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Abstract

:

Deoxynivalenol (DON) is a secondary fungal metabolite that is associated with many adverse toxicological effects in agriculture as well as human/animal nutrition. Bioremediation efforts in recent years have led to the discovery of numerous bacterial isolates that can transform DON to less toxic derivatives. Both 3-keto-DON and 3-epi-DON were recently shown to exhibit reduced toxicity, compared to DON, when tested using different cell lines and mammalian models. In the current study, the toxicological assessment of 3-keto-DON and 3-epi-DON using in planta models surprisingly revealed that 3-keto-DON, but not 3-epi-DON, retained its toxicity to a large extent in both duckweeds (Lemna minor L.) and common wheat (Triticum aestivum L.) model systems. RNA-Seq analysis revealed that the exposure of L. minor to 3-keto-DON and DON resulted in substantial transcriptomic changes and similar gene expression profiles, whereas 3-epi-DON did not. These novel findings are pivotal for understanding the environmental burden of the above metabolites as well as informing the development of future transgenic plant applications. Collectively, they emphasize the fundamental need to assess both plant and animal models when evaluating metabolites/host interactions.
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1. Introduction


There is a growing interest in biological detoxification approaches [1,2,3] as they constitute environmentally friendly methods to decrease the toxicological burden of many agricultural commodities inadvertently contaminated with toxins. It is anticipated that the prevalence and accumulation of agriculturally important toxins in cereals and grains will increase in the coming years as an unavoidable consequence of climate-change related effects [4,5]. This is particularly true for deoxynivalenol (DON), a Fusarium toxin produced by F. culmorum and F. graminearum, frequently encountered in corn, wheat, oats, barley, and rice, which has been on the rise in recent years [6,7,8].



The pursuit of biological systems that can be exploited for DON detoxification has intensified over the past four decades [1,9]. Earlier studies have engaged in seeking functional plant, fungi, bacteria, or bacterial consortia for this purpose and a number of enzymes/isolates with DON detoxification activities have been discovered and identified, including Brachypodium distachyon [10], Eubacterium sp. BBSH 797 [11], Bacillus sp. LS-100 [12], Eggerthella sp. DII-9 [13], Slackia sp. D-G6 [14], Desulfitobacterium sp. PGG-3-9 [15], and Devosia mutans 17-2-E-8 [16], which share the pathways of either UDP-glycosyltransferases, deepoxidation, or epimerization. Research efforts culminated in the recent discovery and characterization of multiple microbial DON catalytic systems, including DepA/DepB [17,18] and DdnA-Kdx-KdR [19]. Several metabolites of these systems have been reported as possible intermediate or final DON detoxification products including 3-keto-DON, 3-epi-DON, and DOM-1 [16,20,21,22,23]. For example, the DepA/DepB system oxidizes DON to 3-keto-DON, using pyrroloquinoline quinone (PQQ) as a cofactor, while a second reduction step occurs through a NADPH-dependent reaction, leading to the formation of 3-epi-DON [17,18].



In order to develop and optimize DON biodetoxification methods for industrial application, it is necessary to consider both the stability of DON under normal food/feed processing conditions [24], as well as the toxicological profiles of all resulting metabolites [17,18,25,26,27]. Several previous reports have described promising detoxification approaches [22,28,29,30] but were ultimately unable to deliver consistent industrial outcomes, due to the negative effects conferred by the catabolic by-products. For example, deepoxy-deoxynivalenol (DOM-1) has been shown to retain the same immune-modulatory effects of DON, while in the case of zearalenone and zearalenol, the by-product is in fact more toxic than the parental compound itself [31,32,33].



In the current report, we investigated the toxicity of 3-keto-DON and 3-epi-DON using two in planta model organisms, Lemna minor L., an aquatic freshwater plant commonly known as duckweed [34] and common wheat (Triticum aestivum L.). We also identified key plant metabolic pathways modulated by DON and 3-keto-DON, which suggest potential commonalties in their underlying molecular mechanisms. Shortly, in addition to their toxicological effects on animals, it is essential to also consider the role of DON and its metabolites in plant pathogenicity before any large-scale applications are sought [35,36].




2. Results


2.1. Lemna minor Studies


2.1.1. The Lemna minor Bioassay Is a Valid and Sensitive System to Assess DON Toxicity


To assess the phytotoxic effects of DON and its two bacterial biodetoxification products, 3-keto-DON and 3-epi-DON, the aquatic macrophyte L. minor was used as an indicator-organism. Frond’s grown on Hoagland’s E+ medium containing each of the above compounds were investigated as described in the Materials and Methods section. Starting with six fronds per well as inoculum, the final number of fronds as well as their fresh-weights, were recorded as indicators of growth inhibition after 7 days. In order to assess the sensitivity of L. minor to DON, a wide range of DON concentrations (0–5 µg/mL) was initially tested. After 7 days, the 0.5 µg/mL DON treatment caused a 23.2% decrease in total frond numbers, compared to the control group (18.88 ± 3.07 vs. 24.56 ± 4.45 fronds/well in controls), while the fresh-weight was reduced by 25% (13.75 ± 2.23 vs. 18.33 ± 4.38 mg/well in the control group) [Table 1(A)]. A dose-dependent response was observed, as 1.75 µg/mL DON resulted in a 60% and 66% decrease in total fronds and fresh-weights, respectively, whereas growth was completely inhibited at 5 µg/mL DON, with no increase of frond numbers.




2.1.2. 3-keto-DON Exhibits in Planta Toxicological Effects against L. minor Comparable to DON


The phytotoxicity of 3-keto-DON was tested using the same concentrations range established for DON as reported above. 3-keto-DON caused an in planta growth inhibition comparable to, if not greater than, what was observed for DON in the L. minor bioassay. At a concentration of 0.5 µg/mL, 3-keto-DON caused a 51% reduction in total fronds (10.67 ± 1.7/well) compared to the negative control (21.75 ± 3.03/well), with a corresponding 50.7% decrease in fronds weight (7.19 ± 0.46 mg/well vs. 14.57 ± 2.74 mg/well in the control), as shown in Table 1(B).



Similarly, the inhibitory effects of 3-keto-DON followed a dose-dependent response, in which 1.75 µg/mL resulted in 70% reduction in frond numbers (with 66.8% decrease in fresh-weights), compared to the negative control, while the plant growth was completely inhibited by 2.5 µg/mL of 3-keto-DON. Furthermore, chlorosis of fronds was observed with plants grown in the presence of 3-keto-DON, the severity of which was correlating with 3-keto-DON concentration, as more bleached fronds were observed at higher 3-keto-DON concentrations (Figure 1). To verify that 3-keto-DON was not converting back to DON under the applied experimental conditions, samples were taken from wells treated with 5 µg/mL 3-keto-DON daily and were analyzed by HPLC. The results demonstrated that the 3-keto-DON concentrations did not change over the seven-day period of incubation (data not shown), indicating that the reversal of 3-keto-DON to DON by L. minor (or the associated microbiota) did not take place.




2.1.3. High Concentrations of 3-epi-DON Do Not Negatively Affect L. minor Growth


Exposure to 3-epi-DON had no effect on L. minor growth, even when assayed at the highest concentration used for DON (5 µg/mL). Therefore, higher concentrations of 3-epi-DON were evaluated to determine its potential phytotoxic effects (Table 2). A concentration of 50 µg/mL induced a 41.6% reduction in frond numbers and 53.4% decrease of the fresh plants weight. The highest 3-epi-DON concentration tested (125 µg/mL) did not even completely inhibit the growth of L. minor (Figure 2A).



A regression analysis was carried out using an exponential model to examine the relationship between concentrations and growth inhibitions of DON and its metabolites. Due to the limited availability of 3-epi-DON, a correlation/regression design was used for the implemented toxicity-testing (using high concentrations) to add more statistical confidence to our observations. The resulting coefficient (A), constant (B), adjusted R square, and model significance values are listed in Table A1 while the regression curves are displayed in Figure 2A,B. Based on the presented exponential regression model, the L. minor IC50 values were determined to be 0.80 ± 0.14, 0.35 ± 0.12, and 34.04 ± 6.55 µg/mL for DON, 3-keto-DON, and 3-epi-DON, respectively, under our experimental conditions. The shown differences between IC50 means were found to be statistically significant (p < 0.05) based on the conducted independent-samples t-test.





2.2. Phytotoxic Effects of DON and Its Metabolites on Wheat Seedlings Are Similar to Those Observed with L. minor


The toxicity of DON and its biodetoxification products, 3-keto-DON and 3-epi-DON, on plants was further examined using a second in planta model consisting of germinated wheat-seeds [19]. The used bioassays are based on previous results that have been established in the literature showing the sensitivity and suitability of germinated wheat-seeds to test DON toxicity. Two winter varieties (AC Morley and AC Sampson) were utilized and concentrations of 10, 20, and 30 µg/mL were used for all three compounds [19]. As all three concentrations showed the same tendency, only the results of the 30 µg/mL are reported here.



Similar to L. minor bioassays, 3-epi-DON conferred no growth inhibition after 7 days incubation when compared to negative controls, whereas both DON or 3-keto-DON significantly reduced the fresh-weight and coleoptile length of wheat-seedlings (Figure 3 and Table 3). Root growth was also significantly affected by DON and 3-keto-DON but not 3-epi-DON.



The comparison of the two wheat varieties indicated that the Fusarium-susceptible variety, AC Sampson, was more sensitive towards the tested compounds than the moderately-resistant cultivar, AC Morley, as expected. Both DON and 3-keto-DON induced a pronounced decrease in AC Sampson wheat seedling coleoptile length by 31.0% and 33.2%, respectively, in comparison to the negative control (Table 3). The same was observed for the coleoptile fresh weights, which were 56.2% (DON) and 55.2% (3-keto-DON) of the negative control, as well as roots’ fresh weights, which were 17.5% (DON) and 15.5% (3-keto-DON) of the negative control. In the case of 3-epi-DON, all measured performance parameters of wheat seedlings were not significantly different from the negative controls (Table 3).




2.3. DON and 3-keto-DON, but Not 3-epi-DON, Significantly Modulated L. minor Transcriptome


To elucidate the underlying molecular mechanisms by which DON and its two bacterial metabolites exert their effects on L. minor, an RNA-Seq analysis was performed on plants exposed to DON, 3-keto-DON in addition to 3-epi-DON, and the results were compared to the negative control (media only).



Following quality filtering, the total high-quality reads per sample ranged from 66,376,776 to 100,496,994 with 87–96% of bases ≥ Q30 (Table A2). The proportion of reads that mapped to the L. minor draft genome ranged from 44.6–61.5%, of which 78.5–84.4% were mapped to predicted exon regions.



Gene expression analysis with HTSeq revealed a similar distribution of mean Fragments Per Kilobase of transcript per Million mapped reads (FPKM) between different treatment-groups (Figure 4A), indicating that the different treatments did not have a substantial effect on overall transcript abundance. Of the 22,382 predicted genes in the L. minor draft genome, a total of 14,262, 14,304, 13,746, and 14,254 were expressed (FPKM > 1) in the control, DON, 3-keto-DON, 3-epi-DON groups, respectively. The vast majority of these genes were co-expressed in all treatment groups (12,839) while 93, 236, 93, and 106 genes were uniquely expressed in the control, DON, 3-keto-DON, 3-epi-DON groups, respectively (Figure 4B).



The correlation of gene expression profiles within treatment groups was high (Pearson correlation coefficient R2 ≥ 0.93), with replicate samples exhibiting similar expression patterns, while average correlations between DON, 3-keto-DON, 3-epi-DON-treated samples, and the control samples were 0.863, 0.692, and 0.97, respectively. This indicated that expression profiles of control group samples were much more similar to the 3-epi-DON-exposed group than the DON and 3-keto-DON treatment groups. Furthermore, the previous observation was clearly supported by the clustering of treatment-groups, based on FPKM values, in which the control and 3-epi-DON groups clustered tightly together and separately from the two other groups (Figure 5A). This was also apparent in the multidimensional scaling (MDS) plot, in which Control and 3-epi-DON samples clustered closely, whereas DON and 3-keto-DON samples were separate (Figure 5B). Accordingly, very few differentially-expressed genes (DEGs; p-adjusted ≤ 0.05) were identified between the control and the 3-epi-DON groups, while a total of 786 and 3091 DEGs were significantly modulated by the DON and 3-keto-DON treatments, respectively. Of these, 23.6% were shared between the two groups (Figure 5C). Thus, our findings indicated that both DON and 3-keto-DON had profound and overlapping effects on the L. minor transcriptome, whereas exposure to 3-epi-DON had little to no impact.



The DEGs modulated by the DON and 3-keto-DON treatments were further annotated with Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologies, and an over-representation analysis (ORA) was performed on these terms. A total of 8 and 20 KEGG pathways were enriched within the DON and 3-keto-DON modulated DEG sets, respectively, of which six were shared between the two treatment groups (Figure 5D).



