as reflected in Table 2 and Table 3. As a result of this, an opportunistic fungal parasite such as F. proliferatum has little or no competition for the host’s resources, and as such is free to proliferate and produce the Fumonisin toxins, as seen with the BCA-treated samples in Table 4 and Table 5. This might explain why in three cultivars, CDC Go, AAC Brandon, and AAC Strongfield, the level of Fumonisins was below the LOQ with F.gr.anth. However, in the cultivar, CDC Credence, the levels of FB1 and B2 increased only with F.gr.anth. treatment. There is also the possibility that prolonged seed storage under cool (4 °C) conditions and reduced seed moisture prior to mycotoxins analysis could have created conditions conducive to mycotoxigenic Fusarium proliferatum and F. moniliformae proliferation in seeds outside the greenhouse experiments. The continuous growth of F. proliferatum and F. moniliformae FB1/FB2 strains may specifically occur in seeds at cool (4 °C) storage temperature and under reduced moisture aw (0.994–0.96) conditions [74]. The minimal temperatures for F. graminearum activity were situated between 7 to 10 °C [75] which is similar to S. mycoparasitica, indicating a possibility of the fungal latency stage in seed under prolonged incubation at 4 °C. Even though the concentration of Fumonisins detected in the greenhouse samples was negligible compared to current allowances; this finding is important, because over the last decade there has been an increase in reports of FB1 and FB2 occurrence in food and food products globally.



In Canada, research on mycotoxin incidence in maize-, oat-, wheat-, and rice-based cereals was performed using samples from Canadian retailer marketplace over 3 years [70]. In that report, Fumonisins were detected in 17% (5/29) of wheat-based samples with a mean occurrence of 3 ppb. The natural occurrence of Fumonisins in common wheat and durum wheat was also detected in crops in Argentina, the US, Europe, Africa, and Asia [76]. Guo et al. [77] reported that F. proliferatum strains, producers of FB1 and FB2 in wheat originating from different hosts were able to infect wheat via seed (systemic colonization), leading to the accumulation of Fumonisins in kernels. The level of FB1 occurrence in the wheat kernels was much lower than the levels commonly found in maize. Cendoya et al. [78] also explained that water activity—aw (0.995–0.90)—and temperature also affect the growth and production of fumonisin in wheat by F. proliferatum. The same study also reported that because Fusarium species may be present in a substrate for extended periods during which aw may change, it is important to know both the optimal and suboptimal aw ranges for growth. In this study, the experiment was conducted under greenhouse conditions. The harvested seeds were stored for 2 years at 4 °C. If Fumonisins contamination occurs via systemic colonization and current research does not suggest stem to seed transfer, then the transfer from seed to plant and back to seed would have to be ruled out, leaving the question of how Fumonisin contamination occurred in these samples unanswered. To answer this question, more research is needed, which is beyond the scope and purpose of this study. Nevertheless, the detection of Fumonisins in common and durum wheat in this study is in agreement with the findings of previous research. Fumonisin concentration was higher in common wheat compared to durum wheat. In wheat, FB1 concentration ranged from <1~338 ppb, (>100 ppb measured in 4/39 samples assessed), and 164 ppb was measured in only 1/20 samples assessed. FB2 concentration in most of the 39 samples was <1 ppb, while only one sample showed 137.7 ppb concentration in durum. Although a negligible amount of FB1+FB2 was detected in this study’s samples based on globally accepted (<2000 ppb/food and <5000 ppb/feed) standards, it is imperative to continue monitoring their occurrence in grain and grain-based food and feed. The lowest concentration of Fumonisins in each genotype was observed with SmX seed-BCA treatment as promising solution to efficiently control these dangerous mycotoxins in grain-based diet for human and animal consumption.




5. Conclusions


This study confirms the efficacy of the BCA Sphaerodes mycoparasitica in shaping mycotoxigenic Fusarium diversity and community structure in grains of common and durum wheat cultivars. BCA significantly reduced FHB mycotoxins DON, 3ADON+15ADON, FB1, and FB2 in plants infected with F. graminearum under greenhouse conditions. From the results of this study, it was evident that S. mycoparasitica applied at the flowering stage was more effective in controlling and degrading the above-mentioned mycotoxins. All eight BCA treatments were effective in reducing all FHB-associated mycotoxins by at least 80–99% across all cultivars in comparison to the F.gr.anth. treatment. Some BCA treatments were more effective in common wheat compared to durum wheat. The SmF anth. and Sm anth. treatments were effective in reducing all mycotoxins when compared to both the control and F.gr.anth. treatments, while the treatments SmF anth. and SmF seed + SmF anth. were more effective in the common wheat cultivars. Overall, Sm anth. was the most effective treatment in reducing all mycotoxins, even to levels below that of the control. The concentration of all mycotoxins was higher in common wheat than in durum wheat, as well as in susceptible cultivars compared to the more resistant cultivars. The efficacy of S. mycoparasitica in both common and durum wheat is similar; however, in terms of percentage reduction of mycotoxins, the BCA seems to be more effective in common wheat cultivars. These results also suggest that genetic FHB resistance vs. susceptibility in wheat varieties is an important contributor to the reduction or elevation of DON levels respectively, and our ongoing field studies are designed to answer this question.







