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Abstract

:

Wounding induces phenolic biosynthesis in broccoli. However, there is scarce information about the physiological and molecular mechanisms governing this stress response. In the present study, a chemical-genetics approach was used to elucidate the role of reactive oxygen species (ROS), jasmonic acid (JA), and ethylene (ET) as stress-signaling molecules in the wound-induced phenolic biosynthesis in broccoli. Wounding activated the biosynthesis of ET and JA. Likewise, the wound-induced biosynthesis of ET and JA was regulated by ROS. JA activated primary metabolism, whereas the three signaling molecules activated phenylpropanoid metabolism. The signaling molecules inhibited the wound-induced activation of the hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase (HQT) gene, which is involved in caffeoylquinic acids biosynthesis, and the main phenolics accumulated in wounded broccoli, suggesting that an alternative caffeoylquinic biosynthesis pathway is activated in the tissue due to wounding. ROS mediated the biosynthesis of most individual phenolic compounds evaluated. In conclusion, ROS, ET, and JA are essential in activating broccoli’s primary and secondary metabolism, resulting in phenolic accumulation.
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1. Introduction


Broccoli is an important source of bioactive compounds that prevent chronic degenerative diseases. Among these bioactive compounds, phenolics present in broccoli possess high antioxidant activity [1]. The use of controlled postharvest abiotic stresses, such as wounding stress, has been proposed as a simple and effective strategy to biofortify horticultural crops with phenolic compounds [2,3]. In this context, the application of wounding stress in broccoli induces the biosynthesis and accumulation of phenolic compounds [4,5,6,7,8]. For instance, Villarreal-García et al. [4] reported that the accumulation of 3-O-caffeoylquinic acid, 1,2-disinapoylgentiobiose, and 1,2-disinapoyl-2-ferulolylgentiobiose was observed during the storage of broccoli florets. Likewise, Torres-Contreras et al. [4] reported that 5-O-caffeoylquinic acid and caffeic acid content increased by 122.4% and 41.6% in broccoli chops and in florets cut into four even pieces, respectively, immediately after wounding stress. Moreover, the authors reported that 3-O-caffeoylquinic acid and 5-O-caffeoylquinic acid increased by 46.7% and 98.2%, respectively, in broccoli florets after storage. Similarly, Guan et al. [6] evaluated the effect of different cutting styles on the biosynthesis of phenolics and cellular antioxidant capacity in wounded broccoli, and the authors reported that the higher the wounding intensity (shreds > 1/2 florets > florets > heads) the higher the accumulation of phenolics and the cellular antioxidant capacity of the tissue. However, there is little scientific information on the physiological and molecular mechanisms governing this stress response.



According to previous reports, the wound response in plants starts with a primary signal released from the cytoplasm of the wounded cells. This primary signal has been identified as extracellular adenosine triphosphate (eATP) [9,10,11]. Then, eATP binds to adjacent unwounded cells and triggers the wound response through the biosynthesis of reactive oxygen species (ROS). At the same time, other signaling molecules such as ethylene (ET) and jasmonic acid (JA) are produced, also playing a significant role in the wound-induced activation of the primary and secondary metabolism of plants [12,13,14]. Although the role of these signaling molecules in the postharvest wound-induced activation of the primary and secondary metabolism of the plant cells has been previously reported for crops such as carrots [12,13], their role in the biosynthesis of phenolics in crops such as broccoli has been overlooked.



The use of small chemical compounds that inhibit stress-signaling pathways allows for the application of chemical-genetics approaches to study stress responses [15]. For instance, phenidone (PHEN) and diphenyleneiodonium chloride (DPI) are used as inhibitors of JA and ROS biosynthesis, respectively, whereas 1-methylcyclopropene (1-MCP) blocks ET action [13,14,16,17,18,19,20].



The objective of the present study was to evaluate the physiological role of JA, ET, and ROS on activating genes related to the biosynthesis of stress-signaling molecules, primary metabolites, and phenolics. Likewise, the effect of the stress-signaling molecules on the accumulation of individual phenolics was determined.




2. Results and Discussion


A chemical-genetics approach was followed to better understand the role of ROS, ET, and JA on the wound-induced activation of broccoli’s primary and secondary metabolism, where DPI, 1-MCP, and PHEN were used as inhibitors of ROS, ET, and JA, respectively. The expression of genes related to the biosynthesis of signaling molecules, primary metabolites, and phenolics was evaluated in broccoli treated with inhibitors. Likewise, the accumulation of individual phenolics was quantified in the tissue under treatment.



