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The fungal pathogen Fusarium graminearum causes Fusarium head blight (FHB) on wheat and produces trichothecene mycotoxins that contaminate grains. Deoxynivalenol (DON) and its acetylated derivatives, including 3-acetyl-DON (3-ADON) and 15-acetyl-DON (15-ADON), are the most common trichothecenes found in contaminated grains, which causes food and feed safety issues. Approaches that detoxify DON can reduce FHB and mycotoxin contamination. Our previous study showed that transgenic Arabidopsis thaliana expressing a F. graminearum 3-O-acetyltransferase self-protection enzyme (FgTri101), converted DON to 3-ADON and excreted 3-ADON out of plant cells to protect plant growth and development. The goal of the current study was to identify the transporter involved in 3-ADON excretion and utilize it to reduce toxicity and FHB. To identify trichothecene transporter candidates, transcriptomic studies were conducted on FgTri101 transgenic A. thaliana seedlings treated with DON (50 mg/L, 24 h) versus untreated controls. Transcriptomic analyses revealed that three transporter genes, including two A. thaliana detoxification genes (AtDTX1 and AtDTX3) and one ABC transporter (ABCB4), were upregulated by DON treatment. Atdtx1 mutant transported 3-ADON less efficiently than Atdtx3 and Atabcb4 mutants. Therefore, the A. thaliana Col-0 mutant Atdtx1 line was transformed and expressed FgTRI101. The Atdtx1 mutant lines expressing FgTRI101 showed resistance to DON but had significantly shorter roots than the FgTRI101 Col-0 transgenic line. Furthermore, significantly less 3-ADON was detected in the media used to grow the transgenic Atdtx1 mutant seedlings expressing FgTRI101 than the Col-0 seedlings expressing FgTRI101. These data indicate that AtDTX1 is involved in efflux of 3-ADON and that at least another transporter or other mechanism is associated with 3-ADON transport.
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Introduction

Trichothecenes are toxic sesquiterpenoid metabolites produced by some Fusarium species. Trichothecenes harm animal and human health by inhibiting eukaryotic cell functions, including DNA and RNA synthesis, protein translation and elongation, mitochondrial translation, and cell division (Rocha et al., 2005; Bin-Umer et al., 2011). F. graminearum is a primary causal agent of Fusarium head blight (FHB), a disease of wheat, barley and other cereals that contaminates grains with harmful mycotoxins. The common trichothecene mycotoxins found in contaminated cereal grains include deoxynivalenol (DON), 3-acetyl-DON (3-ADON), 15-acetyl-DON (15-ADON), nivalenol (NIV) and T-2 toxin (Foroud et al., 2019). DON inhibits protein synthesis by interacting with the 60S peptidyl transferase of eukaryotic ribosomes (Garreau de Loubresse et al., 2014). While DON, 3-ADON and 15-ADON exhibit similar toxicological effects on humans and animals, these trichothecene analogs show different levels of toxicity to plants. DON can cause plant cell death, reactive oxygen responses, and plant defense gene activation (Desmond et al., 2008). In addition, DON acts as a virulence factor in wheat, promoting disease development and causing premature bleaching of wheat heads, a typical FHB symptom (Proctor et al., 1995; Bai et al., 2002). A recent study revealed that DON facilitates the traversal of the cell wall through plasmodesmata during F. graminearum colonization of wheat tissues (Armer et al., 2024). Compared to DON, 3-ADON is less toxic to plants. For example, transgenic Arabidopsis and rice expressing F. graminearum TRI101, encoding a 3-O-acetyltransferase that converts DON to 3-ADON, have increased plant resistance to the toxin (Ohsato et al., 2007; Hao et al., 2021). Transgenic wheat expressing F. graminearum TRI101 have enhanced FHB resistance and reduced mycotoxin contamination (Yulfo-Soto et al., 2024). In response to mycotoxins produced by fungi during plant infection, plants deploy toxin detoxification strategies for self-protection. Multiple plant detoxification genes have been identified and utilized to reduce toxicity and enhance disease resistance, including plant UDP-glycosyltransferases (UGTs) (Poppenberger et al., 2003; Li et al., 2015) and glutathione transferases (GSTs) that convert DON to less toxic derivatives (Wang et al., 2020).