Author Contributions


A.J.P. and V.V. performed mycotoxins investigation and data interpretation; A.J.P. and V.V. were responsible for writing and editing; S.H.K. and V.V. designed and conducted greenhouse experiments. J.C. and V.V. were responsible for Illumina data analysis; A.J.P. generated Fusarium profile plots; V.V. conceived the project idea, performed conceptualization, acquired funding, and supervised. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Sciences and Engineering Research Council of Canada (NSERC) Discovery grant, grant number RGPIN-2017-05286 and the Government of Saskatchewan Agriculture Development Fund (ID 20160226), and the Saskatchewan Wheat Development Commission (171025-65) externally to V. Vujanovic.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank the anonymous reviewers of this paper. P Hucl (CDC, Plant Science) for supplying seeds and comments on an early MS version, and Gloria Patry (PDS) for LC MS/MS assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Stack, R.W. Fusarium Head Blight of Wheat and Barley; Leonard, K.J., Bushnell, W.R., Eds.; APS Press: St Paul, MN, USA, 2003. [Google Scholar]

	



Bai, G.; Shaner, G. Management and Resistance in Wheat and Barley to Fusarium Head Blight. Annu. Rev. Phytopathol. 2004, 42, 135–161. [Google Scholar] [CrossRef]

	



Wegulo, S.N.; Baenziger, P.S.; Hernandez Nopsa, J.; Bockus, W.W.; Hallen-Adams, H. Management of Fusarium Head Blight of Wheat and Barley. Crop Prot. 2015, 73, 100–107. [Google Scholar] [CrossRef]

	



Parry, D.W. Review-Fusarium Ear Blight (Scab) in Small Grain Cereals—A Review. Plant Pathol. 1995, 44, 207–238. [Google Scholar] [CrossRef]

	



Kant, P.; Reinprecht, Y.; Martin, C.J.; Islam, R.; Pauls, K.P. Disease Resistance. In Comprehensive Biotechnology; Elsevier: Amsterdam, The Netherlands, 2019; pp. 789–805. ISBN 978-0-444-64047-5. [Google Scholar]

	



Abbas, A.; Yli-Mattila, T. Biocontrol of Fusarium graminearum, a Causal Agent of Fusarium Head Blight of Wheat, and Deoxynivalenol Accumulation: From In Vitro to In Planta. Toxins 2022, 14, 299. [Google Scholar] [CrossRef] [PubMed]

	



Bottalico, A.; Perrone, G. Toxigenic Fusarium Species and Mycotoxins Associated with Head Blight in Small-Grain Cereals in Europe. Eur. J. Plant Pathol. 2002, 108, 611–624. [Google Scholar] [CrossRef]

	



Proctor, R.H.; Desjardins, A.E.; Mccormick, S.P.; Plattner, R.D.; Alexander, N.J.; Brown, D.W. Genetic Analysis of the Role of Trichothecene and Fumonisin Mycotoxins in the Virulence of Fusarium. Eur. J. Plant Pathol. 2002, 108, 691–698. [Google Scholar] [CrossRef]

	



Soyer, J.L.; Hamiot, A.; Ollivier, B.; Balesdent, M.H.; Rouxel, T.; Fudal, I. The APSES Transcription Factor LmStuA Is Required for Sporulation, Pathogenic Development and Effector Gene Expression in Leptosphaeria maculans. Mol. Plant Pathol. 2015, 16, 1000–1005. [Google Scholar] [CrossRef] [PubMed]

	



Savary, S.; Willocquet, L.; Pethybridge, S.J.; Esker, P.; McRoberts, N.; Nelson, A. The Global Burden of Pathogens and Pests on Major Food Crops. Nat. Ecol. Evolume 2019, 3, 430–439. [Google Scholar] [CrossRef]

	



David Miller, J.; Richardson, S.N. Mycotoxins in Canada: A Perspective for 2013. Regul. Gov. Initiat. 2013. Available online: https://scabusa.org/pdfs/Mycotoxins-in-Canada_Sept-13.pdf (accessed on 14 December 2021).

	



Dean, R.; Van Kan, J.A.L.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; Dickman, M.; Kahmann, R.; Ellis, J.; et al. The Top 10 Fungal Pathogens in Molecular Plant Pathology. Mol. Plant Pathol. 2012, 13, 414–430. [Google Scholar] [CrossRef] [PubMed]

	



Dweba, C.C.; Figlan, S.; Shimelis, H.A.; Motaung, T.E.; Sydenham, S.; Mwadzingeni, L.; Tsilo, T.J. Fusarium Head Blight of Wheat: Pathogenesis and Control Strategies. Crop Prot. 2017, 91, 114–122. [Google Scholar] [CrossRef]

	



Mycotoxins. World Health Organization. Available online: https://www.who.int/news-room/fact-sheets/detail/mycotoxins (accessed on 21 November 2022).

	



Chen, Y.; Kistler, H.C.; Ma, Z. Annual Review of Phytopathology Fusarium graminearum Trichothecene Mycotoxins: Biosynthesis, Regulation, and Management. Annu. Rev. Phytopathol. 2019, 57, 15–39. [Google Scholar] [CrossRef]

	



Mielniczuk, E.; Skwaryło-Bednarz, B. Fusarium Head Blight, Mycotoxins and Strategies for Their Reduction. Agronomy 2020, 10, 509. [Google Scholar] [CrossRef]

	



Luo, Y.; Liu, X.; Li, J. Updating Techniques on Controlling Mycotoxins—A Review. Food Control 2018, 89, 123–132. [Google Scholar] [CrossRef]

	



Pirgozliev, S.R.; Edwards, S.G.; Hare, M.C.; Jenkinson, P. Strategies for the Control of Fusarium Head Blight in Cereals. Eur. J. Plant Pathol. 2003, 109, 731–742. [Google Scholar] [CrossRef]

	



Shah, L.; Ali, A.; Yahya, M.; Zhu, Y.; Wang, S.; Si, H.; Rahman, H.; Ma, C. Integrated Control of Fusarium Head Blight and Deoxynivalenol Mycotoxin in Wheat. Plant Pathol. 2018, 67, 532–548. [Google Scholar] [CrossRef]

	



Pestka, J.J. Deoxynivalenol: Mechanisms of Action, Human Exposure, and Toxicological Relevance. Arch. Toxicol. 2010, 84, 663–679. [Google Scholar] [CrossRef]

	



Zhang, G.L.; Feng, Y.L.; Song, J.L.; Zhou, X.S. Zearalenone: A Mycotoxin With Different Toxic Effect in Domestic and Laboratory Animals’ Granulosa Cells. Front. Genet. 2018, 9, 667. [Google Scholar] [CrossRef]

	



European Union Setting Maximum Levels for Certain Contaminants in Foodstuffs (Text with EEA Relevance). Off. J. Eur. Union 2006, 364, 1–24.