The concentration of inhibitors applied (PHEN, 10 mM; 1-MCP, 2000 ppb; DPI, 317 μM) and the sampling time (21 h) were determined according to previous studies [5,14,21]. Likewise, the sampling time to evaluate the expression of genes related to the stress-signaling molecules’ biosynthesis (1 h), and primary and secondary metabolite production (9 h) was selected based on a previously reported transcriptome analysis that determined the differential expression of primary and secondary metabolism-related genes as early and late wound responses in broccoli [21].



As indicated in our previous reports using a chemical-genetics approach to evaluate the role of signaling molecules on the wound response in plants, two controls were used to determine the effect of inhibitors on the expression of genes and the accumulation of phenolics: chopped broccoli exposed to air and chopped broccoli dipped in distilled water [10,12,14]. Chopped broccoli exposed to air was used as the control for 1-MCP-treated samples, whereas chopped broccoli dipped in water was used as the control for samples treated with PHEN or DPI, either applied alone or in combination with each other.



2.1. Role of ROS, ET, and JA Inhibitors on the Wound-Induced Activation of Stress-Signaling Molecules and Primary Metabolites Biosynthetic Genes


2.1.1. Stress Signaling Molecules’ Biosynthetic Genes


Concerning the evaluation of genes related to the biosynthesis of stress-signaling molecules, the expression of OPR3 and ACO4 genes was evaluated (Figure 1). Both genes were wound-induced, in accordance with previous reports [7,21,22]. OPR3 codes for 12-oxophytodienoate-10,11-reductase (OPR), a key enzyme in JA biosynthesis [22]. The wound-induced activation of OPR3 was only affected by the combined application of DPI with PHEN (Figure 1A), indicating that ROS and PHEN act together to activate the gene by wounding.



On the other hand, the ACO4 gene codes for 1-aminocyclopropane-1-carboxylic acid oxidase, which catalyzes a key step in ethylene biosynthesis [23]. ACO4 showed a significant decrease in its relative expression when DPI and PHEN were applied alone or combined with 1-MCP, indicating that ROS and JA play a vital role in the wound-induced activation of ACO4 (Figure 1B). Furthermore, when the three inhibitors were applied together, the gene showed higher expression than the control. These results suggest that there is a transcriptional repressor (i.e., ethylene-responsive element binding factors (ERFs)) activated in the presence of the three signaling molecules that modulates the wound-induced production of ethylene [24,25].




2.1.2. Primary Metabolites Biosynthetic Gene


Regarding primary metabolism, the expression of the DAHPS gene is shown in Figure 1C. This gene codes for 3-deoxy-D-arabino-heptulosonate synthase, which catalyzes the first step in the shikimate pathway. The wound-induced activation of DAHPS was negatively affected by dipping the chops in water. This result indicates that dipping broccoli in water partially removes the wound signal responsible for the gene’s activation. For instance, it has been reported that ATP released from the site of wounding (further referred to as extracellular ATP (eATP)) is the primary signal that induces the wound response in Arabidopsis and carrots [9,11].



The individual application of signaling-molecule inhibitors did not significantly reduce the wound-induced expression of DAHPS compared with the controls (Figure 1C). However, when the three inhibitors were applied together, the gene showed higher expression than the control. As observed for ACO4, these results suggest that there is a transcriptional repressor activated in the presence of the three signaling molecules [24,25].





2.2. Role of ROS, ET, and JA Inhibitors on the Wound-Induced Activation of Phenolic Biosynthetic Genes and Individual Phenolic Accumulation


2.2.1. Phenolic Biosynthetic Genes


Concerning phenolic biosynthesis-related genes, the phenylalanine ammonia-lyase 1 (PAL1) and hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase (HQT) were evaluated. PAL catalyzes the first step in the phenylpropanoid pathway and thus is a key enzyme in the biosynthesis of phenolic compounds, while HQT is a gene that codes for a key enzyme in the biosynthesis of caffeoylquinic acids [26,27]. Both genes were activated by wounding stress (Figure 2). This result is in accordance with previous reports where PAL and HQT were induced by wounding in broccoli [7,21].