In addition to detoxifying toxic compounds, plants employ transporters to sequester or dispose of diverse secondary metabolites, including toxins. Several major types of transporters have been described, including the ATP-binding cassette (ABC) family, the major facilitator superfamily (MFS), the resistance-nodulation-division (RND) family, the small multidrug resistance (SMR) transporters, and multidrug and toxic compound extrusion (MATE) protein family (also called Detoxification Efflux Carriers, DTXs). A typical DTX protein contains 440–550 amino acids and a conserved transmembrane domain comprising 12 alpha-helices. Many DTX transporters have been characterized that transport toxic compounds or other secondary metabolites in plant species (Chen et al., 2020). For instance, Nicotiana tabacum NtJAT1 has been shown to transport alkaloids from the cytosol to the vacuole, thereby regulating plant development and disease resistance (Morita et al., 2009). In the A. thaliana genome, 56 DTXs are predicted, and some have been functionally characterized. A. thaliana AtDTX1 serves as an efflux carrier for antibiotics, toxic compounds, heavy metals and plant alkaloids (Li et al., 2002). The A. thaliana AtDTX41 transporter, identified in transparent testa12 mutants, moves proanthocyanidin precursors into the vacuole (Marinova et al., 2007). A. thaliana AtDTX35 is a flavonoid transporter that is essential for anther dehiscence and pollen development (Thompson et al., 2010). Both AtDTX35 and transporter AtDTX33 act as chloride channels for turgor regulation during root-hair elongation and stomatal movement (Zhang et al., 2017). During plant-fungal pathogen interactions, A. thaliana AtDTX18 exports hydroxycinnamic acid amides to the leaf surface where they inhibit Phytophthora infestans spore germination (Dobritzsch et al., 2016).

In addition to DTXs, ABC transporters utilize the energy of ATP hydrolysis to actively transport many chemically and structurally unrelated compounds across cellular membranes. Many toxic secondary metabolites are conjugated and moved by ABC transporters to the plant vacuole for sequestration. In the A. thaliana genome, a total of 130 annotated ABC transporters are predicted, but thus far only about 20 of them have been functionally characterized (Kang et al., 2011). For example, AtMRP1 and AtMRP2, have been shown to transport glutathione-conjugates and chlorophyll catabolites to vacuoles for sequestration (Lu et al., 1997, 1998). Although multiple A. thaliana transporters have been functionally characterized, none of them are known to be involved in mycotoxin transport. Identification and characterization of mycotoxin transporters may provide novel targets for reducing mycotoxin contamination and improving food safety.

Our previous study showed that transgenic A. thaliana expressing a F. graminearum self-protection gene, FgTRI101, converted the mycotoxin DON to 3-ADON and excreted 3-ADON out of plant cells to protect plant growth and development (Hao et al., 2021). The finding of 3-ADON excretion into media suggests that A. thaliana has a transporter for 3-ADON efflux. Furthermore, our recent study showed that transgenic wheat expressing FgTRI101 has increased FHB resistance and reduced DON contamination (Yulfo-Soto et al., 2024). Therefore, identification of a 3-ADON transporter and expression of it in wheat could be used to increase 3-ADON disposal and improve resistance to FHB. To identify trichothecene transporters in A. thaliana, in the current study, we performed transcriptomic studies using FgTri101 transgenic A. thaliana challenged with DON. The AtDTX1 gene was identified and was further characterized for its role on 3-ADON efflux in A. thaliana using A. thaliana mutants expressing FgTRI101.





Materials and methods




Chemical preparation and sample treatments

DON and 3-ADON were produced and purified at the Mycotoxin Prevention and Applied Microbiology Research Unit, USDA/ARS, Peoria, IL as described previously (Desjardins et al., 2007). DON was dissolved in sterilized water at 2 mg/mL as a stock. 3-ADON (10 mg) was dissolved in 100 uL methanol and brought up to 2 mg/mL with sterilized water.

Homozygous A. thaliana T2 seedlings expressing FgTRI101 were treated with 50 mg/L DON for 24 h in RNA-seq experiments because our previous study showed that the converted 3-ADON was present at 24 or 48 h in liquid medium used to culture FgTRI101 transgenic seedlings (Hao et al., 2021). Briefly, the FgTRI101 transgenic seeds were surface disinfected using 70% ethanol for 2 min, then 10% Clorox for 10 min, and rinsed three times with sterile water. The sterilized seeds were placed on Murashige and Skoog (MS) agar plates containing 50 mg/L kanamycin. Subsequently, the plates were kept at 4°C for 2 days and transferred to a growth chamber at 23/20°C with 14 h light/10 h-dark cycles (150 µmol/ms light intensity). After 9 to 10 days, 16–18 seedlings were transferred to a 50 mL tube containing 5 mL of half-strength MS liquid medium with 1% sucrose. After 3 to 4 days, the medium was removed and substituted with 5 mL of fresh medium supplemented with 50 mg/L DON or without DON (as controls). Three biological replicates were conducted for each treatment. The seedlings were collected at 24 h following DON treatment for RNA isolation. DON and 3-ADON were extracted from the liquid medium and measured to confirm DON to 3-ADON conversion and 3-ADON excretion.