The enriched KEGG pathways included a wide range of metabolic processes related to energy metabolism and photosynthesis, including starch and sucrose-metabolism, photosynthesis, photosynthesis–antenna proteins, pentose–phosphate pathway, carbon-metabolism, and carbon fixation in photosynthetic-organisms (Figure A1 and Figure A2).



Enrichment analysis of shared GO terms identified a similar set of metabolic functions affected by exposure to DON and 3-keto-DON. Specifically, exposure to DON resulted in the modulation of biological processes related mainly to photosynthesis and starch and sucrose metabolism. Similarly, a number of DEGs involved in photosynthesis-related processes and carbohydrate metabolism were enriched in the 3-keto-DON group, in addition to microtubule-based processes (Figure 5E).



Moreover, a number of enriched KEGG pathways included overlapping DEGs, as visualized by gene concept networks (Figure 6A,B and Figure A3), indicating that many of the DEGs may be involved in multiple biochemical pathways. In particular, a cluster of down-regulated DEGs in the 3-keto-DON group were associated with six related KEGG pathways, including carbon fixation in photosynthetic-organisms, glyoxylate- and dicarboxylate-metabolism, carbon-metabolism, amino acid (glycine, serine and threonine) metabolism and the pentose-phosphate pathway. Fourteen enriched KEGG pathways were associated with downregulated DEGs in the 3-keto-DON group, while five were associated with upregulated genes. This included the mitogen-activated protein kinase (MAPK) pathway, in which 19 DEGs were upregulated (Figure A2K). Interestingly, this was the only signaling pathway modulated by 3-keto-DON, which, unlike biochemical pathways, has the potential for inducing wide-ranging effects through global regulation of downstream effectors. Overall, these results were consistent with the GO term enrichment analysis, and together suggest that both DON and 3-keto-DON have wide-ranging effects on plant physiology, impacting both photosynthesis and cellular respiration, as well as the MAPK signalling pathway.





3. Discussion


A growing interest in the identification of microbial and enzymatic approaches to address the accidental contamination of agricultural commodities (food and feed) with mycotoxins has led to the isolation of multiple organisms and microbes that produce various oxidative and/or reductive mycotoxin metabolites. These metabolites generally exhibit altered physicochemical characteristics in comparison to the parental compounds, mostly with undefined toxicological profiles. It is necessary to rigorously evaluate the toxicity of these metabolites in order to develop safe and practical industrial applications. In many cases, a standardized toxicity assessment is performed using model-organisms, such as mammalian cell lines or rodent models, to highlight the reduced toxicity. However, the unique relationship between specific-hosts with each presented metabolite is seldom considered.



Through recent investigations of a bacterial enzymatic system that catalyzes the epimerization of DON [17,18,21], we identified two specific metabolites, namely 3-keto-DON and 3-epi-DON, of which 3-keto-DON is an intermediate while 3-epi-DON accumulates as the biotransformation’s end-product. Our earlier results highlighted the reduced toxicity of both compounds [20,26], although indicating that the complete conversion of DON to 3-epi-DON is more advantageous for achieving adequate detoxifications from the empirical point of view [26].



A previous report using mitogen-induced and mitogen-free proliferations of mouse spleen lymphocytes [9] suggested the sufficiency of the DON to 3-keto-DON step on its own [9,37], while BrdU bioassays using 3T3 cells indicated a substantial difference of the toxicity profiles between 3-keto-DON and 3-epi-DON with an estimated 45 fold further decrease in toxicity under the light of a complete epimerization of the C3 carbon [26].



The reduced toxicity of 3-epi-DON was confirmed by several recent studies. In intestinal explants, the intestinal lesions induced by DON treatment were not observed in explants treated with 3-epi-DON [38]. An animal trial using piglets demonstrated also that 3-epi-DON is not toxic for piglets, one of the most DON sensitive animals [39].



To settle the observed uncertainties in toxicological profiles of the above metabolites, address the magnitude of toxicity-reduction in the above-described epimerization pathway, and to finally elucidate the in planta toxicological potency of 3-keto-DON; we pursued this work using two plant model systems, duckweed and domesticated wheat.



Our results clearly show that 3-keto-DON does not only retain its capacity to act as a strong plant toxin but also has the ability to suppress stem growth and roots development in wheat seedlings as well as other plants. In contrast, the effects of 3-epi-DON on wheat seedling growth was negligible. In fact, wheat seedlings exhibited better growth in the 3-epi-DON treatment group than the negative control. The same was also observed in regard to the fresh weight of measured vegetative parts of 3-epi-DON treatment compared to DON treatment.



Mechanistic insights into the plant toxicity of DON and 3-keto-DON were also gained in the current study through the transcriptomic analysis of L. minor exposed to these compounds. Both DON and 3-keto-DON induced wide-ranging but similar transcriptomic changes within the L. minor model system, while exposure to 3-epi-DON had negligible effects on gene expression of essential genes. These results are consistent with the observed effects of these compounds on L. minor growth, suggesting that, in contrast to DON and 3-keto-DON, 3-epi-DON does not induce major physiological changes in L. minor. Interestingly, exposure of L. minor to 3-keto-DON resulted in a greater number of modulated genes than to DON itself, suggesting that the mode of action of 3-keto-DON may slightly differ from DON. The predicted functions conferred by the DEG profiles, as determined by over-representation analysis of GO and KEGG annotations, overlapped between DON and 3-keto-DON, affecting several systems including photosynthesis, DNA replication, and metabolic processes, although 3-keto-DON affected additional metabolic pathways as well as MAPK signaling, a pathway that was reported previously to be activated by DON [40].



While a number of previous transcriptomic studies have examined exposure to DON in animal model systems [41,42,43,44,45], a few in planta analyses have been conducted [46,47,48], and none have been performed on 3-epi-DON and 3-keto-DON. An RNA-Seq analysis of wheat (Triticum aestivum L.) in response to Fusarium pseudograminearum infection identified ~2700 differentially expressed genes, representing functions related to pathogenesis, host defense mechanisms, transcription factors, transporters and UDP glycosyltransferases [46]. Hofstad et al. [48] investigated the response of wheat spikelets to DON by RNA-Seq in both DON-resistant and DON-susceptible genotypes, in which they identified 1228 and 1012 DEGs, respectively. The 281 DEGs induced by DON in both genotypes again included genes related to detoxification and transport, including glutathione-S-transferases, UDP-glycosyltransferases, adenosine triphosphate-binding cassette (ABC) transporters, and cytochrome P450 genes [48] but minimal overlap with a transcriptomic analysis of DON-exposed barley was found. Similarly, the transcriptomic response of L. minor appears to differ from that of wheat and barley, in terms of the major biochemical pathways affected, despite the apparently similar physiological responses of L. minor and wheat to DON and its metabolites observed in the current study.



The role and ability of 3-keto-DON to induce MAPK pathway genes is consistent with previous studies that associated the adverse effects of DON with the induction of MAPK signaling pathway [49]. The toxicity of DON and its ability to induce histological changes within the intestine was particularly highlighted and connected for years with MAPK ERK 1/2, p38, and JNK activation [50].



The relationship between structure–activity of DON and its metabolites needs to be further studied. It was suggested that the reduced toxicity of 3-epi-DON is mainly due to weaker binding affinities to molecular targets (including ribosomes) in comparison to DON [51,52,53]. 3-keto-DON is also anticipated to have a weaker binding affinity to ribosomes relative to DON, highlighting the uncertainties of toxicity-models that are built solely upon binding-affinities [52,53].



The detected differences in wheat-seedling response of DON-susceptible (AC Sampson) and moderately resistant (AC Morley) varieties in this study are noteworthy. AC Morley has a native source of Fusarium head blight (FHB) resistance [54]; hence, the differences between the DON-treated seedlings and the control, while being significant, they did not reach the same severity level that was observed in the AC Sampson cultivar (Figure 3). Interestingly, 3-keto-DON affected AC Morley roots growth to a lesser degree too. As the FHB resistance is considered a quantitative genetic trait [55] and in the light of the above findings, it is reasonable to conclude that 3-keto-DON was negatively affecting more than one target gene(s)/pathway(s) that are involved in wheat-seedlings growth and roots development and/or FHB resistance.



Moreover, the current findings of this study highlight the potency of 3-keto-DON in plants. While transforming DON to 3-keto-DON might be acceptable for animal-feeding applications based on the earlier studies [9], such a transformation may not be useful to address DON associated-toxicities and adverse effects in any plant applications (transgenic and non-transgenic) as the DON to 3-keto-DON conversion will exert a detrimental influence on plant growth resulting possibly in an intensified field-pathogenicity in comparison to DON.



Collectively, these findings also indicate that the end-product of DON transformation by the Devosia mutans 17-2-E-8 isolate, 3-epi-DON, is safe and suitable for plant-based applications.



Altogether, the above findings highlight the importance of considering the targeted-hosts/organisms interactions when planning for actual applications, as some might yield better outcomes through utilization of the entire enzymatic pathway with 3-epi-DON as final product while others could be optimized with the DON to 3-keto-DON step only.



Furthermore, the source and availability of needed enzymatic-cofactors, such as PQQ and NADPH, are another essential element to consider when planning DON biotransformation applications at the industrial scale. The high cost(s) of these cofactors, especially NADPH, would place an empirical hurdle in the development of commercial applications unless regeneration systems are adopted. Moreover, the involved two-step reactions not only increase the work stream in practicality but also may introduce some uncertainties into the functional efficiency of the enzymes given the possibility of surrounding environmental constituents interfering in enzymes/cofactors performance. Part of these challenges can be addressed by applying novel strategies including protein engineering and enzyme immobilization.




4. Materials and Methods


4.1. Chemicals and Materials


Media and ingredients used for this study were purchased either from Fisher Scientific (Nepean, ON, Canada), Sigma-Aldrich (Oakville, ON, Canada) or Difco (Sparks, MD, USA). DON (Cat. #CD0228) and 3-keto-DON (Cat. #CK0013) were both obtained from Triple Bond (Guelph, ON, Canada) and stored in −20 °C freezer until usage. The studied 3-epi-DON was purified and its identity confirmed as previously reported [20]. Mycotoxin stocks (as well as standards intended for HPLC analysis) were dissolved in acetonitrile at 1 mg/mL and stored at −20 °C. Working HPLC solutions of DON, 3-keto-DON, and 3-epi-DON (10 µg/mL) were prepared in acetonitrile too and stored at 4 °C briefly before analysis.



DON and 3-epi-DON preparations used in toxicity-testing were dissolved in sterile water while 3-keto-DON was dissolved in dimethyl sulfoxide (DMSO), all at a concentration of 10 mg/mL and stored properly at −20 °C. In a later time and before usage, working solutions (1 mg/mL) were prepared freshly to be incorporated into the “Lemna medium”. Proper negative-controls (containing DMSO only) were utilized to account for DMSO toxicity (if any) and to facilitate direct simultaneous comparisons.




4.2. Duckweed (Lemna minor) Bioassays


The aquatic plant Lemna minor L. used in this study was obtained from the Canadian Phycological Culture Centre (Cat. #CPCC 490; Waterloo, ON, Canada). The plant was grown in foam plug-capped Erlenmeyer flasks (250 mL) containing 100 mL of Hoagland’s E+ medium as recommended by the culture provider. Flasks were maintained in a growth chamber at 22 ± 2 °C under a light regime of 16 h:8 h (light/dark) and illumination of 70 μmol·m−2∙s−1. Plants were sub-cultured every 10–12 days by transferring six plants to 100 mL of fresh growth medium. To obtain sufficient and homogenous plant starting-population, one week ahead of each experiment; a master pre-culture was initiated with six mature plants (3–4 fronds/plant) in a flask containing 100 mL of fresh medium.



For duckweed’s growth-inhibition bioassays, the bioassays were performed in sterile 24-well plates containing 2 mL of Hoagland’s E+ medium in each well. Mycotoxin stocks were added to the Hoagland’s E+ medium as well as proper blank-controls. DON and 3-epi-DON stock solutions were prepared in water as mentioned above while the 3-keto-DON stock solution was prepared in DMSO. Final test concentrations spanned 0, 0.5, 1, 1.75, 2.5 and 5 µg/mL for DON and 3-keto-DON and 0, 2.5, 5, 25, 50 and 125 µg/mL for 3-epi-DON in test wells. In all replicates, 10 μL of DMSO were introduced into each media-well to account for DMSO toxicity (if any). Six fronds of actively growing L. minor were placed in each well. The experiment was performed in quadruplicate over a period of 7 days, and the outcomes were analyzed based on duckweed frond-growth. The final number of fronds was counted as well as determining frond’s fresh weight. On the 7th day of growth, the media of each individual-well were sampled to a separate vial, filtered through a 0.45 µm PVDF filter (VWR International, Radnor, PA, USA), and analyzed by high performance liquid chromatography (HPLC). Likewise, the (0) time of each control (DON, 3-keto-DON, and 3-epi-DON) was also analyzed by HPLC as described below.