The application of each inhibitor produced the repression of the wound-induced expression of PAL1 and down-regulated its expression compared with the control (Figure 2A). Interestingly, the application of DPI in combination with 1-MCP did not affect the wound-induced activation of PAL1, suggesting that ROS and ET in conjunction induce the expression of a transcriptional repressor that regulates the wound-induced expression of PAL1. On the other hand, the relative expression of HQT increased when using the inhibitors individually (Figure 2B). This result suggests that the three signaling molecules (ROS, JA, or ET) down-regulate the expression of HQT. When the inhibitors were combined, lower activation of the HQT gene was observed as compared with the inhibitors applied alone, indicating a cross-talk between the signaling molecules regulating the gene’s expression. These results are in contrast with a previous report where the application of different plant hormones, including MeJA, induced the activation of HQT in potatoes [28].




2.2.2. Identification of Individual Phenolic Compounds


Individual phenolic compounds identified included hydroxycinnamic acid derivatives: caffeoyl glucose (C-glu); β-1-caffeoyl glucose (β-1-C-glu); α-1-caffeoyl glucose (α-1-C-glu); 4-caffeoyl glucose (4-C-glu); coumaroylquinic acid (Coumaroyl-QA); 5-caffeoylquinic acid (5-CQA); 3-feruloylquinic acid (3-FQA); 4-caffeoylquinic acid (4-CQA); caffeic acid (CA); 4-sinapoylquinic acid (4-SQA); 4,5-dicaffeoylquinic acid (4,5-diCQA); 4-caffeoyl-5-feruloylquinic acid (4-C-5-FQA); sinapic acid derivatives: 1,2-disinapoylgentiobiose (1,2-DSG); 1-sinapoyl-2-feruloylgentiobiose (1-S-2-FG); 1,2,2-trisinapoylgentiobiose (1,2,2-TSG); 1,2-disinapoyl-2-feruloylgentiobiose (1,2-DS-2-FG); 1-sinapoyl-2,2-diferuloylgentiobiose (1-S-2,2-diDFG); and a feruloyl acid derivative: 1,2-diferuloylgentiobiose (Figure 3). The phenolic profile identified in the present study is similar to that found in previous reports [4,29].




2.2.3. Accumulation of Individual Phenolic Compounds


The effect of DPI, PHEN, and 1-MCP on the wound-induced accumulation of individual PC in broccoli is shown in Table 1. The application of wounding stress induced the accumulation of β-1-caffeoyl glucose (β-1-C-glu), α-1-caffeoyl glucose (α-1-C-glu); 4-caffeoyl glucose (4-C-glu), coumaroyl quinic acid (coumaroyl-QA), 5-caffeoylquinic (5-CQA), 3-feruloylquinic acid (3-FQA), 4-caffeoylquinic acid (4-CQA), and an isomeric form of 1,2,2-trisinapoylgentiobiose (1,2,2-TSPG). Moreover, wounding induced the de novo synthesis of 1-sinapoyl-2-feruloylgentiobiose (1-S-2-FG) and 1,2-diferuloylgentiobiose (1,2-DFG); whereas the de novo synthesis of 4-caffeoyl-5-feruloylquinic acid (4-C-5-FQA) and 1,2-diferuloylgentiobiose (1,2-DSG) occurred only in the presence of a specific signaling molecule inhibitor (Table 1). The use of DPI reduced (−23%, p < 0.05) the wound-induced accumulation of β-1-C-glu (Table 1), showing that ROS plays an essential role in its accumulation, since the other inhibitors did not cause an effect. In the case of the isomer form α-1-C-glu, 1-MCP induced a 120% increase compared to the control, indicating that ET inhibits its accumulation (Table 1).



Coumaroyl-QA, which is the precursor of caffeoylquinic acid, showed the most significant wound-induced accumulation among the caffeoylquinic acid derivatives (450%, p < 0.05) in both the control and samples dipped in water (Table 1). The use of DPI alone caused the complete inhibition of coumaroyl-QA accumulation, while PHEN and 1-MCP applied individually also decreased its wound-induced accumulation by around 82% and 32%, respectively. The application of 1-MCP in combination with either DPI or PHEN completely inhibited the wound-induced production of coumaroyl-QA, while the application of the three inhibitors only inhibited 35% of the biosynthesis (Table 1). These results correlated with the expression of HQT (Figure 2B) in the treatments, where the use of inhibitors individually induced its expression, indicating that coumaroyl-QA was rapidly converted into caffeoylquinic acid, avoiding its accumulation. Therefore, ROS, ET, and JA played a role in the biosynthesis and accumulation of coumaroyl-QA.