RNA-seq analysis

The seedlings of transgenic A. thaliana expressing FgTri101 from each tube with DON or without DON were collected as a single biological replicate, three replicates per treatment. The seedlings were dried with filter paper, flash frozen in liquid nitrogen, then ground using a mortar and pestle. Total RNA was extracted using Trizol reagent (Sigma-Aldrich, St. Louis, MO) combined with the Ambion RNA isolation kit (Hao et al., 2020). RNA was quantified using a spectrophotometer (Nanodrop; Thermo Fisher Scientific, Waltham, MA) and treated with RQ1 RNase-free DNase (Promega Corp. Madison, WI). Library preparation was conducted at Novogene using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (New England Biolabs, Ipswich, MA) following manufacturer’s recommendations. Briefly, the poly-A containing mRNA was purified from about 1 µg total RNA, and fragmented. First strand cDNA was synthesized using random hexamer primers and reverse transcriptase. Subsequently, second stranded cDNA was synthesized using DNA Polymerase I and RNase H. The double stranded cDNA fragments were end-repaired and ligated with adaptors. cDNA fragments of 150~200 bp were size-selected, then amplified with PCR to develop the library. The library quality was assessed on the Agilent Bioanalyzer 2100 system and then used to generate reads using the Illumina HiSeq 2000 system. The raw sequence reads were trimmed and aligned to the A. thaliana reference genome (Arabidopsis Genome, 2000). Differentially expressed genes (DEGs) analysis between samples treated with DON and non-treated controls were performed using the EBseq package (Anders and Huber, 2010). DEGs are defined as Fold change >2 between two groups. Gene Ontology (GO) enrichment and pathway enrichment analysis of DEGs were performed to detect significant pathway changes. Focus was given to the genes that encode transporters.





Gene expression validation by RT-qPCR

Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) was conducted to validate the RNA sequencing results for a subset of selected genes. Primers for each gene are listed in Supplementary Table S1. cDNA was synthesized using the same RNA used for RNA-seq and RT-PCR reactions were conducted as described (Hao et al., 2019). Briefly, after no DNA contamination in the samples was confirmed, 1 µg RNA was used for cDNA synthesis. Following cDNA synthesis, qPCR was performed on a Bio-Rad CFX96 RealTime System (Bio-Rad Laboratories). The A. thaliana gene elongation factor 1-alpha (EF1α) was used as an internal control to normalize the expression values. Gene expression was calculated by 2-ΔΔCt method using CFX Manager software (Bio-Rad) (Livak and Schmittgen, 2001).





Transformation of A. thaliana Atdtx1 mutant with FgTRI101

Arabidopsis thaliana (ecotype Columbia, Col-0) transporter mutants, Atdtx1(CS923578, polymorphism SALK_064435), Atdtx4 (SALK_142350C) and Atabcb4 (SALK_063720C), were obtained from Arabidopsis Biological Resource Center (ABRC, the Ohio State University, OH). Atdtx1 mutant was confirmed by PCR using a set of primers, AtDTX1-LP and RP (Supplementary Table S1) that flank T-DNA insertion. AtdtX3 mutant was confirmed using primers AtDTX1-ORF5´ and -ORF3´ (Supplementary Table S1). Atabc4 mutant (pgb4-1, SALK_063720) was confirmed as a homologous mutant by a previous study (Terasaka et al., 2005). All three mutant lines were grown in a growth chamber as described above for seed propagation. The collected seeds were tested for their resistance to DON and ability to transport DON and 3-ADON. Based on the obtained data, A. thaliana Atdtx1 mutant line was transformed using the construct pBinARS/plus-FgTRI101 driven by a double 35S (D35S) promoter generated in our previous study (Hao et al., 2021). Transgenic plants were selected on MS media containing 50 mg/L kanamycin. The kanamycin resistant plants were transferred to soil and cultivated in the growth chamber as described above.