	



Guidance for Industry and FDA: Advisory Levels for Deoxynivalenol (DON) in Finished Wheat Products for Human Consumption and Grains and Grain By-Products Used for Animal Feed. Available online: https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-and-fda-advisory-levels-deoxynivalenol-don-finished-wheat-products-human (accessed on 21 November 2022).

	



Health Canada’s Maximum Levels for Chemical Contaminants in Foods. Available online: https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/chemical-contaminants/maximum-levels-chemical-contaminants-foods.html (accessed on 21 November 2022).

	



Haile, J.K.; N’Diaye, A.; Walkowiak, S.; Nilsen, K.T.; Clarke, J.M.; Kutcher, H.R.; Steiner, B.; Buerstmayr, H.; Pozniak, C.J. Fusarium Head Blight in Durumwheat: Recent Status, Breeding Directions, and Future Research Prospects. Phytopathology 2019, 109, 1664–1675. [Google Scholar] [CrossRef] [PubMed]

	



Thielecke, F.; Nugent, A.P. Contaminants in Grain—A Major Risk for Whole Grain Safety? Nutrients 2018, 10, 1213. [Google Scholar] [CrossRef] [PubMed]

	



El-Sayed Raghda, A.; Jebur Ali, B.; Kang, W.; El-Demerdash, F.M. An Overview of the Major Mycotoxin in Food Products. J. Future Foods 2022, 2, 91–102. [Google Scholar] [CrossRef]

	



Gilbert, J.; Tekauz, A. Review: Recent Developments in Research on Fusarium Head Blight of Wheat in Canada. Can. J. Plant Pathol. 2000, 22, 6. [Google Scholar] [CrossRef]

	



Ji, F.; He, D.; Olaniran, A.O.; Mokoena, M.P.; Xu, J.; Shi, J. Occurrence, Toxicity, Production and Detection of Fusarium Mycotoxin: A Review. Food Prod. Process. Nutr. 2019, 1, 1–14. [Google Scholar] [CrossRef]

	



Vanhoutte, I.; Audenaert, K.; De Gelder, L. Biodegradation of Mycotoxins: Tales from Known and Unexplored Worlds. Front. Microbiol. 2016, 7, 561. [Google Scholar] [CrossRef]

	



Worth the Wheat: New Durum Wheat Line Shows Intermediate Resistance to Fusarium Head Blight, a First for Canada and the World. 2021. Available online: https://agriculture.canada.ca/en/news-agriculture-and-agri-food-canada/scientific-achievements-agriculture/worth-wheat-new-durum-wheat-line-shows-intermediate-resistance-fusarium-head-blight-first-canada-and (accessed on 15 July 2022).

	



McMullen, M.; Bergstrom, G.; De Wolf, E.; Dill-Macky, R.; Hershman, D.; Shaner, G.; Van Sanford, D. A Unified Effort to Fight an Enemy of Wheat and Barley: Fusarium Head Blight. Plant Dis. 2012, 96, 1712–1728. [Google Scholar] [CrossRef]

	



Duan, Y.; Xiao, X.; Li, T.; Chen, W.; Wang, J.; Fraaije, B.A.; Zhou, M. Impact of Epoxiconazole on Fusarium Head Blight Control, Grain Yield and Deoxynivalenol Accumulation in Wheat. Pestic. Biochem. Physiol. 2018, 152, 138–147. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Chen, X.; Jiang, J.; Hamada, M.S.; Yin, Y.; Ma, Z. Detection and Dynamics of Different Carbendazim-Resistance Conferring β-Tubulin Variants of Gibberella zeae Collected from Infected Wheat Heads and Rice Stubble in China. Pest Manag. Sci. 2014, 70, 1228–1236. [Google Scholar] [CrossRef]

	



Zhou, Z.; Duan, Y.; Zhou, M. Carbendazim-Resistance Associated β 2-Tubulin Substitutions Increase β 2-Tubulin and IDH3 in Fusarium graminearum. Environ. Biol. 2019, 22, 598–614. [Google Scholar] [CrossRef]

	



Canada, H. Proposed Maximum Residue Limit PMRL2020-44, Pydiflumetofen. Available online: https://www.canada.ca/en/health-canada/services/consumer-product-safety/pesticides-pest-management/public/consultations/proposed-maximum-residue-limit/2020/pydiflumetofen/document.html (accessed on 28 November 2022).