4.3. Common Wheat (Triticum aestivum) Bioassays


Common wheat (Triticum aestivum L.) seeds were obtained from the Department of Plant Agriculture, University of Guelph, Ridgetown Campus (Chatham-Kent, ON, Canada). The two wheat cultivars that were used: AC Morley (Winter wheat, moderately resistant to Fusarium) and AC Sampson (Winter wheat, susceptible to Fusarium). The phytotoxicity testing of DON, 3-keto-DON, and 3-epi-DON were conducted according to a seed-germination protocol adopted from Ito et al. [19] with minor modifications.



In brief, seeds were sterilized with 0.5% sodium hypochlorite and 0.3% Tween 20 in water for 3 min before washing thoroughly using sterile-water for 5 times, followed by one hour incubation in sterile-water. Subsequently, seeds were placed on paper-towels in closed Petri dishes and were incubated at 28 °C (in dark) for additional 24 h.



For gellan gum-soft gel media (GSGM) preparation, 200 µL of 15 mM CaCl2 containing the tested toxin/metabolite in addition to 3% DMSO were mixed with 400 µL of 0.3% gellan gum in 2-mL tubes, these mixtures were left for 24 h at room temperature to solidify before usage.



Germinated wheat-seeds were inoculated onto 600 µL of GSGM containing DON, 3-keto-DON, or 3-epi-DON. The germ of the seed was placed with face up while the lid of the hosting tube (2 mL) was removed. The entire assembly was then placed into a sterile glass tube (200-mm length and 18-mm internal diameter) and aseptically incubated at 28 °C in the dark. Seedlings (n = 15) were grown for 7 days on GSGM containing 30 µg/mL DON, 3-keto-DON, or 3-epi-DON and 1% DMSO before the final assessment.



On the assessment day, the seedlings were cut off the seeds and both fresh-weights and the length of the coleoptiles were measured individually for each seedling. Root-tissues were washed also, blot dried with paper towels, and the fresh-weight was determined. As mentioned above, fifteen seedlings were tested for each treatment in parallel to control seedlings (growing on GSGM containing 1% DMSO only). Experiments were repeated three times.



Finally, and in a separate experiment, we sampled a mixture of media (GSGM as well as Hoagland’s E+) containing 5 µg/mL of DON and metabolites (3-keto-DON and 3-epi-DON) during the entire duration of the experiment (either incubated at room temperature or at 28 °C) in order to check the stability of the three tested chemicals.




4.4. HPLC Analysis of DON, 3-keto-DON, and 3-epi-DON


Media samples were diluted 10 times using acetonitrile:water (2:8 by volume) and passed through 0.45 μm filters (Cat. #6765-1304; Whatman, Florham Park, NJ, USA) before performing the HPLC analysis. Both mycotoxin standards and diluted media samples were analyzed using an Agilent HPLC system (1200 Series, Palo Alto, CA, USA) equipped with a quaternary pump, an inline degasser, and a Diode Array Detector (DAD) with a wavelength set at 218 nm. Both a Phenomenex® 4µ Jupiter Proteo 90A (250 × 4.6 mm) column equipped with a C18-guard column (Phenomenex, Torrance, CA, USA) were used for the separation. Compounds of interest were eluted using a binary mobile-phase composed of acetonitrile:water (1:9 by volume for DON and 3-epi-DON, respectively, and 2:8 by volume for 3-keto-DON). The flow rate was fixed to 1.0 mL/min while the sample injection volume was set at 10 μL.




4.5. Lemna minor Transcriptome Sequencing and Analysis


Lemnaminor plants were cultured as described above for 7 days to prepare the inoculum. On the 8th day, 2 g of the plant’s vegetative-material was transferred into flasks containing 100 mL of freshly made Hoagland’s E+ medium supplemented with either 2.5 µg/mL DON, 2.5 µg/mL 3-keto-DON, or 2.5 µg/mL 3-epi-DON, respectively. The negative control contained Hoagland’s E+ medium alone. After 24 h, 500 mg of plant tissues were collected from each treatment (3 replicates from 3 separate experiments) and were snap frozen in liquid nitrogen at −80 °C.



Frozen L. minor samples were shipped on dry-ice to Novogene Corporation Inc (Sacramento, CA, USA) for RNA-Seq analysis. Total RNA extraction, library preparation, and sequencing were all performed according to the service-provider’s standard protocols. Briefly, total RNA (1 μg) was prepared and used to generate sequencing-libraries using the NEBNext Ultra RNA Library Prep Kit from (Ipswich, MA, USA) following the manufacturer’s instructions. The library quality was assessed on an Agilent Bioanalyzer 2100 system. Clustering was performed on a cBot Cluster Generation System using PE Cluster Kit cBot-HS kit (Illumina) according to the manufacturer’s instructions. After cluster generation, library preparations were sequenced on an Illumina platform to generate 150 bp paired-end reads. The resulting reads were quality filtered to remove adaptor sequences and any read pairs containing >10% Ns or where ≥50% of bases had a ≤Q20 score. Filtered reads were mapped to the L. minor genome (https://genomevolution.org/coge/ accessed on 22 October 2019; ID: 27408) with HISAT2 (version 2.1.0) [56], and HTSeq (version 0.6.1) [57] was used to determine FPKM values. Differentially expressed genes (DEGs) between the control and treatment groups were identified using the DESeq R package (version 1.10.1) and p-values were adjusted by the Benjamini–Hochberg (BH) method [58] where genes with a padj < 0.001 and Abs(fold-change) > 5 were considered significant. Multidimensional scaling (MDS) of the gene expression results was performed with Degust [59]. Gene ontology (GO) and KEGG pathway over-representation analysis (ORA) was performed with the clusterProfiler R package (version 3.18) [60], where GO terms and KEGG pathways with a BH-corrected p-value < 0.05 were considered significantly enriched. The annotated KEGG pathways were generated with the Pathview R package (version 1.30) [61].




4.6. Regression and Statistical Analysis


The inhibitory effects of DON, 3-keto-DON, and 3-epi-DON towards the growth of L. minor fronds were evaluated by a detailed regression analysis using SPSS (Version 27.0, IBM Corp.). The exponential model was found to fit well within the collected response-points of the three aforementioned compounds. The obtained model formula was represented by:


  ln  ( Y )  = A × X + ln  ( B )   








where X is the concentration of the mycotoxins (µg/mL), Y is the relative growth index (RGI), which is defined to be: the ratio between the number of grown-fronds to negative-control samples, A is the coefficient, and B is the constant. The differences between IC50 (50% inhibition of L. minor fronds growth) means were evaluated using the SPSS package through an independent-sample t-test. The phytotoxic effects of DON and its metabolites on the L. minor and wheats were evaluated through one-way ANOVA with post-hoc Tukey’s HSD test.





5. Conclusions


The current work provides a unique prospective on the toxicology of 3-keto-DON and 3-epi-DON, two bacterial metabolites of DON. While earlier studies have showed a substantial reduction of DON cellular toxicity due to the double bond formation of the C3 carbon (3-keto-DON) or its isomerization (3-epi-DON), our findings argue about the importance of the host-organism and the substantial role its molecular pathways play. A future scrutiny of the influencing mechanism(s) and the effect of the above bacterial metabolites on plant productivity/yield (wheat/corn) are granted.







Author Contributions


Conceptualization, X.-Z.L., Y.I.H. and T.Z.; methodology, X.-Z.L., Y.I.H. and Y.Z.; conducting experiments, X.-Z.L. and Y.Z.; interpretation of data, X.-Z.L., Y.I.H., D.L., Y.Z. and T.Z.; drafting the work, Y.I.H., X.-Z.L. and D.L.; supervision, project administration and funding acquisition, T.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Agriculture and Agri-Food Canada and Grain Farmers of Ontario through the Industry-led Research and Development Project (J-002433).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Ali Navabi of the University of Guelph for providing the wheat seeds and Tina E. Simonton for laboratory assistance. We also would like to thank Honghui Zhu of Guelph Research and Development Centre for her technical assistance and in-depth discussions.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table] 





Table A1. Regression analysis of the tested compounds with the resulting A (coefficient), B (constant), adjusted R squire, and model significance values.
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	Mycotoxins
	A
	B
	R2adj
	Model Significance





	DON
	−1.154
	1.295
	0.984
	<0.001



	3-keto-DON
	−2.615
	1.383
	0.931
	0.005



	3-epi-DON
	−0.017
	1.054
	0.998
	<0.001










[image: Table] 





Table A2. The total high-quality reads per sample of the RNA-Seq analysis.






Table A2. The total high-quality reads per sample of the RNA-Seq analysis.





	Samples
	Raw Reads
	Clean Reads
	Q30 (%)
	GC Content (%)
	Total Mapped (%)





	Control 1
	72,865,194
	66,690,104
	95.79
	54.64
	61.53



	Control 2
	71,527,356
	66,376,776
	86.6
	53.93
	57



	Control 3
	95,259,758
	88,523,530
	89.48
	53.36
	58.77



	DON 1
	74,987,048
	68,631,740
	90.15
	52.99
	57.62



	DON 2
	87,314,828
	81,111,642
	87.78
	54.08
	58.9



	DON 3
	105,166,696
	100,496,994
	90.67
	53.49
	59.39



	3-epi-DON 1
	76,744,882
	71,711,412
	89.79
	54.83
	61.52



	3-epi-DON 2
	76,210,696
	70,943,086
	87.85
	52.06
	44.59



	3-epi-DON 3
	87,517,818
	81,231,576
	89.06
	54.35
	60.03



	3-keto-DON 1
	82,320,528
	75,960,962
	89.71
	54.37
	59.9



	3-keto-DON 2
	89,441,164
	82,619,978
	88.26
	54.69
	59.66



	3-keto-DON 3
	85,089,596
	78,169,328
	86.88
	54.45
	57.72
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Figure A1. Significantly enriched KEGG pathways associated with L. minor exposed to DON. DEGs are colored by fold-change compared to control group. (A) DNA replication; (B) Photosynthesis; (C) Photosynthesis—antenna proteins; (D) Ribosome; (E) α-linolenic acid metabolism; (F) Tyrosine metabolism; (G) Starch and sucrose metabolism; (H) Isoquinoline alkaloid biosynthesis. 
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Figure A2. Significantly enriched KEGG pathways associated with L. minor exposed to 3-keto-DON. DEGs are colored by fold-change compared to control group. (A) Homologous recombination; (B) Porphyrin and chlorophyll metabolism; (C) Photosynthesis; (D) Carbon fixation in photosynthetic organisms; (E) Photosynthesis—antenna proteins; (F) Isoquinoline alkaloid biosynthesis; (G) Nitrogen metabolism; (H) Tyrosine metabolism; (I) Linoleic acid metabolism; (J) Pentose phosphate pathway; (K) MapK signalling pathway; (L) Carbon metabolism; (M) α-linolenic acid metabolism; (N) Ubiquinone and other terpenoid-quinone biosynthesis; (O) Glyoxylate and decarboxylate metabolism; (P) Glycine, serine and threonine metabolism; (Q) Fatty acid metabolism; (R) Fatty acid biosynthesis; (S) DNA replication. 
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Figure A3. Gene concept networks of significantly enriched KEGG pathways among L. minor plants exposed to DON. Networks illustrate (A) down—or (B) upregulated DEGs associated with enriched KEGG pathways in DON-treated groups. Central nodes indicate KEGG pathways, with size representing the total number of associated DEGs, and outer nodes indicate associated DEGs, with colors representing fold-change compared to control group. 
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Figure 1. A comparative study of the phytotoxic effects of DON, 3-keto-DON, and 3-epi-DON on the growth and morphology of Lemna minor. The response of duckweed towards DON and its biotransformation products (3-keto-DON and 3-epi-DON) was tracked within 7 days of exposure. Scale bar = 4 mm. 






Figure 1. A comparative study of the phytotoxic effects of DON, 3-keto-DON, and 3-epi-DON on the growth and morphology of Lemna minor. The response of duckweed towards DON and its biotransformation products (3-keto-DON and 3-epi-DON) was tracked within 7 days of exposure. Scale bar = 4 mm.