Molecular analysis of transgenic A. thaliana

Genomic DNA was isolated from 2- to 3-week-old leaves of kanamycin resistant A. thaliana plants using ZR Fungal/Bacterial DNA Miniprep Kit (Zymo Research, Boston, MA). DNA concentration was determined using a spectrophotometer (NanoDrop 2000, Thermofisher Scientific, Waltham, MA) and DNA was used for PCR amplification with the primers FgTRI101-ORF5´ and FgTRI101-ORF3´ (Supplementary Table S1).

Total RNA was isolated from leaves of the transgenic A. thaliana Atdtx1 plants containing FgTRI101 as described above. The absence of genomic DNA contamination was verified. cDNA synthesis and qPCR were performed as described above. Gene expression level was calculated with the 2-ΔΔCt method (Livak and Schmittgen, 2001) relative to the transgenic plant with the lowest expression level (Tri101-6), which was set as 1. The qPCR reactions were set up in triplicate for each transgenic event and repeated three times with similar results.

The homozygous T2 seeds from transgenic lines were verified by progeny tests on MS media containing 50 mg/L kanamycin. The FgTRI101 copy number was estimated by qPCR in hemizygous T1 lines using two sets of primers, FgTRI101-RT-F/R, At4HPPD-F/R (Supplementary Table S1) as described (Hao et al., 2021).





Root resistance assay to DON

Root resistance assays were conducted as described (Hao et al., 2021). Briefly, seeds of Atdtx1, Atdtx3 and Atabcb4 mutants, T2 seeds of the transgenic plants expressing FgTRI101 in Col-0 background, Tri101-8, and Atdtx1 mutant background, lines Tri101/Atdtx1–2 and-7, along with Col-0 and Atdtx1 seeds, were surface disinfected as described above. Surface-sterilized seeds were sown on MS medium supplemented with 2, or 10 mg/L DON in square vertical plates (Greiner bio-one North America Inc. Monroe, NC). A total of ten seeds were placed on each agar plate. Each line was tested with three plates. The root length was measured at 17 days after germination.





DON and 3-ADON transport in A. thaliana and transporter mutants

The seeds of A. thaliana Col-0 and three transporter mutants, Atdtx1, Atdtx3 and Atabcb4 were surface disinfected and cultured on MS medium as described above. After about 10 days, 16 to 18 seedlings were each transferred to a 50 mL tube containing 5 mL of half-strength MS liquid medium plus 1% sucrose. The medium was removed after 3–4 days, and fresh medium (5mL) containing 50 mg/L DON or 3-ADON was added. The seedlings and culture media were collected after 24 h incubation. Both seedling samples and culture media were extracted and analyzed for toxins. The fresh weight of seedlings was measured for toxin calculations. Each line was replicated three to four times.





DON conversion and 3-ADON excretion

T2 seeds of the transgenic A. thaliana FgTRI101–8 and Tri101/Atdtx1–2 and-7, along with Col-0 and Atdtx1 seeds were surface disinfected, cultured on MS medium, challenged by 50 mg/L DON for 24 h as described above. The fresh weight of seedlings was measured. Both seedling samples and culture media were extracted and analyzed for toxins. Each transgenic line and col-0 were replicated three to four times.





Mycotoxin extraction and quantification

Mycotoxins were extracted and measured as described (Hao et al., 2021). Briefly, A. thaliana seedlings were extracted with 10 ml of acetonitrile: water (86: 14), and 9 mL of extract was dried under a stream of air (Hao et al., 2019). For liquid media, 1.4 mL aliquots were combined with 8.6 mL acetonitrile and the mixture was dried under a stream of air.

Trimethylsilyl (TMS) derivatives were prepared by adding 100 µL of a 100:1 freshly prepared mixture of N-trimethylsilylimadazole/trimethylchlorosilane (Sigma-Aldrich, St. Louis MO) to the dried extract. After 30 min, 900 µL isooctane was added to the reaction mixture followed by 1 mL water. The organic layer was transferred to 2 mL autosampler vial for GC-MS analysis. TMS derivatives of purified DON and 3-ADON, were similarly prepared and used to construct standard curves for quantification.