	



Hou, Y.P.; Mao, X.W.; Wang, J.X.; Zhan, S.W.; Zhou, M.G. Sensitivity of Fusarium asiaticum to a Novel Succinate Dehydrogenase Inhibitor Fungicide Pydiflumetofen. Crop Prot. 2017, 96, 237–244. [Google Scholar] [CrossRef]

	



Mesterházy, A. Types and Components of Resistance to Fusarium Head Blight of Wheat. Plant Breed. 1995, 114. [Google Scholar] [CrossRef]

	



Schroeder, H.W.; Christensen, J.J. Factors Affecting Resistance of Wheat to Scab Caused by Gibberella zeae. Phytopathology 1963, 53, 831–838. [Google Scholar]

	



Miller, J.D.; Young, J.C.; Sampson, D.R. Deoxynivalenol and Fusarium Head Blight Resistance in Spring Cereals. J. Phytopathol. 1985, 113, 359–367. [Google Scholar] [CrossRef]

	



Snijders, C.H.A. Fusarium Head Blight and Mycotoxin Contamination of Wheat, a Review. Neth. J. Plant Pathol. 1990, 96, 187–198. [Google Scholar] [CrossRef]

	



Karlsson, I.; Persson, P.; Friberg, H. Fusarium Head Blight From a Microbiome Perspective. Front. Microbiol. 2021, 12, 628373. [Google Scholar] [CrossRef]

	



Vujanovic, V. Tremellomycetes Yeasts in Kernel Ecological Niche: Early Indicators of Enhanced Competitiveness of Endophytic and Mycoparasitic Symbionts against Wheat Pathobiota. Plants 2021, 10, 905. [Google Scholar] [CrossRef]

	



Kim, S.H.; Vujanovic, V. Relationship between Mycoparasites Lifestyles and Biocontrol Behaviors against Fusarium spp. and Mycotoxins Production. Appl. Microbiol. Biotechnol. 2016, 100, 5257–5272. [Google Scholar] [CrossRef]

	



Karuppiah, V.; Sun, J.; Li, T.; Vallikkannu, M.; Chen, J. Co-Cultivation of Trichoderma asperellum GDFS1009 and Bacillus amyloliquefaciens 1841 Causes Differential Gene Expression and Improvement in the Wheat Growth and Biocontrol Activity. Front. Microbiol. 2019, 10, 1068. [Google Scholar] [CrossRef]

	



Harman, G.E. Overview of Mechanisms and Uses of Trichoderma spp. Phytopathology 2006, 96, 190–194. [Google Scholar] [CrossRef] [PubMed]

	



Matarese, F.; Sarrocco, S.; Gruber, S.; Seidl-Seiboth, V.; Vannacci, G. Biocontrol of Fusarium Head Blight: Interactions between Trichoderma and Mycotoxigenic Fusarium. Microbiology 2012, 158, 98–106. [Google Scholar] [CrossRef]

	



Mukherjee, P.K.; Horwitz, B.A.; Herrera-Estrella, A.; Schmoll, M.; Kenerley, C.M. Trichoderma Research in the Genome Era. Annu. Rev. Phytopathol. 2013, 51, 105–129. [Google Scholar] [CrossRef] [PubMed]

	



Vujanovic, V.; Goh, Y.K. Sphaerodes mycoparasitica sp. Nov., a New Biotrophic Mycoparasite on Fusarium avenaceum, F. graminearum and F. oxysporum. Mycol. Res. 2009, 113, 1172–1180. [Google Scholar] [CrossRef]

	



Goh, Y.K.; Vujanovic, V. Ascospore Germination Patterns Revealed Ascomycetous Biotrophic Mycoparasite Specificity to Fusarium Hosts. Botany 2010, 88, 1033–1043. [Google Scholar] [CrossRef]

	



Vujanovic, V.; Goh, Y.K. Qpcr Quantification of Sphaerodes mycoparasitica Biotrophic Mycoparasite Interaction with Fusarium Graminearum: In Vitro and in Planta Assays. Arch. Microbiol. 2012, 194, 707–717. [Google Scholar] [CrossRef]

	



Vujanovic, V.; Kim, S.H. Adaptability of Mitosporic Stage in Sphaerodes mycoparasitica towards Its Mycoparasitic-Polyphagous Lifestyle. Mycologia 2017, 109, 701–709. [Google Scholar] [CrossRef]

	



Powell, A.J.; Vujanovic, V. Evolution of Fusarium Head Blight Management in Wheat: Scientific Perspectives on Biological Control Agents and Crop Genotypes Protocooperation. Appl. Sci. 2021, 11, 8960. [Google Scholar] [CrossRef]

	



Beeck, M.O.D.; Lievens, B.; Busschaert, P.; Declerck, S.; Vangronsveld, J.; Colpaert, J.V. Comparison and Validation of Some ITS Primer Pairs Useful for Fungal Metabarcoding Studies. PLoS ONE 2014, 9, e97629. [Google Scholar] [CrossRef]

	



de la Cuesta-Zuluaga, J.; Escobar, J.S. Considerations For Optimizing Microbiome Analysis Using a Marker Gene. Front. Nutr. 2016, 3, 26. [Google Scholar] [CrossRef]

	



Gurevich, A.; Saveliev, V.; Vyahhi, N.; Tesler, G. QUAST: Quality Assessment Tool for Genome Assemblies. Bioinformatics 2013, 29, 1072–1075. [Google Scholar] [CrossRef]

	



Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pẽa, A.G.; Goodrich, J.K.; Gordon, J.I.; et al. QIIME Allows Analysis of High-Throughput Community Sequencing Data. Nat. Methods 2010, 7, 335–336. [Google Scholar] [CrossRef] [PubMed]

	



McCune, B.; Mefford, M.J. PC-ORD. Multivariate Analysis of Ecological Data, Version 7 for Windows; Wild Bluenerry Media: Corvallis, OR, USA, 2016. [Google Scholar]

	



Nualkaw, K.; Poapolathep, S.; Zhang, Z.; Zhang, Q.; Giorgi, M.; Li, P.; Logrieco, A.F.; Poapolathep, A. Simultaneous Determination of Multiple Mycotoxins in Swine, Poultry and Dairy Feeds Using Ultra High Performance Liquid Chromatography-Tandem Mass Spectrometry. Toxins 2020, 12, 253. [Google Scholar] [CrossRef]