Likewise, 5-CQA accumulated (36%) in response to wounding; however, when broccoli was dipped in DPI or PHEN solution, there was no accumulation of the compound, indicating that ROS and JA were necessary for the wound-induced accumulation of 5-CQA. Interestingly, 5-CQA accumulation has been previously associated with increased expression of HQT in different plant tissues [27,28,30]. Here, the increase in the expression of HQT in the presence of inhibitors (Figure 2B) does not correlate with the accumulation of 5-CQA (Table 1). This result suggests that alternative routes, such as the hydroxylation of p-coumaroyl-quinic acid by p-coumarate 3′-hydroxylase (C3H) or the use of caffeoyl-glycoside as the activated intermediate for 5-CQA biosynthesis [28], are favored in broccoli and occur in the tissue under wounding stress.



Interestingly, the accumulation of the 5-CQA compound occurred when using DPI and PHEN together (Table 1). A similar trend was observed for 3-FQA, in which the accumulation happened in the presence of ROS and JA. These findings agree with a previous study that reported a complex cross-talk between ROS, JA, and ET that induced the accumulation of phenolics due to wounding stress in carrots [12]. The authors proposed that ROS play a key role as signaling molecules in the wound response, while ET and JA were essential to modulate ROS levels.



It is well known that wounding can induce the de novo synthesis of phenolics. In this context, a sinapic acid derivative (1-S-2-FG) and a feruloyl acid derivative (1,2-DFG) were synthesized de novo in response to wounding (Table 1). The production of 1,2-DFG was not affected by inhibitors, while DPI combined with PHEN induced a higher accumulation of 1-S-2-FG (2189 mg/kg DW). This compound is highly relevant from a nutraceutical perspective, since it is one of the compounds with the highest antioxidant activity reported in broccoli and is effective at preventing lipid damage [1].



The biosynthesis of 4-C-5-FQA and 1,2-DSG was induced de novo only by applying a specific inhibitor or a specific combination of them. PHEN alone and 1-MCP in combination with either DPI or PHEN accumulated 4-C-5-FQA. The accumulation of 1,2-DSG was detected with the application of all the combinations of inhibitors, suggesting that the signaling molecules studied (ROS, ET, and JA) inhibit the biosynthesis of this compound.



In summary, wounding stress in broccoli induced the accumulation of phenolics through a complex cross-talk among ROS, ET, and JA. According to the results obtained herein, Figure 4 summarizes the effect of signaling molecules on the activation of genes related to the biosynthesis of signaling molecules, primary metabolites, and phenolics. Previous reports have indicated that upon the application of wounding, eATP is released from the plant cell’s cytoplasm and serves as the primary signal of the wound response, which triggers ROS production [9,10,11]. The application of signaling molecules inhibitors revealed that JA and ROS alone, as well as ROS in combination with ET (likely through a transcriptional activator), induce ET biosynthesis, whereas ET was likely overproduced when the three signaling molecules were blocked, as was indicated by the highest expression of the ACO4 gene. Regarding jasmonic acid biosynthesis, the results showed that ET alone or the combination of ROS and JA induced the biosynthesis of JA through the activation of OPR3.



Regarding the primary metabolism, JA played a major role in the wound-induced activation of DAHPS, whereas inhibiting the three signaling molecules increased the expression of the gene, suggesting that there was a transcriptional repressor activated in conjunction by ROS, ET, and JA or that other signaling molecules were being produced (i.e., salicylic acid, abscisic acid, etc.) to compensate for the absence of ROS, ET, and JA. The three signaling molecules played an important role in activating PAL, which coded for the key enzyme involved in phenolic biosynthesis. The main phenolic compounds accumulated due to wounding were caffeoylquinic acids. Interestingly, none of the signaling molecules evaluated played a role in the activation of HQT, which coded for an enzyme involved in caffeoylquinic acids biosynthesis, the major phenolics accumulated in the wounded tissue. Thus, it was likely that an alternative caffeoylquinic acid biosynthesis route is activated by wounding in broccoli, such as the hydroxylation of p-coumaroyl-quinic acid by p-coumarate 3′-hydroxylase (C3H) or the use of caffeoyl-glycoside as the activated intermediate for 5-CQA biosynthesis [28].






3. Materials and Methods


3.1. Chemicals


1-methylcyclopropene (1-MCP) powder (SmartFreshTM) was obtained from AgroFresh Inc. (Springhouse, PA, USA). Diphenyleneiodonium chloride (DPI), phenidone (PHEN), formic acid, and methanol (HPLC grade) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).