GC-MS analyses were performed on an Agilent 7890 gas chromatograph fitted with a HP-5MS column (30 m, 0.25 mm, 0.25 µm) with splitless injection and a 5977-mass detector. Samples were analyzed in both scan and selective ion monitoring (SIM) mode. Under these conditions, the TMS ether of DON was detected at 6.14 min (m/z 512, 422, 392, 295, 259, 235 ions), 3-ADON at 6.60 min (m/z 482, 467, 392, 377, 235, 193, 181 ions). Mass Hunter Software with a NIST11 library was used to identify additional peaks in the chromatograms. Toxin content was determined using standard curves. For plant seedling samples, toxin content was divided by seedling fresh weight and compared. For liquid samples, toxin was calculated by volumes.





Statistical analysis

All statistical analyses were performed using JMP 17 software. The data were analyzed by one-way ANOVA and the means were compared by Tukey honestly significant difference (HSD) test.






Results




Identification of A. thaliana transporter candidates upregulated by DON/3-ADON

To identify transporters that are involved in 3-ADON efflux, transgenic A. thaliana seedlings expressing FgTRI101 were treated with 50 µg/mL DON for 24 h. Transcriptomic analyses identified 268 differentially expressed genes (DEG) in DON-treated samples vs. controls and the complete list of DEG is in Supplementary Table S2. Out of 268 DEG, 217 A. thaliana genes were upregulated, and 51 genes were downregulated by DON or 3-ADON exposure (FgTri101 can convert DON to 3-ADON) (Figure 1A). Pathway enrichment analysis revealed a significant response to nitrogen and organonitrogen compounds in DON-treated seedlings than in the control. Genes associated with chitin and bacteria pathways were also enriched (Supplementary Figure S1). As expected, UGT-glucosyltransferase activities were upregulated as well (Supplementary Figure S1, Supplementary Table S2).




Figure 1 | Identification of transporter candidates by RNA seq analyses. (A), Volcano plots for the differentially expressed genes in Arabidopsis thaliana transgenic plants expressing FgTRI101 treated with DON for 24 h compared to controls. Three biological replicates were conducted for each treatment. (B), Selected genes upregulated by DON treatment in RNA seq analysis. (C), Confirmation of the selected gene induction by qPCR. The expression of the selected genes was normalized to the expression of A. thaliana elongation factor 1-alpha (EF1α). The relative gene expression was calculated using the values of DON treated samples versus the mock treated control. Bars represent the means from three biological replicates and standard deviation.



The goal of this study was to identify the transporters that export 3-ADON out of plant cells, therefore we focused on transporters that were up regulated in A. thaliana FgTri101 seedlings treated with DON. In total, 8 transporter genes were upregulated in the transcriptomic data, including 5 DTXs and 3 ABC transporters (highlighted in yellow in Supplementary Table S2). After comparison, three transporter candidates were selected for investigation, including the DTX transporters AtDTX1(At2g04040) and AtDTX3(At2g04050), and the ABC transporter AtABCB4(At2g47000). Both AtDTX1 gene and AtDTX3 gene encode 476 amino acid (aa) proteins, and they share 83.4% identity. Both proteins possess a putative transmembrane domain with 12 alpha-helices. In addition, AtDTX1 is characterized as an efflux carrier for plant derived alkaloids, heavy metals, antibiotics and other toxic compounds (Li et al., 2002). AtABCB4 encodes a 1286 aa protein that functions as a root-localized auxin influx/efflux transporter and regulates auxin levels in A. thaliana roots (Kubes et al., 2012).

To validate RNA-seq data, we confirmed that five transporter genes and two other highly induced genes in RNA seq analysis, At2g20720 encoding a pentatricopeptide-repeat protein and At5g24640 that responds to hydrogen peroxide, were induced by DON in RT-qPCR assays (Figures 1B, C).





AtDTX1 affects 3-ADON transport

Since Atabc4 mutant (pgb4-1) was confirmed to lack the expected PCR product, gene and protein expression (Terasaka et al., 2005), two selected transporter mutants, Atdtx1and Atdtx3, were examined and confirmed by PCR in the current study. Atdtx1 mutant has a T-DNA insertion located at 231 bp after the start codon (Supplementary Figure S2A). PCR amplification showed the absence of a PCR product in the Atdtx1 mutant using the primers flanking T-DNA insertion, whereas the expected PCR band was present in the Col-0 control line (Supplementary Figure S2B). Atdtx3 mutant has a T-DNA insertion in the first exon (Supplementary Figure S2A). No PCR product was observed in the Atdtx3 mutant as well using the primers to amplify AtDTX3 open reading frame (Supplementary Figure S2B). Then, the mutants were tested for their resistance to DON by germinating and growing on medium containing DON. When the mutants were grown on MS medium containing 2 mg/L DON, all three mutants grew as well as Col-0 and the FgTri101 transgenic line. However, when the mutants were placed on MS medium containing 10 mg/L DON, only the FgTri101 transgenic line had root growth, as we previously reported (Hao et al., 2021). No differences in root growth were observed between the transporter mutants and wildtype Col-0 when challenged with 2 mg/L or 10 mg/L DON (Supplementary Figure S3). These observations indicate that a single disruption of these transporter candidates does not affect DON toxicity on A. thaliana germination and growth.