[image: Ijms 23 07230 g001]







[image: Ijms 23 07230 g002 550] 





Figure 2. Regression curves of relative growth indices (RGIs) under the exposure of DON, 3-keto-DON, and 3-epi-DON are shown: (A) the full range of regression curves of obtained RGIs under the reported experimental conditions; (B) showing RGIs for the range between 0 and 5 µg/mL of the three tested compounds. 
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Figure 3. The phytotoxic effects of DON and its biotransformation products, 3-keto-DON and 3-epi-DON, on the growth and morphology of wheat seedlings. The two wheat cultivars that were tested are AC Morley (A) (Winter wheat, moderately resistant to Fusarium) and AC Sampson (B) (Winter wheat, susceptible to Fusarium). Each seedling (n = 15) was grown from germinated seeds for seven days on gellan gum-soft gel medium (GSGM) containing DON, 3-keto-DON, or 3-epi-DON and 1% DMSO at 28 °C. The shown photographs are representatives of the seedlings from one group of experiments, scale bar = 2 cm. 






Figure 3. The phytotoxic effects of DON and its biotransformation products, 3-keto-DON and 3-epi-DON, on the growth and morphology of wheat seedlings. The two wheat cultivars that were tested are AC Morley (A) (Winter wheat, moderately resistant to Fusarium) and AC Sampson (B) (Winter wheat, susceptible to Fusarium). Each seedling (n = 15) was grown from germinated seeds for seven days on gellan gum-soft gel medium (GSGM) containing DON, 3-keto-DON, or 3-epi-DON and 1% DMSO at 28 °C. The shown photographs are representatives of the seedlings from one group of experiments, scale bar = 2 cm.



[image: Ijms 23 07230 g003]







[image: Ijms 23 07230 g004 550] 





Figure 4. Distribution of expressed genes among L. minor plants exposed to DON, 3-keto-DON, 3-epi-DON, or media alone: (A) violin plot of mean log2 FPKM values between treatment groups; (B) Venn diagram indicating the number of genes co-expressed between different treatment groups. 
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Figure 5. Significantly differentially-expressed genes among L. minor plants exposed to DON, 3-keto-DON, 3-epi-DON, or media alone: (A) Clustered heatmap of expression values (log10(FPKM + 1)), where red and blue represent high and low expression levels, respectively; (B) multidimensional scaling (MDS) plot of gene expression results representing variation between samples; (C) Venn diagram indicating the number of DEGs in common between DON and 3-keto-DON groups compared to control; (D) significantly enriched (BH-adjusted p-value ≤ 0.05) KEGG pathways associated with DEGs from DON and 3-keto-DON groups compared with control. The size of the circle indicates the proportion of DEGs associated with the pathway compared to the total geneset, and the color indicates adjusted p-value (E) UpSet plot of significantly enriched (adjusted p-value ≤ 0.05) GO biological process terms associated with DEGs from 3-keto-DON groups compared with control. Bars indicate the total genes shared between GO processes, specified by connected dots. 
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Figure 6. Gene concept networks of significantly enriched KEGG pathways among L. minor plants exposed to 3-keto-DON. Networks illustrate (A) down-regulated or (B) up-regulated DEGs associated with enriched KEGG pathways 3-keto-DON-treated group. Central nodes indicate KEGG pathways, with size representing the total number of associated DEGs, and outer nodes indicate associated DEGs, with colors representing fold-change compared to control group. 
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Table 1. The effect of DON and 3-keto-DON on Lemna minor L. growth after one week of co-incubation.
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Experiment

	
Fronds per Well

(Mean ± SD)

	
Fresh-Weight in mg/Well

(Mean ± SD)






	
(A)

DON concentration (µg/mL)

	
0

	
24.56 ± 4.45 a

	
18.33 ± 4.38 a




	
0.5

	
18.88 ± 3.07 ab

	
13.75 ± 2.23 ab




	
1

	
13.56 ± 2.54 bcd

	
9.50 ± 1.47 bc




	
1.75

	
9.94 ± 1.73 cde

	
6.22 ± 1.03 c




	
2.5

	
7.88 ± 1.11 cde

	
5.64 ± 0.82 c




	
5

	
6.06 ± 0.13 de

	
4.46 ± 0.70 c




	
(B)

3-keto-DON concentration (µg/mL)

	
0

	
21.75 ± 3.03 a

	
14.57 ± 2.74 a




	
0.5

	
10.67 ± 1.70 b

	
7.19 ± 0.46 b




	
1

	
8.50 ± 1.30 bc

	
5.95 ± 1.01 b




	
1.75

	
6.50 ± 0.66 bc

	
4.84 ± 0.84 b




	
2.5

	
6.00 ± 0.00 c

	
4.43 ±0.49 b




	
5

	
6.00 ± 0.00 c

	
3.78 ± 0.95 b








All data are the mean ± SD, n = 3. Different letters (a–e) represent significant differences in the same experiment within rows (p < 0.05). Values that share the same letter are not significantly different.
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Table 2. Growth and the final fresh-weight of Lemna minor L. plants exposed to 3-epi-DON for seven days.
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	3-epi-DON Concentration

(µg/mL)
	Fronds per Well
	Percentage of

Control (%)
	Fresh Weight in mg/Well
	Percentage of

Control (%)





	0
	24.83
	100.0 (control)
	18.26
	100.0 (control)



	5
	25.13
	101.2
	18.05
	98.8



	25
	18.75
	75.5
	12.37
	67.7



	50
	14.5
	58.4
	8.5
	46.6



	125
	8.25
	33.2
	5.38
	29.5
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Table 3. The effect of DON and metabolites, 3-keto-DON and 3-epi-DON, on coleoptile length (mm/seedling), coleoptile’s fresh-weight (mg/seedling), and root’s fresh-weight (mg/seedling).
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AC Morley (Moderately-Resistant)




	
Treatment/Measurements

[mean ± SD]

	
Coleoptile’s Length (mm/seedling)

	
Coleoptile’s Fresh-Weight mg/seedling)

	
Root’s Fresh-Weight

(mg/seedling)




	
Control

	
130.75 ± 8.83 a

	
73.54 ± 1.70 a

	
36.60 ± 8.80 a




	
DON (30 µg/mL)

	
60.73 ± 12.21 b

	
48.29 ± 8.24 b

	
17.49 ± 6.19 b




	
3-keto-DON (30 µg/mL)

	
68.57 ± 13.05 b

	
55.95 ± 2.20 b

	
21.90 ± 5.11 a




	
3-epi-DON (30 µg/mL)

	
130.21 ± 20.40 a

	
70.92 ± 5.75 a

	
33.92 ± 5.52 a




	
AC Sampson (Susceptible)




	
Treatment/Measurements

[mean ± SD]

	
Coleoptile’s Length (mm/seedling)

	
Coleoptile’s Fresh-Weight mg/seedling)

	
Root’s Fresh-Weight (mg/seedling)




	
Control

	
157.90 ± 3.92 a

	
69.84 ± 5.37 a

	
33.00 ± 4.60 a




	
DON (30 µg/mL)

	
48.97 ± 3.95 b

	
39.28 ± 1.44 b

	
5.77 ± 0.50 b




	
3-keto-DON (30 µg/mL)

	
52.47 ± 3.00 b

	
38.53 ± 4.93 b

	
5.13 ± 1.16 b




	
3-epi-DON (30 µg/mL)

	
165.48 ± 5.41 a

	
76.57 ± 4.96 a

	
41.62 ± 9.45 a








All data are the mean ± SD, n = 3. Different letters within rows represent significant differences within the same measured parameters (p < 0.05). Values that share the same letter are not significantly different.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file27.png
-10 0 10

I GLYOXYLATE AND DICARBOXYLATE METABOLISNII

L-Tartrate
» e

. N-Formyl-
= _|Alamm,aspartaieani ) derineaty
9 . glutamate metabolism fives

ATTA

0-
Tartrate ::;,';2’3 gy | (R)-Methyl-
Oxabglyeclas_ o O | malonst
I
| (5)-Methyi- (35)-Me
1317 1 Em)-lonyi- succi
l Ascotbate and aldarate l
me tsholism
l
oh y Tm 41.147
furnarate arfonate
redalde hyde Clycolate
[11192] 3 12121
(Vi.tamin B6 melabalism)
. D-Glyeerate . i m N .
MHydoxy-  Glycolalde hyds
pyrte (Phosphoglyeolate
. D-Ribulose 1,5-F2
2-Phospho- o Ethane-1,2-dioY_) - .
D-S],Wenb [f ' ’ Phospho-D-glycerste Carbon fixation mey
Alard ate and
| | [ gmmﬁfﬁﬁmﬁm ?I -Oxoglumate 3-otoadipate
I l Catbon fixation
v |
(Gly:nlyn's I Gluconeogenesis ) :
|
Gl
p
[ Glyrine, serine and | .
! ﬂuwm mehbohsm /
Data on KEGG graph
Rendered by Pathview
I GLYCINE, SERINE AND THREONINE METABOLISM I | | | ' | | | | |
- Glycolysis f
lf =+ Gﬁon%nogenes:s
| 3P- H}d.mxy-

()
3P-D:Glyrerate

' Iethane mhbali;m\;

D-Lomhncine
- . 2135 D—lombncme
o)

[ Sphingolipid metabolism [+ 3.1,
26.1.45 J T | —
26.1.51 ) [3119] (R ———m x| o ————— -
phane -
| - L‘-"‘(Tryphpham mtabohsm)
I
(GlycempmsphonpidL [~————>{ Sulfur metsbolis
metebohslm ﬁ . L_ _b‘c )
T T Cryanoaraino acid metabolisr
@E 5,10-Methylene-THF
(Cystsme and methionine 3 _—
1421 | Gl Epovipmiein
Aogivane and proline —
(mﬁabolism P }5

[ Dol deeme o o ——————— Methyiglyoxal
isoleucine bios is . %
e J| 2-Oxobutanoate Threonane ¢
Propanoate me tabolism i |
|
I
I
v S Aﬁabo ing and }rohne)
Cysteine and methiorane |4 __ fisza
e tabolism
12,4 Diarni | Ectoine biosynthesis |
butanoate L-Ecfoine

LAS AT
[

[and gluhmale metdmha’n
5-Hydroxyectoine

(Or—{231178 . 421108 ()
I.)ﬁ 4-d.1armnobutymte
351125 ()
Na-AceTyl-
- L-2,4-diaminobutyrate
Lysine

Data on KEGG graph
Rendered by Pathview






media/file43.png
(A)

(D)

Photosynthesis - antenna _

proteins

Photosynthesis -
DNA replication -
Ribosome -

Porphyrin metabolism -
Glyoxylate and dicarboxylate _

. _metabolis
Glycine, serine an

threonine metabolism |
Biosynthesis of cofactors -

Nitrogen metabolism -
Homologous recombination -
Fatty acid biosynthesis -

Carbon metabolism -
Carbon fixation in _

photosynthetic organisms

Pentose phosphate pathway -
Biosynthesis of various _

plant secondary metabolites

Fatty acid metabolism -
Starch and sucrose metabolism -
ABC transporters -

Tyrosine metabolism -
Isoquinoline alkaloid _

alpha—ngFéfrﬂtt':hgrs:lja |

metabolism

MAPK signaling pathway - plant -

Linoleic acid metabolism -

(C)

DON
JDON3
0.6 gBBiﬁl
0.5
0.4
'é' 0.3 | ,Controll
% 0.2 JLontrol2
g 0.1
f_-,’ 0.0 oEPi2
= 0.1
-0.2 .
-03 “EP Jietol
0.4 | [Control3 -
05 Ketod
-2.5-2.0-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0 2.5 3.0
MDS Dimension 1
DON 3-keto-DON
® ®
® P 100
o o
® 75
o
® 50
@ :
. GeneRatio
@ oo 25
® @ oo
. . 0.12 D
®
() p.adjust carbohydrate metabolic process
® - photosynthesis
P microtubule-based process
® 0.050 tetrapyrrole metabolic process
° 0.025 tetrapyrrole biosynthetic process
. photosynthesis, light reaction
porphyrin-containing compound metabolic process
® o porphyrin-containing compound biosynthetic process
[ @
o ®
& @
°
Du'wn Lip Dc;wn U'p

3-keto-DON

3-keto-DON

LI R E— T

W





media/file26.png
o-LINOLENIC ACID METAB OLISM |

Volicitin

17-Hydroxy-
]inoleyn?:roa:yi'd

9(S).H

(_Phosphatidylcholine

OTE
()