3.2. Plant Material, Processing, and Storage of Broccoli Samples


Broccoli (Brassica oleracea var. italica) cultivar Heritage was obtained in Monterrey (Nuevo León, México) from a local distributor. Broccoli heads were disinfected with chlorinated water (200 ppm, pH 6.5) and subjected to wounding stress to obtain florets and chops. Florets were obtained using a commercial straight-edged knife, whereas chops were obtained from broccoli florets with a food processor (Waring Commercial, WFP11, Torrington, CT, USA).




3.3. Application of Stress-Signaling Molecules Inhibitors


Stress signaling molecule inhibitors (1-MCP, 2000 mg L−1; PHEN, 10 mM; DPI, 317 μM) were applied individually or in combination in broccoli chops, as previously described [12,13,14]. To determine the effect of inhibitors’ application on the expression of genes and the accumulation of secondary metabolites, two controls were used: chopped broccoli exposed to air (control for 1-MCP treatment) and chopped broccoli dipped in distilled water (control for DPI or PHEN treatments). Samples were stored inside airtight plastic containers in an incubator (VWR, Radnor, PA, USA) at 20 °C for 21 h. Samples were collected during storage to determine the expression of genes as early (1 h) and late responses (9 h) to wounding stress and assess the accumulation of individual phenolics (21 h). After sampling, the tissue was immediately frozen with liquid nitrogen and stored at −80 °C until needed.




3.4. RNA Extraction and Quantitative Real-Time Reverse Transcription-PCR (qRT-PCR)


RNA was extracted following the hot borate method [31]. RNA quality and RNA integrity number (RIN) were determined as described by Torres-Contreras et al. [21]. Total RNA was treated with DNAse using RNAse Free DNAse (Qiagen, Hilden, NRW, Germany) and cleaned using the RNeasy Plant Mini kit (Qiagen, Hilden, NRW, Germany). Total RNA quality was determined with the following parameters: OD 260/280 > 1.9 and OD 260/230 > 1.5. Three independent RNA extractions of all samples were performed.



RNA was used to synthesize cDNA with the AffinityScript qPCR cDNA synthesis kit (Agilent Technologies, Santa Clara, CA, USA). Quantification of transcripts generated from cDNA was determined as described by Torres-Contreras et al. [21]. Conditions, procedures, and analysis of qRT-PCR data were performed as described by Salzman et al. [32], using three biological replicates and three technical replicates for each gene validated (n = 9). The amplification specificity of each set of primers (Table 2) was determined by analyzing the cleavage curve and amplicon size on agarose gel electrophoresis to ensure the absence of non-specific PCR products. Differential gene expression was calculated using the 2−ΔΔCt method [33].




3.5. Phenolic Compounds Analysis


Phenolic compounds were extracted from freeze-dried broccoli (200 mg) by homogenizing the tissue with methanol (5 mL) with further centrifugation (10,000× g, 1 h, at 4 °C). The clear supernatant (methanol extract) was filtered using nylon membranes (0.45 μm, VWR) before injection into the chromatographic system. Individual phenolics were identified and quantified by high-performance liquid chromatography (HPLC) with diode-array detection (DAD) and HPLC- electrospray ionization (ESI)-sequential mass spectrometry (ESI-MSn) with the method reported by Villarreal-García et al. [4]. Briefly, the determination of individual phenolics was performed on a Surveyor HPLC/MS system equipped with an autosampler, a Surveyor 2000 quaternary pump, and a Surveyor UV 2000 PDA detector using a C18 reverse phase (150 mm × 4.6 mm, Atlantis, Waters, Ireland; particle size = 5 μm) column connected to an LCQ Deca XP Max MSn system (Thermo Finnigan, San Jose, CA, USA) with a Z-spray ESI source run by Xcalibur software, version 1.3 (Thermo Finnigan-Surveyor, San Jose, CA, USA). The mobile phase flow rate was set at 0.3 mL/min, while the elution gradients were performed with water (phase A) and methanol/water (60:40, v/v, phase B), both phases in combination with 1% formic acid. The gradient solvent system was 0/100, 4.8/70, 12.8/50, 56/30, 64/20, 72/0, 80/0, and 96/100 (min/% phase A). The chromatograms were monitored at 280, 320, and 360 nm, and complete spectral data were recorded in the 200–600 nm range. ESI was performed in the negative ionization mode, nitrogen was used as a sheath gas with a flow of 60 arbitrary units, and He gas was used as dampening gas. The capillary voltage was 45.7 V, the spray voltage was 1.5 kV, the capillary temperature was 285 °C, and the tube lens voltage was 30 V. Collision energies of 30% were used for the MSn analysis. A standard curve of 5-caffeoylquinic acid (5-CQA) was prepared to quantify individual phenolics in the range of 0.5–100 mg L−1. Individual phenolic concentration was expressed as mg of 5-CQA equivalents per kg of broccoli on a dry weight (DW) basis.