	



Kim, S.H.; Vujanovic, V. Biodegradation and Biodetoxification of Fusarium Mycotoxins by Sphaerodes mycoparasitica. AMB Express 2017, 7, 1–9. [Google Scholar] [CrossRef]

	



Gilbert, J.; Tekauz, A. Insects and Diseases PS&C Prairie Soils & Crops Journal Strategies for Management of Fusarium Head Blight (FHB) in Cereals. Prairie Soils Crops J. 2011, 4, 97–104. [Google Scholar]

	



Tittlemier, S.A.; Blagden, R.; Chan, J.; Gaba, D.; Mckendry, T.; Pleskach, K.; Roscoe, M. Fusarium and Alternaria Mycotoxins Present in Canadian Wheat and Durum Harvest Samples. Can. J. Plant Pathol. 2019, 41, 403–414. [Google Scholar] [CrossRef]

	



Podgórska-Kryszczuk, I.; Solarska, E.; Kordowska-Wiater, M. Reduction of the Fusarium Mycotoxins: Deoxynivalenol, Nivalenol and Zearalenone by Selected Non-Conventional Yeast Strains in Wheat Grains and Bread. Molecules 2022, 27, 1578. [Google Scholar] [CrossRef] [PubMed]

	



CRC. Falling Number and Deoxynivalenol (DON) as Potential Official Grain Grading Factors; Canadian Grain Commission: Winnipeg, MB, Canada, 2019; pp. 1–15. Available online: https://grainscanada.gc.ca/en/about-us/consultations/2019/falling-number-don.html (accessed on 4 February 2022).

	



Xue, A.G.; Chen, Y.; Voldeng, H.D.; Fedak, G.; Savard, M.E.; Längle, T.; Zhang, J.; Harman, G.E. Concentration and Cultivar Effects on Efficacy of CLO-1 Biofungicide in Controlling Fusarium Head Blight of Wheat. Biol. Control 2014, 73. [Google Scholar] [CrossRef]

	



Okorski, A.; Milewska, A.; Pszczółkowska, A.; Karpiesiuk, K.; Kozera, W.; Dąbrowska, J.A.; Radwińska, J. Prevalence of Fusarium Fungi and Deoxynivalenol Levels in Winter Wheat Grain in Different Climatic Regions of Poland. Toxins 2022, 14, 102. [Google Scholar] [CrossRef]

	



Ruan, Y.; Babonich, R.; Clarke, J.M.; Hucl, P.J.; Clarke, F.R.; Knox, R.E.; Bokore, F.E.; Pozniak, C.J. Differential Reaction of Hexaploid and Tetraploid Wheat to Fusarium graminearum Chemotypes in a Controlled Environment. Can. J. Plant Pathol. 2021, 43, 760–768. [Google Scholar] [CrossRef]

	



Walkowiak, S.; Rowland, O.; Rodrigue, N.; Subramaniam, R. Whole Genome Sequencing and Comparative Genomics of Closely Related Fusarium Head Blight Fungi: Fusarium graminearum, F. meridionale and F. asiaticum. BMC Genom. 2016, 17. [Google Scholar] [CrossRef] [PubMed]

	



Walkowiak, S.; Bonner, C.T.; Wang, L.; Blackwell, B.; Rowland, O.; Subramaniam, R. Intraspecies Interaction of Fusarium graminearum Contributes to Reduced Toxin Production and Virulence. Mol. Plant. Microbe Interact. 2015, 28, 1256–1267. [Google Scholar] [CrossRef]

	



Alexander, N.J.; McCormick, S.P.; Waalwijk, C.; van der Lee, T.; Proctor, R.H. The Genetic Basis for 3-ADON and 15-ADON Trichothecene Chemotypes in Fusarium. Fungal Genet. Biol. 2011, 48, 485–495. [Google Scholar] [CrossRef] [PubMed]

	



Yan, P.; Liu, Z.; Liu, S.; Yao, L.; Liu, Y.; Wu, Y.; Gong, Z. Natural Occurrence of Deoxynivalenol and Its Acetylated Derivatives in Chinese Maize and Wheat Collected in 2017. Toxins 2020, 12, 200. [Google Scholar] [CrossRef]

	



Pinton, P.; Tsybulskyy, D.; Lucioli, J.; Laffitte, J.; Callu, P.; Lyazhri, F.; Grosjean, F.; Bracarense, A.P.; Kolf-clauw, M.; Oswald, I.P. Toxicity of Deoxynivalenol and Its Acetylated Derivatives on the Intestine: Differential Effects on Morphology, Barrier Function, Tight Junction Proteins, and Mitogen-Activated Protein Kinases. Toxicol. Sci. 2012, 130, 180–190. [Google Scholar] [CrossRef]

	



Schmale, D.G.; Munkvold, G.P. Mycotoxins in Crops: A Threat to Human and Domestic Animal Health. Plant Health Instr. 2014. [Google Scholar] [CrossRef]

	



Marin, S.; Sanchis, V.; Magan, N. Water Activity, Temperature, and PH Effects on Growth of Fusarium Moniliforme and Fusarium proliferatum Isolates from Maize. Can. J. Microbiol. 1995, 41, 12. [Google Scholar] [CrossRef] [PubMed]

	



Gdanetz, K.; Trail, F. The Wheat Microbiome under Four Management Strategies, and Potential for Endophytes in Disease Protection. Phytobiomes J. 2017, 1, 158–1683. [Google Scholar] [CrossRef]

	



Cendoya, E.; Chiotta, M.L.; Zachetti, V.; Chulze, S.N.; Ramirez, M.L. Fumonisins and Fumonisin-Producing Fusarium Occurrence in Wheat and Wheat by Products: A Review. J. Cereal Sci. 2018, 80, 158–166. [Google Scholar] [CrossRef]