(" 3,6-Nonadie nal

(_)9.Oxononanoic acid
(_)Colnelenic acid
Heptadecatrie 9,10.-EOTeE_) (_10-OPDA
7. Hexenal 3-Hexen-1-ol acetate
13(5) 1E () (231195
3-H 1
S phdeca taomoic acid 13(S 12-Ox0-%(Z) o
& catnenoic ac - KO-F L)
pha HpOTE dodecenoic acid
(—{ HPL1 () (O
Traumatin Trauratic acid
OHworsldow- Etherolenic acid
1 15(Z)-octadecadiencic acid ORCS OPCS-Cok
spontaneous { —53996 () () ()
9.Hydroxy-12-0x0- 12,13-EOThE 12-OPDA
15( ocgdccemic acid :
-Oxo- trans-2-Enovl-
OPCACOA ZOR0 oA SR Con”
Cw—{23116—( ) 9 O 30 2 Erogt
# -Uxo- IS 2-LN0Yl-
OFC6-Col OPC3-Coh OPFCE-Coh
-Oxidation
P {+)-7-Is0-
Jasraonate (-)-Jasmonate
O O—23.10.16} () ()
- . -Oxo- -
B 2 Baoyd OFC4.Coh Aol 211141
{+)-7-Isomethy- (-)-Methyl-
Jastonate Jasmona
Data on KEGG graph
Rendered by Pathview
| UBIQUINONE AND OTHER TERPEMOID-QUINONE BIOSYNTHESIS H I H
2-Methyi-6-solangi-
L (O Patepiat 10 0 10
(R0-3-(4 Hydroxygbenyl)-
— Db reenel e
- G-Cleran; I.gemmyl-
| - ﬁ_ey{l‘“’em”" wTacotriensl
Y Courarat ! O O O Tocoing
trans Clramats | Geranyigeran. FP ()
| LELE
[62112] : B-Tocotrienol B-Tocotrienol
| bingyritte sis
D) \
UbiC i Chorsmate WP Isochopsmate
m 41340—w ] o
4-Coumaroyl-Cok hamc-;ﬂ-(%h -
J-chdnyi-f)-enolg,:wyl»
Migna :}Mﬁcw TETe-
* -
Bl - 4Hyo - -
p : ypestyl- .ghcosi (1 |R6R)-2-5 -6-hydozy-
coq Uhidy Ilenic:
R s A e -
e enzost i (3 uccinyibenzoate
08 m Gy '_ f-deox
| COGs | 1% futadosme 53106 ) S ridil
oinone 3,4 Dithgrirox ) S Palyprensd-
ipulypen:henm{ ) ' -Snccin;ﬂbamos&-(,‘o.l.
cogs[211.114] [ 1413240] 1t
ey EEmm] Crwiee b
e Orerseet Lo R
(Dibydro- () Deowyshikonin (201202 ] i
1,4 Dikurdoy: ooy
D hyponcant bire- -
futalosime
UbiH M 'Eurms?s“mm
Polyprerd PP | Phytl PP
Methon: 03— — 1
rlywxyl: O O
1A bérzogisol Cyelic de [2.5.1.74] ensy
cos UhiE zanthunefi e .Ihyl‘
P o uqlnm ) quum.e
o e e
i, bErzoguirol
cogr UhiF 1 4.Dmmc )
oap aEpE,
(- Dorne thubicuinol-n
(Menaguinol
S o
{_Uisguinel-n . ;
. Ohpoide ™™ s
(O — hm) 11744
Cormpleme nt and
_ . coagulation cascades
Mersquinone Phydloguirone
Dara on KEGG graph

Rendered by Pathview






media/file12.jpg





media/file14.jpg





media/file35.png
Treatments (ug/mL)

7-Day
Negative
Controls 0.5 1.0 1.75 25 50 25 50
Not tested
Not tested

Not tested






media/file28.png
FATTY ACID METABOLISM

in mitoc hond ria
RMD18 / RMO20

;

1

!

&
/,-‘-.\

e N
L betyd-Co ks
I: | M’ (Ach‘.)
.
PN
i 1
R
AN
| |
R
L
rd Ay

Butznoyl-Col i

kS s
STi— AeCod
PN

Ochmyl-Co.‘i E
~ s

Sz McCol
s N

Dodecsnogh-Cof

~,
= hcCoh

.
# '\
i i
W
P

./ \.
Tetradecanod-Col, !

A

ST AcCoh
./ \A
i I
W
pE
i 1
S
FARRRN
i 1

./-

=

FaEN . .
Hezadecanoyl-Col, i ! 4 £

MalCoh—

Data on KEGG graph
view

in cytoplsm / plastid / mitochondria
RMO21 gy

\.

'
= g,
Cof N e

Blorate

S (MRlCoR)

o
Acetyi-[ac] [ S
'[ME—CP] WL

ST onle)

! ; Yy St (MalsCF)

-
./ \.
! !
Y,
./:.- :\A
! 1
R
.;-.
\A
i

\ o
I MalaCP

P Y

i 1

e

s,

1 1

Sma”

LAY

| '

S

I
\
1

!
o
./' .-\.
o
_
e
o
S

-
./ \‘
Qetanoyd-[ac] !
Y rd
P\— Wl CP
O
S
i
o
N
." .\.
| i
W
L
./ \‘.
Decarnoyl-[ac] !
M
./ \.
' :
"y,
."' .\.
' !
s
.J.l ‘\.
i 1
W
E
./ \.
Dedecanoyd-[ac] !
\.. ..,
P MalACP
P
o,
.‘l. .\.
i 1
.
.ll‘ '\_‘
P
N
w3

o
Tetrade canoryl-[ac)

.,
Pgrticacid -
—

ot co

i
s
-
!
.
~,

1

."A
£y

::Iam canoyl-[s]

}ﬁ MalACP
£
1

1 |
__:f'- L :.r‘-
‘-I l.-/ \-.I in endoplasmic reticulum
S .'\.‘_ s
Y AT
' | '
s .,
_1" ., s M h;\:u":\ -.
') 1 ] - = a ] 7
. g h » | : )
Stearo@-CollACE g 1

Dwasumjd—(:u.!:
A

Tehuoamy‘l-Co!:
.

s
Hexacosnoid-Cof
.,

QW 0% O

Ochmsuwgi-c‘n.('

;I—DG—OQ—O-I{

OO O

s
N
s

=
L)

< MalCok

N

AN
i I

.
A710,1

:/
AllL4
RS

e Oa O Oa—i
./. -

g_;ﬂ-u_y
1 1

0% 0% 0%

o

.’
AT10,13,1¢
M.

O O O
a .,

_/
£5,12,15,1
pR

OO O
a ",

ks
Al1,1417,20
N,

04 04 Qe

.’ \.
1 I

'.\ /.'
Al3.15,1922

“,
16.9,1215
s

£531L1417

1
Al1aL1?

£479913,16

_— i

N
T praxidati

L ~,
1 !
R
20
i '
R

N69,12,15.18
;

04O O

s35E17

1 i peTexisome
: ;

N S

N
OO O

n

£7,10,13,16,18
.

— O*—OQ—O-‘I—{I
.

-

£8,12,15,18,%:,

r

\.

04 04 O

i-’“ "‘}3,11,14,17,33 SN
'-\_.‘._/ 511,14,11,20,23\_‘._/
i i
L4 ¥
i i
¥ ¥
o o
.".-.'\. .’.-Ll.\.

'.\ /.'
410,1316,19,22

" .
A13,16,1¥,22,25

24731619

_ i

\-. .-(-
',_.':._\_'_. sidati
i I P eToXEoTe

.’ \.
L] 1
R
2T
i '
N
=
-

Y
6,9,12,15,18,21
ra

e e TR o S

=

Y
h8,11,14,17,20,23
Vi

O« O+ D%

s

../

-
A10,13,16,19,22.25






media/file45.png
(A) 3-keto-DON (down)
39696 LOC103647735
Loc1ooza129:}\ .li o %
LO®C100273120 ris2
LOC100382419 !

0C100191684
Locmozsm 100285458 | 5C103636309
FD} Ph
Locio0gseT otosynthesiss
Loc].oozale-’gu-bvu.lvduly ~.L0€100191984
LOC100282214 LOC100283327 pco07 LOC100273117
LOC103653672

LOC100192779

Photosynthesis - antenna protelns

pcol24661

- \ 30761_1
.Ena:tty acid/biosynthesis

LOC103653730

Fatty?acid metabel sSm

LOC 10028 2
LOC 100279917
LoC 100382 191

ci627_ 1 umc2246
100283?) 114350(339) L-OCT78432
100294103 shbpl

IDP274
LOC100191222
] nmﬂ r.s LOC1036358 ;

pc00831
. cl1004 1 ﬁ

Homologous reco

LOC100304310
LOC103648427

LOC103627197 .\y

100

L°m°°27“372‘<“\ }stn.;h\,e.‘s trE(Jf Rek2_ LOC100192890
LOC103625782 AL oo

|¥.
Porphyrln metabollsmms0 TIop3406

~ cl5001_1(636) L

LOC100381341 # :
Glycine, serine.and threonlne m
LOC103634652 LOC103643202 O

Glyoxylate_(amd..-,‘éii%;azg

gin4

>

AY110170

LOC1001

metabo

LOC103636218

Nitrogen metabolism®
LOC1002 ‘165

(B) 3-keto-DON (up)

LOC103647563

LOC10365.

|DP24’

LOC103655219

. . adh1
Tyrosine“metabolism

LOC101027254

:
& 1e67 LOC100281822

Isoquinoline alkaloid biosynthesis

pcollB382

LOC1036! 103638587

C transpor

LOC 100281598

entose phosphate pathway

f\ LOC100272829

!
DP3610

100285661

alpha—Lnnelenlc\aud,metabollsm

lox9

LOC10365252

gpm355‘
e

LOC\oo:ajfn
\‘r

LwCabover

mbination
.}’

MAPK signaling @ﬁ@f‘é&—--plam

 pco069505(751)

Linoleic acid-metabolism

LOC542495

LOC100274360

100282657

size

@ o
@ -
o

fold change

i % R B B
~N o 00 A W

category

~— Biosynthesis of cofactors

—— Carbon fixation in photosynthetic organisms
—— Carbon metabolism

—— DNAreplication

—— Fatty acid biosynthesis

~— [atty acid metabolism

~— Glycine, serine and threonine metabolism
—— Glyoxylate and dicarboxylate metabolism
—— Homologous recombination

~— Nitrogen metabolism

~— Pentose phosphate pathway

~ Photosynthesis

~— Photosynthesis - antenna proteins

~— Porphyrin metabolism

o O w

2

28
N
0000
[y

15

fold change

R (o))

category
~— ABC transporters

626849
~— alpha-Linolenic acid metabolism
rbohD
——|soquinoline alkaloid biosynthesis
\Wumﬁ —— Linoleic acid metabolism
0C100383481 ; Y
— . ——  MAPK signaling pathway - plant

~— Tyrosine metabolism





media/file11.jpg





media/file6.png
| DA REPLICATION | mqm
10

Replication comp lex (Bac eria)
Lagging strand 5 RNase H /Poll DNA polymerase III holoerzyme
' 8
’ , :| Pol Il core
[
y&t
e | «x 5
R Helicase Primase
e
; -3 RNaseH DNA pol 1 DNA ligase
’ ; (i)
DNA polymerase III holoenzyme SSB Helicase ; Nas
IRNaseHII!

Replication comp lex (Archaea)

50
Lagging strand 5.

DNA polymersse B DNA polymerass D

PolB PolD1

DNAligsse e

—_— [rcna ]
5 & ]
Leadingstrand -, Cd
Helicase DNA li
Rense bt Cue ]
Replication comp lex (Eukaryotes) DNA polymerase a-primase complex
Lagging strand
DNA, polymerase & complex
Lo | s | 83 | 84 |
DNA polymerase = complex
et T2 T 3T 2a |
MCMcomplex (helicase)
5
Leading strand
DNA yolymerase € RPA Helicase
compex
Data on KEGG graph
Rendered by Pathview

| PHOTOSYNTHESIS |

b, mPhobsyslemII
Chloroplast \\( elongatus) o
SHoma_ oseizissaienagritinssinitisinisiuisin
YR
Thylakoi

0 o v‘.,;.».‘
N

Thylakoid
lmzln

¥
Quinone pool

b.¥>‘59
cyt ¢550

Photosystera I
D1 D2 cpd3  cpd? cyt b559 Cytoc hrome b6/f coraplex
| Psb& | PsbD | PsbC | PsbB | PsbE | PsbF | PetB | PetD | Peth | PetC | Petl | PethM | PetN | PetG

PsbL | Psb] PsbH | Psbl Photosynthethic e lec tron transport
PsbU | PsbV | PsbW | PsbX

PC Fd FNR ch
ey

Photosystera I F-type ATPase
Psad | PsaB | PsaC | PsaD | PsaE | F [ beta | alpha |gamma| delta |epsilon| ¢ | a | b |
[ Psal | PsaJ | PsaK

Data on KEGG graph
Rendered by Pathview






media/file15.jpg





nav.xhtml


  ijms-23-07230


  
    		
      ijms-23-07230
    


  




  





media/file41.png
w
1

log10(FPKM+1)

—
s

N
1

FPKM distribution

Control

DON 3-epi-DON 3-keto-DON

Control

3-keto-DON

DON

3-epi-DON





media/file37.png
Relative Growth

120%

100%

80%

60%

Relative Growth

40%

20%

0%

120%

100% M

80%

60%

40%

20%

0%

DON
----- 3-keto-DON

......... 3_ep1-DON

60 80 100 120
Concentration (ug/mL)