To determine whether the three transporter candidates are involved in toxin movement, we examined whether disruption of the three A. thaliana transporters affects toxin accumulation in liquid media and seedlings. After A. thaliana seedlings of Col-0 and three transporter mutants were challenged by 50 mg/L DON, similar levels of DON were observed in seedlings of Col-0 and transporter mutants and within the media (Figures 2A, B), suggesting that none of the three transporters affect DON transport alone. When the A. thaliana seedlings were challenged by 50 mg/L 3-ADON, a significantly higher level of 3-ADON was found in the media in which Atdtx1 mutant seedlings were grown, compared to the growth media of Atdtx3 and Atabcb4 mutant seedlings (Figure 2C), suggesting AtDTX1 may be involved in 3-ADON transport. However, the accumulation of 3-ADON in Col-0 and transporter mutant seedlings was not significantly different (Figure 2D).




Figure 2 | AtDTX1 affects 3-ADON but not DON uptake. The seedlings of transporter mutants, Atdtx1, Atdtx3, AtABCB4 and Col-0 control, were treated with 50 mg/L DON or 3-ADON for 24 h in half Murashige and Skoog (MS) liquid media. (A), DON contents in media; (B), DON contents in seedlings; (C), 3-ADON contents in media; (D), 3-ADON contents in seedlings. Toxins were extracted from seedlings and media separately for comparison. Bars with different letters indicate statistically significant differences.







Characterization of transgenic A. thaliana Atdtx1 mutant expressing FgTRI101

To determine if AtDTX1 affects 3-ADON efflux, we introduced the FgTRI101 construct to Atdtx1 mutant by floral dip transformation. A total of 9 transgenic Atdtx1 plants were resistant to kanamycin. The presence of FgTRI101 in Atdtx1 transgenic plants was confirmed by PCR (Supplementary Figure S4). Gene expression analysis by RT-qPCR showed that four transgenic plants, Tri101/Atdtx1-1, 2, 7, and 8, had relatively higher expression of AtDTX1 than the other tested lines (Figure 3). Among them, qPCR analysis showed that transgenic lines, Tri101/Atdtx1-2, -7, and -8 had a single insertion (Supplementary Table S3). Therefore, we selected transgenic lines Tri101/Atdtx1–2 and 7, propagated to reach the T2 homozygous generation for further analysis.




Figure 3 | Expression of FgTRI101 in different transgenic Arabidopsis thaliana Atdtx1 plants. The expression of FgTRI101 was normalized to the expression of A. thaliana elongation factor 1-alpha (EF1α). The relative gene expression is calculated from the 2-ΔΔCt values of a sample versus A. thaliana Tri101/Atdtx1-6, which had the lowest expression among the tested plants. Each sample was run with three technical replicates in one plate. Bars represent the means from three biological replicates and their standard deviations.







Atdtx1 lines expressing FgTRI101 have moderate DON resistance

To assess if disruption of AtDTX1 affects root resistance to DON, we compared root growth of different lines in MS media containing 10 mg/L DON. These lines included A. thaliana Col-0 and Col-0 expressing FgTRI101, Atdtx1 mutant and Atdtx1 mutant expressing FgTRI101, lines 2 and 7. As expected, Col-0 and the Atdtx1 mutant lines germinated but had short roots and yellow cotyledons. Col-0 expressing FgTRI101 had the longest roots (Figure 4A). Statistical analyses showed that the Atdtx1 lines expressing FgTRI101, Tri101/Atdtx1–2 and 7, had significantly shorter roots than Col-0 FgTri101 transgenic plants (Figure 4B). These data suggest that AtDTX1 reduces the efficacy of FgTri101-conferred resistance to DON in A. thaliana, possibly by reducing converted 3-ADON excretion in Atdtx1 lines.