	



Guo, Z.; Pfohl, K.; Karlovsky, P.; Dehne, H.W.; Altincicek, B. Fumonisin B1 and Beauvericin Accumulation in Wheat Kernels after Seed-Borne Infection with Fusarium proliferatum. Agric. Food Sci. 2016, 25, 138–145. [Google Scholar] [CrossRef]

	



Cendoya, E.; Farnochi, M.C.; Chulze, S.N.; Ramirez, M.L. Two-Dimensional Environmental Profiles of Growth and Fumonisin Production by Fusarium proliferatum on a Wheat-Based Substrate. Int. J. Food Microbiol. 2014, 182–183, 9–17. [Google Scholar] [CrossRef]








[image: Microorganisms 11 00159 g001 550] 





Figure 1. Greenhouse study conducted in Plant Science growth chambers at the University of Saskatchewan. Wheat: (A) germinant stage; (B) seedling stage; (C) vegetative stage with tillers; (D) reproductive stage with heads. 
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Figure 2. This graph shows the effect of all 10 treatments on DON levels (µg·kg−1) in the wheat cultivars CDC Go (moderately susceptible (W-MS)) and AAC Brandon (moderately resistant (W-MR)) and the durum wheat cultivars AAC Strongfield (susceptible (D-S)) and CDC Credence (moderately susceptible plus (D- MS+)). The data for each treatment were statistically analyzed using a one-way analysis of variance (ANOVA) with Tukey’s test at p = 0.05. Means and standard deviations for each treatment are represented by error bars. The same leters in each treatment are not statistically different. The treatments used were: (1) Control, no biocontrol agents (BCAs) or any other treatment; (2) Sm seed-BCA-S. mycoparasitica applied on the seed; (3) SmF seed-S. mycoparasitica + Fungicide on the seed; (4) Sm anth.-S. mycoparasitica applied at anthesis; (5) SmF anth.-S. mycoparasitica + Fungicide at anthesis; (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis; (7) SmX seed-S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied on seed; (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis; (9) Sm seed + Sm anth-S. mycoparasitica seed + S. mycoparasitica at anthesis; and (10) SmF seed + SmF anth-S. mycoparasitica + Fungicide seed and S. mycoparasitica + Fungicide at anthesis. 
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Figure 3. This graph shows the effect of all 10 treatments on 3ADON +15ADON levels (µg·kg−1) in wheat cultivars CDC Go (moderately susceptible (W-MS)) and AAC Brandon (moderately resistant (W-MR)) and durum wheat AAC Strongfield (susceptible (D-S)) and CDC Credence (moderately susceptible plus (D-MS+)). The data for each treatment were statistically analyzed using a one-way analysis of variance (ANOVA) with Tukey’s test at p = 0.05. Means and standard deviations for each treatment are represented by error bars. The same letters in each treatment are not statistically different. The treatments used were: (1) Control, no biocontrol agents (BCAs) or any other treatment; (2) Sm seed-BCA-S. mycoparasitica applied on the seed; (3) SmF seed-S. mycoparasitica + Fungicide on the seed; (4) Sm anth.-S. mycoparasitica applied at anthesis; (5) SmF anth.-S. mycoparasitica + Fungicide at anthesis; (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis; (7) SmX seed-S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied on seed; (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis; (9) Sm seed + Sm anth-S. mycoparasitica seed + S. mycoparasitica at anthesis; and (10) SmF seed + SmF anth-S. mycoparasitica + Fungicide seed and S. mycoparasitica + Fungicide at anthesis. 
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Figure 4. Principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity between Fusarium communities associated with wheat and durum grown in growth chamber conditions. The treatments used were: (1) Control, no biocontrol agents (BCAs) or any other treatment; (4) Sm anth.-S. mycoparasitica applied at anthesis; (5) SmF anth.- S. mycoparasitica + Fungicide at anthesis; (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis; (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02 applied at anthesis. Vectors indicate the correlation between Fusarium species (Fac = F. acuminatum, Fav = F. avenaceum, Fgr = F. graminearum, Fpr = F. proliferatum, Fun = unclassified Fusarium spp.), mycotoxins (DON, 3+15 ADON) and community profiles associated with S. mycoparasitica treatments and wheat cultivars. 
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Figure 5. Principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity between Fusarium communities associated with wheat and durum grown in growth chamber conditions. The treatments used were, (1) Control, no biocontrol agents (BCAs) or any other treatment, (4) Sm anth. - S. mycoparasitica applied at anthesis, (5) SmF anth.- S. mycoparasitica + Fungicide at anthesis, (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis, (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis. Vectors indicate the correlation between Fusarium species (Fac = F. acuminatum, Fav = F. avenaceum, Fgr = F. graminearum, Fpr = F. proliferatum, Fun = unclassified Fusarium spp.), agronomic traits (harvested weight/seed yield) and community profiles associated with S. mycoparasitica treatments and wheat cultivars. 






Figure 5. Principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity between Fusarium communities associated with wheat and durum grown in growth chamber conditions. The treatments used were, (1) Control, no biocontrol agents (BCAs) or any other treatment, (4) Sm anth. - S. mycoparasitica applied at anthesis, (5) SmF anth.- S. mycoparasitica + Fungicide at anthesis, (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis, (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis. Vectors indicate the correlation between Fusarium species (Fac = F. acuminatum, Fav = F. avenaceum, Fgr = F. graminearum, Fpr = F. proliferatum, Fun = unclassified Fusarium spp.), agronomic traits (harvested weight/seed yield) and community profiles associated with S. mycoparasitica treatments and wheat cultivars.
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Table 1. List of treatments.