DON
----- 3-keto-DON
......... 3 _epi-DON

Concentration (ug/mL)

140





media/file10.jpg





media/file40.jpg
oot

Control

3-keto-DON

DON

3-epi-DON






media/file24.png
| LINOLEIC ACID METABOLISM |

(&mhdoms: acid mehbohsm) N 8 S SR (75,85)-
tf Lecithan DIHODE
I 9,12,13.-TnHOME
|  Dihoro- [3114] [ 5445|5446 | 10(R)-
y-lmole nate H E
Arachidonate ) () O 114193
y-Linole nate 9.10,13-TnHOME

9,12,13-TnHOME

CYP1A2 CYP1A2 éﬁfl;‘?élgpoxy
|CYPICI|CYP?J ||cmc||c&'1=21 | lﬂoctadecenoate

[cvree1 J[cvpasd] [cvpae: f[cyraad]

12,13-DHOME(__) () h%ME 13(S)-HODE( )
12(13)-
EONE ME
octadecs 13-Ox00DE
9,10-Dih
EpOXYOC
THF-diols
Data on KEGG graph
Rendered by Pathview
PENTOSE PHOSPHATE PATHWAY | -10 0 10
D-Glucosarminate(_
(Galactuse metabo].ism)
Pentose and glu:uromtnd 2 Deh 3.de !
1.1.1.47 Intercornve rsions P =~ e ydro 0XY- |
D-Glucono- | | D-gluconate 12998 Gl P
1134 I,5-lactone D-Glpegnate 7 41255 R el yce rate -
- () 31.1.17 (COr—{12.180 - )H271 165 )
I p-D-Glucose 1135 D-Glyrer- 1275 | Glycerate I
ddehﬁe wis s 4 o
| 11993 |
| ) 111360f1113% Entner-Doudoroff | ¢
( D-Gluvose [ 1159 J[1.152]] 2-Dehyiro- ( {71 1515 pathway
| -gluconate Pyruvate ——{ Glyeolysis
| 12.7.1.13] [2.7.1.12] [2.7.1.45](271.173| G
|
2-Dehydro-
: B -1 |
| HEPD 2-Dehydro- 3-deoxy- D-Glyer- |
| B-D-Glucose-6P s . oy D-gluconate-6F aldehys 3p- Ghmerate-3P |
' — ) 3.1.1.31 () 42.1.12 O————— |
111388 D.Cle D.eluconats-6P 1.2.1.90
I I.5-lactone-6P gwomre ) 1 Y/ N J
—— (L1144 111325 [43.19) A
_______ 31 12 . 271203 . (Galacbse met&boljsm)
D-arabino-Hex- D-Glucosarainate  D-Glucosarainate-6P
3-ulose-6P (extrace llular)
i+ — — — — | Pentose and glucuronate
D-Ribulose-SP intercoree rs10ns
nBé
Glyeolysis m 53.16
S __ ¥D-Ribose-5P
() 27.1.15 D-Ribose
5427
= (_D-Ribose-1P
2761 5422
heptulose ?P
oA :r:lday_de 9 PRPP( ) 27423 (_D-Ribose-1,5P
—_ ¥
14129 | (_D-Xylulose-SP L — — — | Purine
| e tabolism
27.1.15 L —
2-Deoxy-D-rbose —_— myx:glolism
4124 () 5427 () |
2-Deoxy-D-rbose-5P 2-Deoxy-D-ribose-1P v — — — = Hlsgglohsm

Data on KEGG graph
Rendered by Pathview






media/file16.jpg





media/file25.png
MAFK SIGHALMMG PATHWAY - PLANT I

Data on KEGG graph
Rendered by Pathview

MAFKKK ~ MAFKK  MAPK -10 0 10
; R Clll deathy
boam Gildat
I i =
-F."-‘d-_’-.
Pathogen infaction O Fl52 _.___-__..,-*—"F —"O—l“mm Cansale xin sywihesis
g22 BAKL -
T pathogen
Call des
- H:Ozpmam:m
-
Patogenatel. | © €54 o [ 7 (i ——————— 0T s o e st
Priat B S DA RbchD c :
- _‘-\_‘_“—‘- i) £l
e[ 7 e s e Eae- — — — ——— -+ O QBRI Pothogen deferse
Dibla
@ o ——i[Ea ],
R
o i {Enen] —wo— SRR Defimss reponses
Ethylens DHa v [IEHREN
= (-~
Cutt
Phytohotwome s
= Foot growth
3 -
- 7 : Bl WFRA [ v I Wounding responsss
Jespomic acid
Coldf Salt > ez > Freezing) salt bl
DR, o R - (5 > St
(=28
acid I.
* 7B I MG |- ————# 0 = ————»0—» [ 4TI
H: e DHA
T S fegs tolerant mespomse
Heanhve i B B -
O — o speriss ? Ethylene syzdbesis
Crmre o
IS
T Cal
" P wy R - x i Maintenaree te homecetaris
Wounding H [ B3 | MRS |- — —————— ‘]l:lom:"-_--'.]:?l':' of wactive ousgen species
- b : i/ -
EFF1i2 | VDA VB 5] SECH Stomatl develog
Data on KEGG
Rendered by Flﬂw-w
I CAREON METAROLSM I
athage
— 2-De]t_v,ldsu3-dlm3=
Lo} b G [ ST fom— gaumg-
ra N S LI R o
Pt P |
D‘H‘“‘e\. Y i m\. ) i i e Gluun:;?l.upnm.ﬁ' A.-"'_"q_lwuunh-ﬂ’ .,_. "'&-Dehjﬂun
Doty Dl T Mte T E s N R
Pt _."‘: - .\-_._1.- arabing- 2 Baguen- 6P HOHD S—rCm
Formaldedsd A B
HCHO S \I _/' kS -[ l
g ;! - — Hgrians. 5P -
Fanud 3FR. - l\._«:sm Dt { ¢I - * ?‘ %1 g \thu]un SF
"'“5 W T o T r mmg?p‘r o4 A
_— ﬁ)—a-m;ﬂ- s?uwmqn. 3mmeﬂgtem. ) “rsthoose AP
I /.'ﬁr_."x
: ' l\'. B ) - ™,
o e
. ; P i
10.Formed  5L0-Mathe 10, .
P S THE m-\"’" %}l"' i
Formamid — — — A £
LR ﬁ r R A S .»—‘\__ E —"——i _!—': }
L -, ) ) Glj!lm\t-f-" Chyobe HCHD
L o
e | I Qlseeraklebyrde. 37
thwl-f O—L T - =,
- WS i ‘ A [ fiwenkel 3R
; o
- e Eline T
#N N | cu
P Setine” s, SRR T ek 3 T
LT — i i Umlose.1,5P
. W s R N f s
CEmise Aoetmitne  AeCod Frizphoserion l A Oz
5_1;,-#:; 7 Ol P -.\ ,_ihnl}'kng]smhh
r i — CA e S e S LTS T
\__[, bt \T_ s A
h I\ ! !}_t.whk T
o 1 A
(o) T s
J P Chyoé rulide hyede
- , T
1 p— T
e Tl e
e - - R )
Al s 5 R
o Hoo e g3 sphate prime
0:\1 . /r ~ -,
¥
]
P PA
i Fiivamnalii-Cod Lestoazetd-Cok
R ey
T T
| ety Coa E,R;h.,uﬁ:‘“’f : -._ 5)3-Hydmz5b1mn:gd-CnA
me Immﬂ.. R, Gt
Sweimad T -/ St S 6 3 am.a;a,ca
L o | I I as:- % %—&A ult “
'l' SuweindCob 00 e 0"“}*"19 5“1““:1"0"& oL e ,...
— ]:7 ) (0 iMetydmalaCon T T — Y
N - 20 . r“ \,__'r o " Jl‘-ﬂ“* R N
L lwm
e 1
. . - ﬂ.m A
L Tt -






media/file17.jpg





media/file34.jpg
Treatments (pg/mL)

o
A -I....
oo

Nottested






media/file39.png
(A) AC Morley (B) AC Sampson

Control 3-keto-DON  3-¢pi-DON Control DON 3-keto-DON 3-epi-DON





media/file3.jpg
e i
B

, B EELE
T
R BT
o OB

B
" e o oo .
i

R
[ e ——————
[

presr—






media/file18.jpg





media/file9.png
STARCH AND SUCROSE METABOLISM : g -
[ STARCH AND SUCROSE METABOLIS| R - 10 .

& (Tne‘habslfm )
exizage A,

[27120—_) 5313

b ) 2D

nthlos; yL

5459915 5459916

Sarc b
Glyl:c':\g’e n

DnGlacose W

h Trehaloss
@, @, 24164
Trehalose-6F o Doca P
lacose.
241245 J L O
241245 B-D-Gl
- 321141

ncose-1P

2418 ||31350

{extrace lulas)

Araino sugar and —— b,
nucleotids sugar metsholiam [<F— 7.
CDP-glucose

- T42 Dextran(_—32.1.11 F- Jsomaltose
P ~—241342
[zres] Gellobiot ) Glseoly aMaltose-1P
271205 ficarie
Cellobicse-6'F
5319} _ () o-D-Glucose-1,6P2
D-Fructoge-6F D-Glucose-6F 2712 D-Glucose
3139

Data on KEGG graph
Rendered by Pathview

[ 150QUINOLINE ALKALOID BIOSYNTHESIS| H l '

—. . Hom: ine Eﬂk
Phergdalarane metabolisn ) @1___ _____( Y !1: ,I
| 1 el 8 (48R, 1065 )-Hormari b . 0
oA ne -Horman
: e (RO g
H i ic acid 1
| R “'—————'Cx]waim

10

1Asherd

| Bubaremaline 1 dr bive (D[ h ine H-Formyld leine Demecoleine Deaceticolchicine  Clbebicine
== OO O ————— 8 ———— ¥ ———— %) O
| Flommultipe

B OS EITH S e S
. -

(S)-Coclawine
2-Notberammine{_-—{1 141966 (p—————
(R)-H.Methybeoclurine

Guattegammering_) Liatoss ) [201140
Berbamuine_W—1[1 141966

(5 )-M-etbyicol aunme | |

1| ] | I

(560 Methy. |
)_gEH hy;n 211121 . Alangizide Leoalargiside é .
-methyico: }-Norori Alangimarekine
211116
{5)-Morme tie uline () O 9 () Papstve rine
. (5)-Morlaudanive  (5)-Tetrahydropapeverive
(5)-Reticutine Te trahyedropalmatine
()
[21129] 1141954 [1.2133]
ahim Palmatine
ER):;CW- ( )laudsnine ( )12.Dehyro. () 3. C—{2iine( 21 1147 )Corydaline
e mediculiniam (5)-5e0ulerine
211291
Berborire
[ O R)-Reticdlioe () )helen @, o (XR)-Canadine
thaiiol
211115 |L141967)
531 Hydraey - 135, 14R)-1-H:
it i e i _ _
Qo Oalmtandive  (_NS)Stopine () (_—Lmidics—w( ) (O fuatai67—e)(135.14R0-1.3- Dibiyedroxy-13-C-acetyd- H-methylcanadine
(R)-Normeticuline i ﬂﬁ,k&!.!}-tﬁh},ﬂm}n
[lethedcara - me! anadive
I
Oamtastirol  (Jietl, o () Aloerypopine e ine

231150 1141497
alutaridinol ;

(Ofeiuandinal - ( Protpise

420034

Weapirore(_#—{11411 31— ) Thelbaire b Hydroxypmogpire

spontaneous 1141132 sponisneous

. i 12-H 2
Al ui:nm'r: Ehl:‘mm dlhy\g:nhgmhm Dihyrimomacarpine
(11asn | 120}

andcinectine
Codeivare(_) ( MOripavine o O . @ [T

Lans]  [1532][1338]
Codeing_) () Morphinone )
Sanguirarnng Chelirdome Iacarpme
) Ilorphine

Data on KEGG graph
Rendered by Pathview






media/file42.jpg
©

oow sast0000

®

H
¢

sueto00n

esseecesesee ooe

esece

seeesee





media/file22.png
PHOTOSYNTHEGSIS - ANTENNA PROTEINS | '1 0 0 1 0
(Cyulbamg’,bm alkga)
hw -
Lght'hns?l’lﬁm(; hym;mcomplu
» Green
hw
N hw
7