Figure 4 | Comparison of growth and toxin accumulation of Arabidopsis thaliana Atdtx1mutant line and wildtype expressing FgTRI101 on Murashige and Skoog (MS) medium containing 10 mg/L DON. (A), Wild-type Col-0, Col-0 expressing FgTRI101, Atdtx1 mutant, and Atdtx1 lines (FgTri101-2, and 7) expressing FgTRI101. The photographs were taken after a two-week period incubation. (B), Root length comparison of different A. thaliana seedlings. Root lengths were measured at 14 days. Each line contained 25 to 30 seedlings. Bars with different letters indicate statistically significant differences at p<0.05.







AtDTX1 is involved in 3-ADON efflux

To confirm AtDTX1 is involved in 3-ADON excretion, we compared 3-ADON levels in liquid half strength MS medium that was used to grow Tri101/Atdtx1 transgenic seedlings, Col-0, Atdtx1 and Tri101controls. When DON was added into the media, DON was detected in all media without a significant difference (Figure 5A). In seedlings, DON was significantly lower in Tri101 transgenic line compared to the other lines (Figure 5B), due to FgTRI101 converting DON to 3-ADON in the transgenic seedlings expressing FgTRI101. As expected, no 3-ADON was detected in Col-0 or Atdtx1 mutant seedlings or in the culturing media, due to non-Tri101 seedlings lacking the ability to convert DON to 3-ADON (Figures 5C, D). Significantly less 3-ADON was detected in the media in which the Tri101/Atdtx1 lines were grown than that of the Tri101 line (Figure 5C), indicating that Tri101/Atdtx1 lines is less efficient in 3-ADON efflux than the Tri101 line. However, the difference in 3-ADON level was not significantly different in Tri101/Atdtx1 or Tri101 seedlings (Figure 5D), which may be due to 3-ADON conversion to other forms of metabolites or the presence of an additional transporter with functional redundancy. Overall, these data confirm that AtDTX1 is involved in 3-ADON efflux but also suggested that another transporter may be associated with 3-ADON efflux.




Figure 5 | AtDTX1 is involved in 3-ADON excretion. DON and 3-ADON levels in plants and media after different A. thaliana lines, including transporter mutants, Tri101/Atdtx1-2, Tri101/Atdtx1-7, Tri101-8, Atdtx1 and Col-0, were grown for 2 days. (A), DON levels in the media after different A. thaliana lines treated with 50 mg/L DON for 2 days. (B), DON levels in A. thaliana seedlings after treatment with 50 mg/L DON for 24 h. (C), 3-ADON levels present in the media after A. thaliana seedlings expressing FgTRI101 convert DON to 3-ADON. (D), 3-ADON levels converted from DON in A. thaliana seedlings expressing FgTRI101. Bars with different letters indicate statistically significant differences at p<0.05.








Discussion

Transporters play an important role in protecting fungi from mycotoxins. In some Fusarium species, the Tri12 transporter exports trichothecene analogs for fungal protection (Alexander et al., 2009). Similarly, in Saccharomyces cerevisiae a pleiotropic drug resistance (PDR)-like ABC transporter, PDR5 (Balzi et al., 1994), exports DON from the cytoplasm into the extracellular space (Gunter et al., 2016). Plant transporters also play a critical role in sequestration or excretion of mycotoxins. A previous study identified two vacuolar membrane-localized transporters in wheat, TaABCC3.1 and TaABCC3.2, which are induced by DON and associated with DON sequestration (Walter et al., 2015). Furthermore, TaABCC3.1 transporter was shown to contribute to wheat resistance to FHB (Walter et al., 2015). It has been shown that trichothecenes, such as DON, can cause plant cell death, tissue chlorosis, root growth inhibition and wheat spike bleaching during fungal infection (Desmond et al., 2008; Wipfler et al., 2019; Hao et al., 2021). However, little is known about whether plant cells take up trichothecenes passively, actively or both. Here, we identified the first A. thaliana transporter, AtDTX1 involved in trichothecene 3-ADON export.