Table 1. List of treatments.





	Treatment
	Description





	1. Control
	No biocontrol agents (BCAs) or any other treatment



	2. Smseed
	BCA- S. mycoparasitica 2220-01 (main BCA strain used in all studies) applied on seed



	3. SmFseed
	S. mycoparasitica 2220-01 + Fungicide on seed (1/2 of the effective dose of fungicide- Prosaro was used)



	4. Smanth.
	S. mycoparasitica 2220-01 applied at anthesis



	5. SmFanth.
	S. mycoparasitica 2220-01+ Fungicide at anthesis



	6. F.granth
	A mixture of F. graminearum 3ADON strains applied at anthesis



	7. SmXseed
	S. mycoparasitica SMCD 2220-01+ SMCD 2220-02(5) mixture of BCA beneficial strains, applied on seed



	8. SmXanth.
	S. mycoparasitica SMCD 2220-01 + SMCD 2220-02(5) applied at anthesis



	9.Smseed + Smanth.
	S. mycoparasitica 2220-01 seed + S.mycoparasitica 2220-01 at anthesis



	10. SmFseed + SmFanth.
	S. mycoparasitica 2220-01 + Fungicide seed and S. mycoparasitica 2220-01+ Fungicide at anthesis.







All plants in all treatments except for control (treatment 1) and F. graminearum (treatment 6) were inoculated with F. graminearum after the BCA formulation was applied. The Fusarium inoculant was added during an 8 h window after BCA application.
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Table 2. Effect of BCA on DON concentration (µg·kg−1) in four wheat cultivars.






Table 2. Effect of BCA on DON concentration (µg·kg−1) in four wheat cultivars.













	
	Treatments
	CDC Go

W-MS
	AAC

Brandon

W-MR
	AAC

Strongfield

D-S
	CDC

Credence

D-MS+





	1
	Control
	26
	<16
	19.8
	19.5



	2
	Sm seed
	<16
	21.7
	20.2
	21.4



	3
	SmF seed
	<16
	23.1
	<16
	NR



	4
	Sm anth.
	17.2
	<16
	<16
	<16



	5
	SmF anth.
	<16
	23.9
	<16
	<16



	6
	F.gr.anth.
	29720
	10150
	1052
	564.9



	7
	SmX seed
	29.4
	30
	<16
	<16



	8
	SmX anth.
	227.5
	<16
	116.7
	<16



	9
	Sm seed + Sm anth.
	19.3
	592.3
	<16
	21.7



	10
	SmF seed + SmF anth.
	<16
	<16
	<16
	17.9



	
	Total DON conc.

in each cultivar
	30071.4
	10873
	1256.7
	677.4







All plants in all treatments except for the control were inoculated with F. graminearum within an 8 h window after the application of the BCA treatment. Concentrations at the Limit of Quantification LOQ < 16 were first divided by 2 for an approximate value, which is used in the calculation of total DON concentration (µg·kg−1). The treatments used were: (1) Control, no biocontrol agents (BCAs) or any other treatment; (2) Sm seed-BCA-S. mycoparasitica applied on the seed; (3) SmF seed-S. mycoparasitica + Fungicide on the seed; (4) Sm anth.-S. mycoparasitica applied at anthesis; (5) SmF anth.-S. mycoparasitica + Fungicide at anthesis; (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis; (7) SmX seed-S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied on seed; (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis; (9) Sm seed + Sm anth-S. mycoparasitica seed + S. mycoparasitica at anthesis; and (10) SmF seed + SmF anth-S. mycoparasitica + Fungicide seed and S. mycoparasitica + Fungicide at anthesis. 













[image: Table] 





Table 3. Effect of BCA on 3ADON+15ADON concentration (µg·kg−1) in four wheat cultivars.






Table 3. Effect of BCA on 3ADON+15ADON concentration (µg·kg−1) in four wheat cultivars.













	
	Treatments
	CDC

Go W-MS
	AAC

Brandon

W-MR
	AAC

Strongfield

D-S
	CDC

Credence

D-MS+





	1
	Control
	<16
	<16
	<16
	<16



	2
	Sm seed
	<16
	<16
	<16
	<16



	3
	SmF seed
	<16
	<16
	<16
	NR



	4
	Sm anth.
	<16
	<16
	<16
	<16



	5
	SmF anth.
	<16
	<16
	<16
	<16



	6
	F.gr. anth.
	499.4
	278.8
	<16
	21.9



	7
	SmX seed
	<16
	<16
	<16
	<16



	8
	SmX anth.
	<16
	<16
	27.7
	<16



	9
	Sm seed + Sm anth.
	<16
	23.8
	<16
	<16



	10
	SmF seed + SmF anth.
	<16
	<16
	<16
	<16



	
	Total 3 + 15ADON conc.

in each cultivar
	571.4
	366.6
	99.7
	85.9







All plants in all treatments except for the control were inoculated with F. graminearum within an 8 h window after the application of the BCA treatment. Concentrations at the Limit of Quantification LOQ < 16 were first divided by 2 for an approximate value, which were used in the calculation of total 3+15ADON concentration (µg·kg−1). The treatments used were: (1) Control, no biocontrol agents (BCAs) or any other treatment; (2) Sm seed-BCA-S. mycoparasitica applied on the seed; (3) SmF seed-S. mycoparasitica + Fungicide on the seed; (4) Sm anth.-S. mycoparasitica applied at anthesis; (5) SmF anth.-S. mycoparasitica + Fungicide at anthesis; (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis; (7) SmX seed-S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied on seed; (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis; (9) Sm seed + Sm anth-S. mycoparasitica seed + S. mycoparasitica at anthesis; and (10) SmF seed + SmF anth-S. mycoparasitica + Fungicide seed and S. mycoparasitica + Fungicide at anthesis. 
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Table 4. Effect of BCA on FB1 concentration (µg·kg−1) in four wheat cultivars.