" \D2/Torminal]
e |I' D1 |,__ |
Thyiakoi A Iy, epd? | :
- S LHCII o Photosystera | LHCI
N Gy e
Photosynthesis
Allophyeocyanin (AF)
LApch | ApeB | ApcC | ApeD | ApcE | ApeF | Light-harvesting chlorophyll protein complex (LHC)
Phyrocyanin (PC) / Phyroerythrocyanin (PEC)
| CpeA | CpeB | CpeC | CpeD | CpeE | CpeF | CpeG |
Phycoerythin (PE) [(Lhebt [ Cheb2 ] Lhcb3 [T Ehebd[NERCES NN Lhco? ]
| Cpea | CpeB | CpeC | CpeD | CpeE | CpeR [ CpeS | CpeT |
L CpU | Cpev | Cpez |
Data on KEGG graph
Rendered by Pathview

| ISDQUINOLINE ALKALOID BIOSYNTHESIS| H l H

p . ) . Horos ne
Fhensdalan
Jtsﬂn. ne, E?xmhsh ) Phercsdalanine me tabolism

Caspuine )
)_-, - - _=OE L 0 10
. —

i
I
| (M Hydreayeinnamic seid
o | ¥ JEluesine
L-Tyrosine g7 . |
I _____
[arizs)Emes (:}3,4-Dﬂxyﬂ;nx)btmakbh5de — —— — —»{ Hsemanthasine
|
e ) — — {141 ] [11419- ] O 201 | olantbanive
pherte VR N ororgsodine  Norbelladine. 4-Msthylnorbelladine N-Demethytoarwecine - N-De methsigalartbamize
[ FYRY] Rt o @ FEFTER [RFTEN
4H i Cinnama
i e demydm;m ldehyre
4 Hydroypherylscetaldehyde | fabaramaline wibine O-lethdandrocymbine N-Formyiderecolcire Demecoleine  Deacetyicolchicine  Colchicine
g ) O == = O = b e e = =) O

_ (334] P
(5 )-Coclaurive c deacetylsope cogide
2-Hoberbamunine] #—) japsf=— y——————— Descetdipecosidd ) Deacety-
{RO-N- Ik thydcoclauring ipecaside
Guathegzaume: .... . 211140 spontaneous £poniansous
Berbarmmmne(_) Dherne th Deme thyi-
(S-N-Methyleolsurize | woal ml
&
5)-3-H - Alangiside Isoalangiside
-et] cl.gru:i ] O

{211 () () Paparverine
(5)-Horlandarnine  (3)- Tetrahyrimopapaverme

Te trabryrdropa la tine
»

(5)-Tetrabyrrocolurbamme  Columbarine Palmatine
(s)Cory-  ( Laudanine (1, 2.Debyro. (2000079 3 1338 |9 —{ 2111189 3] 211147 Corydaline
tube ting eticulinium (5 i

Seoulering

21191 15127 1141965 1141968

Berberire
1338 {15131 ¥R)Canadine

[ ) (R)-Reticulie () ;&;ﬂm )

(5)-1. Hyedrouesp . (135;14R). | Hyeee

e thoydc anad te 3-0-ace fi-N-met hydcanadine ) ]
R)N ()6 alutaxidi . )-Stylojpine . 11414166 . m 231235 . 1 1414167 (135,14R)-I£-D1hyﬂ.mxylS-O—aul}ﬂ-N-mm;dmdm
(F)-Hometiculive c15-I

Dl (135, 1481, T3-Dikyerory-

rnethidcaradine
[f1aus) e

=sponianeous

. -cs-M-
(Osatuwastinal  CRE0

231130 1141457

(_}Allocrypiopime g—&&ﬁmm:w ()30t etyd papeve mixine

alutandinol i
a:ehb mol  ( )Protopine
420924 1141458
Heopirons(_) () Thetains (- Hydoxypmotopine

spenfansous spontaneous

Codeinons{_) ( Womipervin 211119

Dik 12H
2 oaine Aobiiwe  dibytboessbrubine Dibydromacarpine
()
111247 114113
Codeire ) () Worphinore
Sanguirarite Chelmdbine Ivlacarpine

() Marphine
Data on KEGG graph
Rendered by Pathview






media/file19.jpg





media/file23.png
NITROGEN METABOLISM

|

Formate

=== Methane metabolism |

—_————

-10 0 10

(Glyox;dah mehbolism)

Mitrate
{extrace llular)

Carbaroyi-P
[1412]

(On————{_ Axginine biosyuthesis )

114129

2-Hadmxy-5- arbany:
semialie e ( Ko
= acety
12060)[111312] |
S-Carboxymethed. Diozin
i 23114

33310

5-Carboocy2-oxohe p 4-H53?mx5m,].
;r};ﬁw acefilglutame m:'

4-H
m:e

ghycize

12129011231

( Dentisate

113114

0 -Ilale iprmnvate
5214

e

[1413]1414]
14113
Nifite 14114 —— > Clutamate
(extrace llular) . . Ll e tabolism
[Le1216] 1731 Hydroxylamne 3551 L-Glutaraine 71 L-Glutareate
Nitroalkane Nitile
Oxidation state +5 +3 42 +1 0 -1 . -3
Dissimilatory nitrate reduction
Nitrate (O —p=——=—(") [aeD | » ) Ammonia
[NapAB|  Nikite
Assimilatory nitrate reduction
| NIT-6 |
Nitrate _ » ) bramonia
M =
Denitrification
_
Nitrate () ‘ O . O > )— O
Nitrite Nitric oxide Nitrous oxide Nitrogen
Nitrogen fixation
C MDIH m ' -'=Ohmmonia
Nitogen AnfG
Nitrification
Nitrate ([ NxriB |—( e { Heo | (O {fwcCaB———(OAmmonia
Nitrite Hydroxylarine
Anammox
() | Hah | (e (U Arunonia
Nitogen Hydrazine
®
Nivite | NS ] Nigic oxide
Data on KEGG graph
Rendered by Pathview
Cysteingl.DOPA m)‘“ F
TYROSINE METABOLISM 10 - ]'8 " 10
Doperuinces Leucodopaquinone Dopeghror oot | fockoles 6-uinone
O ) ") & (OEamelarin
7 PR
ndole
L4181 { —{ Tvre1 ()
Phenylalanine, tywrosive and iy 561008
(rypuph&nbmmss ) qlfhhmmlg}-z-hyﬁm:
T C18,018-Fcona| ﬁ-sma}.‘ﬁ:yk
[Eﬂ“““““‘-“ altnbid)[]l:!mn mﬂ) PP S gy Btizolobate
synme:s AM Gif,cis-anoeg g}é.s}ﬁu@ﬁiﬁy&
3 5.Diiodo- %.lodo- | . . tizolobinate
L-Thyooine Lyrosine Lotyrogive 1 L.DOR Dopamine L-Nozadte naline L hdrenaline
Oe—{Lir1H 1111840 nasinze] w— B L4171 () (D
{1111 8] a1125[41128]  N-Met —
Triodstopoine (————— ey PTA¥S B il e
L el R et @ Amino- biosyrithesis L-Nor-
synthess | Tymamine @ ({4 byrhonyphensyd)- [43.1.22] —=
43, 4Coumamte  propanoate 3 4Dih ( ()
s i 304Dy ) () Pane ke L Metagephie
Sidosge  penyidurl [LLLID) G [1a34] [1434]
(R)-3-(4-H 111237
Eﬁ@%ﬁ el - Czis5])12129] [1434] (1215 ] .ﬁﬁg
e ol 215] 34 33,4 Dikyoxy . A
| Homoprota- | . [“ ’gmt‘? p]len)‘])lacg:o“ . 3 Emﬁ_’:y ddt]lygﬂ
catec huate . eneglyeol d
. Crentisate- 4 Dihydroxy- 3-Methoxy- e |
114149 1141315 —_— (P hmroocpbend. 3,4 Dby
;I;Ix .' gamisnls G hyde Lﬁﬂem ”t?nmﬁ‘* mardelate
U Ace Tale

Ra Inate
Stnan Hororvard late

712] [(713)

4.1.1.68 %-Dmljept
et cdinate
2 Hydrox 2 4 Diliyosyhept- &
2,4-%? [ HpaG | O 2-enedjuate
HpeH :
Acetoace tate | |
ucrivate I |
Cernialde hyde I
12116 :
G

Data on KEGG graph
Rendered by Pathview

o

Ot

|
V V
Pyrovate Butanoate

3.
4

MWlethoy 3-Methoxy-
hopdrox - 4 hyrdroeer-
pheaeligiene- mandeln®

[2116]  [2116]






media/file36.jpg
H
&

o E) W ) ) 0 0
Consettion (il )

o

SepinON

e





media/file32.png
A  DON vs. Control (down-regulated)

LOC100281679

LOC100273117 282027

LOC100282171

LOC100382451

LOC100281349

cl936 © Size
LOC100193892 prpi3s-1
; ® 50

@® s
LOC1%273366 . 10.0
® ::

category

LOC100191684

- LOC100281199 Locmo%h ~— DNA replication

—— Photosynthesis

~—— Photosynthesis - antenna proteins

~— Ribosome
086004

fold change

cl12353_1 -2.5

LOC100284921
-3.0

Loc-gozmsss 35

-4.0

IDP2420

-4.5

- antenna proteins
LOC100281587

C100273427

LOC100216729

LOC100280410





media/file2.jpg





media/file29.png
FATTY ACID BIOSYNTHESIE

= gat

Tnaral forms Typel FAS TwpellFAS
{Arimals, Fungd, Bacteria) {Bacera, Flants) In misochondris [Azimals, Furgi)
- Acatyl.Cols Acetyl. Acaty
Inibistion Telakoa e
Loty
FabH
L Faia¥
FhSL12
moN[mE [
(R)-2.H
Enﬁaﬁm b .']ﬁ'(“ﬁ,t“y.
rans-1-Encni-[so fl
.\  lLom<hinagilc Acfasp] J
' T
|
| |
_ Long-chain I L]
Te tiom
(35T fathfacad | Oetano-fac ]
Long-r b sl [wop] L bein ey [nepl]
L . (Hexedecennyl-[acp])
Loog.chem syl Cof Long-chen scyl.Cofs
Data on KEGG graph
Rendered by Pathview
[ s | WL 1o
Replication comp lex (Bacieria)
DHA polymerss: [l holoenzyme
Lagging strand 5’ FNese H IPoll
. [Z}
3 Fol Il core

D ligase

S hgnen

Replication congp kex (Archaea)

DbA polymerass 111 holospeyme

R

[~
-

o (29 |8

:|r5mvh
Helicase Primase

FHaseH DHA 2 [ DHA ligass
Eaisra
T

Ruimtim]

|2
Nl
ot | =

DHA polymeras B DHA polyierase D

RPAJSSB Hebcase

o
.
o

FolDL
_FolD2 |
Helivase Primaze

I§
@
®m

Chmp boader RNaseH

_REL |

(T

g
§

li

MA polymersse o-prmas: complex

DMA polymems: & complex
[a [ s2 [ &3 | a4 ]
DME& polymersse £ complex

Helicase

DMA polymeras: ©
complee

Data on KEGG graph
Rendered by Pathview






media/file20.png
HOMOLOGOUS RECOME MNATION

L L—
0 10

Diouble strand break = 1 0
Prokaryotie type ) Dol st Eularyote type / Recoguition
5 g F— ¥ 5 S—
— 5 —
5103 resection  (Eschenchia colt) (Escherichia coli) (Sace baromyres cerevisias) (Marornals)
510 3 resection »
MR cormplex WIRM complex
| Ml |
Rec] / SSB RecBCD [ RecD |
RPA BRCAZ-TGS
&xvoc: & Coal=
; . . . 1
Filament formation Filament formation Filament formation
- (5. cerevisise) (Commor)  (Marimals)
[ Reck | Rech |
Bt
RecR
: [ ) @ (o)
RecFOR.. Rad51 pamlogs
—_ - F Rads1 paralogs — =
Fech filament RadS1 ﬁmm‘_
Strand irvasion Strand irvasion 5 ion
D& syntbess (5. cerevisiae (Cornmon)
v
Holliday june tion infermediate o
.. — e
— iy —
I —
Q o endcaptus _/_,E:
Holliday junc ion intermediate RedSd™ " ==
Branchmigmtionand Branchmigrationand e o
resolution of Holliday junc ion resolation of Holliday june tion DNA synthe sis
| -—
_—— = — — - (Cormmon) \
Eranch migrationand [E
resohation of Holliday june tion
(Common T X
| BLM | : :
m Strand ment Strand displace ment
RecF OR pathway Replication restart
[
| i
7
| PriB | DpaT
Flap remonal and arme aling
Crogaoer (© n) Ligation l
or
Prit
Hon-crossover
RexBC pathway D-ih-ﬁﬁ*mkqair S,Iﬂﬂjdqﬂ% strand annealing Bmk-ingllll:!d Tep lication
Data on KEGG graph
Rendered by Pathview
I PORPHYRIN AND CHLOROPHYLL METAB OLISIM I . H l
— Ti Fe
1L16.1.2}
-10 0 10
Fe
4, 5-Dinzopentanoate UmpaghpncgrLt Apotransferrin
“
411111 @
12, 18.Didec atho 13985
318 Dienbory EEn
——m_Biliverdin 155
}Iliﬂf:m-a::,mulhyl— Copnpw-nu ——»_Biliverdin I
v Cobi ——»{_)5-Orxo-Bbilirdbin
{femobic pattway) (_J32)-Phytoe heaencibilin
Cye ,
3 2
(e (132)-Phyeoesanbilin