After we showed that transgenic A. thaliana expressing FgTRI101 can convert DON to 3-ADON and excrete 3-ADON out of plant cells for plant protection (Hao et al., 2021), we conducted experiments to identify DON or 3-ADON transporters. Using transcriptomic analyses, three potential transporters for trichothecene transport were identified. Surprisingly, none of these transporters significantly affected DON levels in seedlings or the media used to culture them compared to Col-0 controls, suggesting that these three transporters are not involved in DON transport or function redundantly (Figure 2A). We speculate that multiple transporters are involved in DON transport or DON as a small molecule is able to diffuse in/out of plant cells. Trichothecenes have a core structure, 12, 13-epoxytrichothec-9-ene, and they are classified into different groups according to different side chains attached to the core structure (McCormick et al., 2011). It is possible that there are specific transporters for different trichothecene analogs because the Atdtx1 mutant did not significantly affect DON transport. Further investigations are needed to clarify these possibilities.

In the transcriptomic analysis of Tri101 A. thaliana seedlings, many differently expressed genes were identified after DON treatment. Several UDP-glycosyltransferases (UGTs) were upregulated in A. thaliana seedlings treated with DON. When one of them, A. thaliana UGT73C5 (DOGT1) was expressed in S. cerevisiae, it conferred DON resistance by converting DON to the less toxic DON-3-O-glucoside (Poppenberger et al., 2003). Although A. thaliana over-expressing AtUGt73C5 had increased DON resistance, the transgenic plants were dwarfs due to the formation of brassinosteroid-glucosides (Poppenberger et al., 2003). In this study, as expected, the expression of A. thaliana UGTs was induced by exposure to DON, to reduce DON toxicity (Supplementary Table S2). Many genes associated with plant defense responses were also up-regulated in seedlings treated with DON, such as ethylene-responsive transcription factor CRF5 and PAMP-induced secreted peptide 1 (Supplementary Table S2). Although DON is not a virulence factor in A. thaliana, it can cause plant cell death, leaf chlorosis, and inhibit root growth (Hao et al., 2021). Therefore, it is plausible that plant defense genes were enriched when A. thaliana seedlings were treated with DON.

Transgenic A. thaliana mutant Atdtx1 plants expressing FgTRI101 displayed some resistance to DON but had significantly shorter roots than A. thaliana Col-0 expressing FgTRI101 (Figure 4). DON inhibits A. thaliana root growth and causes dwarfism (Masuda et al., 2007; Hao et al., 2021). In contrast, 3-ADON is less toxic to the roots of A. thaliana and rice (Ohsato et al., 2007; Hao et al., 2021). When challenged with DON in liquid culture assays, significantly less 3-ADON was detected in the growth media for Atdtx1 seedlings expressing FgTRI101 than Col-0 expressing FgTRI101 (Figure 5C). AtDTX1 has been reported to localize in plasma membranes and to export toxins out of A. thaliana cells (Li et al., 2002). Taken together, these studies demonstrated that AtDTX1 is an efflux carrier for 3-ADON export. A prior study showed that the wheat transporter TaABCC3.1 contributed to FHB resistance (Walter et al., 2015). Although 3-ADON is less toxic to plants than DON, 3-ADON and DON have similar toxicity on animals (Broekaert et al., 2017). In contaminated grains, different trichothecene analogs often co-exist. 3-ADON accounts for approximately 20% of the total DON content in contaminated grains. A study also found that the naturally contaminated triticale kernels contain about 59% 3-ADON and 30% DON (Perkowski and Kaczmarek, 2002). In recent years, the presence of these acetylated forms has become more prominent because they increase total toxin contents in food and feed (Janaviciene et al., 2018). Future studies to determine whether AtDTX1 homologs in wheat affect FHB resistance and overexpression of AtDTX1 can reduce mycotoxin toxicity are required.

In summary, using transcriptomic and trichothecene resistance studies, we identified an A. thaliana transporter AtDTX1 that is involved in 3-ADON transport. Furthermore, we demonstrated that A. thaliana AtDTX1 participates in 3-ADON efflux by expressing FgTRI101 in Atdtx1 mutant background. To the best of our knowledge, this is the first plant transporter identified for trichothecene 3-ADON export. It is our future interest to determine if AtDTX1 is involved in transport of other mycotoxins. Expression of AtDTX1 or co-expression of FgTRI101 and AtDTX1 in wheat may lead to enhanced FHB resistance and mycotoxin reduction.
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Supplementary Figure 3 | DON has no effect on root growth of three Arabidopsis thaliana transporter mutants. A. thaliana Col-0 and transporter mutants, Atdtx1, Atdtx3 and Atabcb4, were grown on MS media containing DON at (A), 2 mg/L or (B), 10 mg/L. The photographs were taken after a two-week incubation.
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