Table 4. Effect of BCA on FB1 concentration (µg·kg−1) in four wheat cultivars.













	
	Treatments
	CDC Go W-MS
	AAC Brandon

W-MR
	AAC Strongfield

D-S
	CDC Credence

D-MS+





	1
	Control
	<1
	<1
	2.9
	<1



	2
	Sm seed
	2.03
	4.8
	<1
	3.9



	3
	SmF seed
	22.8
	<1
	163.5
	NR



	4
	Sm anth.
	<1
	<1
	2.4
	<1



	5
	SmF anth.
	4.13
	25.3
	<1
	<1



	6
	F.gr.anth.
	2.1
	<1
	<1
	23.2



	7
	SmX seed
	338
	<1
	7.79
	<1



	8
	SmX anth.
	2.5
	11.2
	<1
	8.11



	9
	Sm seed + Sm anth.
	5.4
	268.1
	<1
	<1



	10
	SmF seed + SmF anth.
	<1
	163.6
	42.1
	<1



	
	Total FB1 conc. in each cultivar
	378.5
	475.5
	224.2
	38.21







All plants in all treatments except for the control were inoculated with F. graminearum within an 8 h window after the application of the BCA treatment. Concentrations at the Limit of Quantification LOQ < 16 were first divided by 2 for an approximate value, which was used in the calculation of total FB1 concentration (µg·kg−1). The treatments used were: (1) Control, no biocontrol agents (BCAs) or any other treatment; (2) Sm seed-BCA-S. mycoparasitica applied on the seed; (3) SmF seed-S. mycoparasitica + Fungicide on the seed; (4) Sm anth.-S. mycoparasitica applied at anthesis; (5) SmF anth.-S. mycoparasitica + Fungicide at anthesis; (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis; (7) SmX seed-S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied on seed; (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis; (9) Sm seed + Sm anth-S. mycoparasitica seed + S. mycoparasitica at anthesis; and (10) SmF seed + SmF anth-S. mycoparasitica + Fungicide seed and S. mycoparasitica + Fungicide at anthesis.
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Table 5. Effect of BCA on FB2 concentration (µg·kg−1) in four wheat cultivars.






Table 5. Effect of BCA on FB2 concentration (µg·kg−1) in four wheat cultivars.













	
	Treatments
	CDC Go W-MS
	AAC

Brandon

W-MR
	AAC

Strongfield

D-S
	CDC

Credence

D-S+





	1
	Control
	<1
	<1
	<1
	<1



	2
	Sm seed
	<1
	<1
	<1
	<1



	3
	SmF seed
	2.3
	<1
	11.8
	NR



	4
	Sm anth.
	<1
	<1
	<1
	<1



	5
	SmF anth.
	<1
	4.04
	<1
	<1



	6
	F. gr.anth.
	<1
	<1
	<1
	4.1



	7
	SmX seed
	137.7
	<1
	<1
	1



	8
	SmX anth.
	<1
	2.08
	<1
	<1



	9
	Sm seed + Sm anth.
	<1
	72.8
	<1
	<1



	10
	SmFseed + SmF anth.
	<1
	26.6
	<1
	<1



	
	Total FB2 conc.

in each cultivar
	144
	108.5
	16.3
	8.1







All plants in all treatments except for the control were inoculated with F. graminearum within an 8 h window after the application of the BCA treatment. Concentrations at the Limit of Quantification LOQ < 16 were first divided by 2 for an approximate value, which was used in the calculation of total FB2 concentration (µg·kg−1). The treatments used were: (1) Control, no biocontrol agents (BCAs) or any other treatment; (2) Sm seed-BCA-S. mycoparasitica applied on the seed; (3) SmF seed-S. mycoparasitica + Fungicide on the seed; (4) Sm anth.-S. mycoparasitica applied at anthesis; (5) SmF anth.-S. mycoparasitica + Fungicide at anthesis; (6) F.gr. anth.- a mixture of F. graminearum applied at anthesis; (7) SmX seed-S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied on seed; (8) SmX anth- S. mycoparasitica SMCD 2220-01 strain + S. mycoparasitica SMCD 2220-02(5) applied at anthesis; (9) Sm seed + Sm anth-S. mycoparasitica seed + S. mycoparasitica at anthesis; and (10) SmF seed + SmF anth-S. mycoparasitica + Fungicide seed and S. mycoparasitica + Fungicide at anthesis.
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Table 6. Effect of plant cultivar and treatment on Fusarium community structure assessed with permutational multivariate analysis of variance (PERMANOVA).






Table 6. Effect of plant cultivar and treatment on Fusarium community structure assessed with permutational multivariate analysis of variance (PERMANOVA).





	
Fusarium




	
Source

	
d.f

	
F

	
p






	
Cultivar

	
3

	
0.95

	
0.51




	
Treatment

	
4

	
0.19

	
0.08
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Table 7. Effect of plant cultivar and treatment on Fusarium community structure assessed with permutational multivariate analysis of variance (PERMANOVA). Permanova analysis indicated a tendency (p = 0.08) of treatment effect on Fusarium communities and associated mycotoxins.






Table 7. Effect of plant cultivar and treatment on Fusarium community structure assessed with permutational multivariate analysis of variance (PERMANOVA). Permanova analysis indicated a tendency (p = 0.08) of treatment effect on Fusarium communities and associated mycotoxins.





	
Fusarium






	
Source

	
d.f

	
F

	
p




	
Cultivar

	
3

	
0.95

	
0.51




	
Treatment

	
4

	
1.5

	
0.08
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