(_Pre

211133

Alanine, aspartat and
glutarnate metabolism

15,177 Seco-F 430-17%acid ()

211152

0
»

Frecon

rrin 34
Cab

12193

Hemoglobm

ind
CobM

Zn-Bacterio-
chlorophyll a

(n
121983

P

3! Hysdroy:
I3-mmmeﬂll§¥eshr

CaobF

protoporphyrin 1X

: .
e P

Oryhemoglobin

[6419] e
(JPrcomin6h (— 421169
CobK o = _
Dlvmy;rup- Protochlorophyilide
Costayme F 430 ( )Co-peecorin 6B ( Precominge  Shomphyllide
12-Eth Ly
e wuﬁﬁﬁ% o
(TS (] 1577 | [211333]
onine 1 9
weibolin s-Ethyi-umg ingl Bactio- Bacterio.
—— bacenochloroptodlide d chlorophylide d chiomphl d
3-H3thmE.l1\!yi- chlorophyilide b hqm:nphylmh
Homwphyflis & @ Otz
Bacteno-
ide chlorophyll b
.4 O
. Bar ferio-
25117] ) Cobflyrinate chlcropillide s o igemngl, gide s chiompiglls
- Divirgd- .
Eobt 5.7 cab0 chloroplslids o O Redcopty
, . catsbolie
Koo i
. ChiP[63.5.10] CabQ
(R-1-Amino- L denosyl cobyrinat
\ opag <-0 hexaarnide
il CobC
CuiB [63.1.10]CobD  [35.190] Chiz
—_— Prirary fluo
(F)-1-Amiro- s 9, 25117 msdlcmbohu

propan-2-v CoblJ CobP

L-Theeorine

L.T|

- Cobll o Ribamle-5-P o Ri (rdenosive GDP-
Euﬂm@:ﬂ ——t{ O z4221w H31373 o Aoh pearri de
D CobT 273826
une_ﬂnyi-! f CobC s 27326 ] coby

Vitarin B
COENT R

1

Data on KEGG graph
Rendered by Pathview

phospats phosphate , _—
Tt O—{arLaitwO—{e3 ol i cobinamide
hreonive

Coblf|2.7.762|CobP  Cyanocob(1labamin

23117
2 Vit

T8O
itaredn B12s Vitarnin B12r

() iquacch(I{ljalamin






media/file5.jpg





media/file7.png
L)1 —

| PHOTOSYNTHESIS - ANTENNA PROTEINS | -10 0 10
Phycohilisome
- (Cyamohacteria , Red alga)
hv
N & / Light-harves ch?(?&m;ﬁnunh
hv
Y P hv hv hv hv
\ / A X
¥ N\ \ N\ N\ N\
Y No N
Cgt.}oxoplast r 2
shoma o R D DD OO DD NNy
P00 i S S SO LD \C
000 BT ~ W, [\ \ept? 959::9::9:39. -a_,l/_lf’:'p__'f/l' =
/D2 Temminal| [ \p2 (77—
| pigment | \ I
l Dl \ II ‘\\ 1
Thylakoﬁ \ 4'|‘\"‘. Cp47 \ ) . 1
luraen \\,_,,-{" IlI “;—Ar b / 55— { / i e S B
L ~ N~ ~—”’ LHCII — - Photos I LHCI
Allophycocyanin (AP)
[ ApcA | ApcB | ApeC | ApeD | ApcE | ApcF | Light-harvesting chlorophyll protein corplex (LHC)

Phyrocyanin (PC) / Phycoerythrocyanin (PEC)

Cpch | CpeB | C CpeD | CpeE | CpeF | C

Phycoerythuin (PE) [(Lrcb1 [ Lheb2 | Lhct3 [Ihebd | NERe6S | NHEB6) Lhcb?]
Cpeh | CpeB | Cp CpeD | CpeE | CpeR | CpeS | CpeT
Data on KEGG graph
Rendered by Pathview

| RIBOSOME | Rbosomal RNAs -10 0 10
e (771 (€
25s | ss | sss | [ 185 |
Rihosomal proteins

EF-Tu | S10 | 14 | 123 | 12 | s19 [ 122 | s3 | Li6
S20e | L3 | Lde | L238e| 18 | S15e | Li7e | S3e |

[ Ls | s14 | s8 | 55 | L30 | SecY
| Stte | 123 | L26e | Sde | Lile | 529 [S15Ae | L9 | L32 LSe | S2 | L7 | L27Ae

Il:l[ L3 | s13 | st | s4 |+ [[Lr T w3 | so |
L34e | Llde [ 518 | Side| S9 | [ Lige | [ L134e | Si6e |

EF-TuG R B
51 _{ si2 N
SSe | S23 | L30e L7/L12

LPO | L10Ae | Li2e

EF-Ts IF2 IF3 RF1

FevFm [ si16 [TOOT] [ st | [ES30 [sa ] [125]

[Lioe J[ L1z |[ 115 ][ r2te J[ 124 ][ L3te J[35he][ 3% ][L37Ae] [ L300 ][ 100 ][ Late ][ Lade ]
(16 J[L18ae][ 122 J[ L2 J[ 128 ][ 129 ][ L36e J[ L32e |
[s7% ][ sie ][ 512 ][ s2te ]

Small subunit (Theraus aguaticus)
Data on KEGG graph
Rendered by Pathview






media/file33.png
B DON vs. Control (up-regulated)

LOC100285661

LOC101027254

pcom%ST LOC103626734
051
alpha-Linolenic acid metabolism size
® -
. @
Starch an se metabolism .
8
@
dhi fold change
5
4
gpm120
3
|
1s03
category

—— alpha-Linolenic acid metabolism
—— Isoquinoline alkaloid biosynthesis
—— Starch and sucrose metabolism

—— Tyrosine metabolism

Isoquinoline alkaloid biosynthesis





media/file44.jpg
(A) aeto 00N tdowr)

i ey — ST

= oser:

i @eee-

- =2
s e
== ST






media/file38.jpg





media/file31.jpg
B DON vs. Control {up-regulated)






media/file0.png





media/file4.jpg





media/file30.jpg
A~ DONvs.Control (down egulted)






media/file8.png
o-LINOLENIC ACID METAB OLISM |

(Phosphatidylcholine
3.1.1.32]

[3.1.14

¥
«-Linolenic acid ()Stearidonic acid

Volicitin

17-H XY=
hnoleyntgoagd

23.1.16 @9

(" )3,6-Nonadie nal

()9-Oxononanoic acid
spontaneous {kolnelenic acid
Heptadecatrie 9,10-EOThE » 10-OFDA
3.Hexenal 3-Hexen-1-o0l acetate
13(S) o] TiE () (231195
ﬁz' 117,142)- 3-Hexenol
eptadecatmenoic acid 13(S)- 12-Ox0-9(Z)-
HpOTiE dodecenoic acid
131112 —8( }—{ HFL1 [ ) (O—
{) Traumatin Traurnatic acid
X I — Etherolenic acid
10(E),15 -ochdecu:heml: acid 2-Cok
) (O spontaneous { )—{53996| . . | OFCLY] .
9-Hydroxy-12-oxo- 12,13-EOTiE 12-OFD
15(Z)-octadecenoic acid
- ns-2-Eno
opc 2% CaA Bres o

henylalanine, tyrosine
(rypbpm Diosymtiess

=)

114121 ||

5,6-IQCA

. 3-Ox ns-2-Eno
OFCe-Col OFC8.Cols oo
{+)-7-Is0-
Jasmonate (-)-Jasmonate
@ . 231164 @ @
3-Oxo- o
%’p‘é*ch’f”l OPC4Coh col 21.1141]
+)-7-Isometh
_‘];asmom - Jasmonazl
Data on KEGG graph
Rendered by Pathview
Cysteinyd-DOPA H)P m
| TYROSINE METABOLISM e L° "
. Lo ucodomaai |h‘lehninbmyn' uﬂ'sl 0 10
Dopaguinone ucodopaqiunons Dopaghrome Indole-. 6-quuvme
S SR R i
(— 1vRe1 |
DHICA

A{L-Alanin3-51)-2-hordox
| Phenol cig,cis-muconale 6-sermialde %;y:b )
[Iigqﬁm e dkﬂh’d][mnmm) | o 5-(L-Alana 1) 2 by (Jiteoldowe
| cigcis- muc 6—sennalde£y:b
35 Diedo-  3lodo | . tizolobinate
e m iy I l ===={"3 B 1) | Moo ' [114171] . -21123m1]jma
- L (e [lwfizs] W s KE
Oe{L1r13] [ariz]fariz] . mm st | PEYV? [21.16] 21.14]
Triiodothyronine o B ETEET 1131215 1434
] ———— -  Aniine. )
b:osy-nthz | Tyraruine 3 1 . ; () . _(4_%,(@”3,-1)_ m 1492 Iﬁ;e !
I 1434 S 4-Coumarste — propanioa . phrine 5
oy [L4321][ 1492] 3,64 Dibyixy ® R Dl %5 ooy mnhh . L-Metare phrine
Salicionde Pl \ i Do o < 1434] [1434 1434
O Ow—{11.100 ] , phenylgropancate aldehyrle [1434]
4-H (RJ 3-(4-Hyrroxy-
_ 12153 lensﬂm}{aldehyde iy s 532 s;f) e’ T st
Phenylalardme | . pl'wnyl ycol
e tabolisr W121s |[121.29] (12213 131127] % iy Tt O 4 Dihyelrox deb
| ;“ip"? i ’ phenyljpropenoate ( Then E{;ﬂ" Y )
catec hua . yco
— (411 | isate- 3 4 Dihyrrox 3-Methoxy- .
Q O— Clime Phenlotetn (Jhrrocyphen 3,4 Dilyroxy:
gﬁl%? Homogentisate | 113.12- acetaldehyde Tma;
) tate
[121.29){ 1231 | [2.1.16] 1215 [21.16]
2-Hadmx S-carbox
1o thydny 4 e (Ventisate
serialde b 4-Ilale vi- ®
acetoacets Rosmarinate .
o Homovanillate 3-Methoxy-
- 4-hydroxy-
5-Carboxyrethyl- mandelats
2-hydroxraue onate glycdl
2. 4 X
SCexboxyg_:xo}wpt acetyy%?ygg? -
31120[ 37123
2-Hydrox 4 Dihydroxyhept
2,4-di mm 2-ened1'oaie
@
Acetoace tate IPyrmu
uccinate I () vialeate
ernialde hytle 0
v v
P Butanoate
suinaly = G Yoo () (oS )
Data on KEGG graph

Rendered by Pathview






media/file21.png
| PHOTOSYNTHESIS |

hv (Antenm Pxotems)
N Photosyster II
mosynechococcus
ngoroplst - elorgatus)
s

SIS TSIS TS s
e =

LT LT -

Carbon fixation in TR
bsynthehc oganisms ———DA (%

*

Photosyster II
D1 D2 cpd? cyt b559 Cytoc hrome b6/f complex
Psb& | PsbD | PsbC | PsbB | PsbE | PsbF PetB | PetDl Pets - Petl | PeM| PetN I PetG |
IVISF )34
PsbL | Psb] | PsbK | PsbM | PsbH | Psbl Photosymthethic electron transport
PsbU | PsbV | PsbX | PC Fd FNR. cb
e (o] [pe] e ] 7o |
Photosyster F-type ATPase
| Psah | PsaB | PsaC beta | al arama| delta |epsilon| ¢ | a | b |
| Psal | Psal | | PsaM| PsaN | | PsaX |
Data on KEGG graph
Rendered by Pathview
AR H
I CARBON FIXATION IN PHOTOSYNTHETIC ORGANISMS I
(Cabon fixation pathways in pohryonsm 0
( Dapphleien i Jo———~
Blosaibess I 41222
: {41222}
= 8. e (_)D-Fructose 6P
(D-Fructose 1,6P2
nsoncycb)

| C4-Dicarboxylic acid cycle
(atmosphere)
P} pho ﬁ? {a1131}

Aspartat

ﬁ___sm_(
CO2(b -sheath cell)

nol-
pyruvate
Glyrolysis f Gl | e
(l%m)ns u:o(r;;ﬁms)g_ &
|
|
Séh Pyruvate()

Rendered by Pathview

1182]
[2791]
h .4
Pymuvate (e (_Malate
N |
CObwidle-sheath cell
Data on KEGG graph

CO2
(bundle -sheath cell)