3.6. Statistical Analysis


Statistical analyses were performed using three replicates. Data represent the mean values of samples and their standard errors. Analyses of variance (ANOVA) were conducted using JMP software version 9.0 (SAS Institute Inc., Cary, NC, USA), and mean separations were performed using the LSD test (p < 0.05).





4. Conclusions


The results from the present study demonstrate that ROS, ET, and JA play an essential role in the wound-induced activation of broccoli’s primary and secondary metabolism, leading to the accumulation of phenolic compounds. JA plays a major role in activating the primary metabolism, whereas JA, ET, and ROS are relevant to inducing phenylpropanoid metabolism by activating PAL. Moreover, ROS seems to be a key factor in inducing the accumulation of individual phenolic compounds. Our results suggest that their role in activating the primary or secondary metabolism is tissue-dependent, despite the three signaling molecules evaluated being key for the modulation of the wound response. The scientific information generated in this research is needed to envisage strategies to enhance the concentration of antioxidant phenolic compounds in broccoli. Enhancing crop value through wounding stress is attractive to the fresh produce industry in order to generate raw materials with enhanced nutraceutical value that can be used to formulate the next generation of functional foods.
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Figure 1. Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN), and 1-methylcyclopropene (1-MCP) on the relative expression of genes related to the biosynthesis of stress-signaling molecules and primary metabolites. 12-oxophytodienoate reductase 3 (OPR3, (A)); 1-aminocyclopropane-1-carboxylate oxidase (ACO4, (B)); 3-deoxy-D-arabino-heptulosonate synthase (DAHPS, (C)). Relative expression is shown at 1 h after wounding. Data represent the mean of 3 replicates ± standard error of the mean. Bars with different letters indicate statistical differences according to the LSD test (p < 0.05). 
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Figure 2. Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN), and 1-methylcyclopropene (1-MCP) on the relative expression of phenolic biosynthetic genes. Phenylalanine ammonia-lyase (PAL1, (A)); hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase (HQT, (B)). Relative expression is shown at 9 h after wounding. Data represent the mean of 3 replicates ± standard error of the mean. Bars with different letters indicate statistical differences according to the LSD test (p ≤ 0.05). 
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Figure 3. Typical HPLC-DAD chromatogram of phenolic compounds ((A), shown at 280 and 320 nm) obtained from methanol/water (70/30, v/v) extracts in broccoli. Identification of individual phenolics was achieved using HPLC-DAD and HPLC-ESI-MSn (B). a Major fragmentations are highlighted in bold. b Isomeric compounds. 
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Figure 4. Proposed model explaining the cross-talk and physiological role of reactive oxygen species (ROS), ethylene (ET), and jasmonic acid (JA) in wound-induced phenolic biosynthesis in broccoli. After wounding, extracellular ATP (eATP) was released from the plant cell’s cytoplasm and served as the primary signal of the wound response, triggering ROS production. JA and ROS alone induced ET biosynthesis, whereas we saw the highest expression of the ACO4 gene when the three signaling molecules were blocked. ROS and JA induced the biosynthesis of JA through the activation of OPR3. JA played a major role in the wound-induced activation of DAHPS, whereas inhibiting the three signaling molecules increased the expression of the gene, suggesting that the three signaling molecules activated a transcriptional repressor. The three signaling molecules played an important role in the activation of PAL. The main phenolic compounds accumulated due to wounding were the caffeoylquinic acids. None of the signaling molecules played a role in the activation of HQT, which coded for an enzyme involved in caffeoylquinic acid biosynthesis, suggesting an alternative caffeoylquinic acid biosynthesis route activated by wounding in broccoli. 
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Table 1. Effect of diphenyleneiodonium chloride (DPI), phenidone (PHEN), and 1-methylcyclopropene (1-MCP) on the wound-induced accumulation of individual phenolic compounds in broccoli.
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Treatment

	
Individual Phenolic Compounds’ Concentration (mg kg−1 DW) 1, 2, 3




	
C-glu

	
β-1-C-glu

	
α-1-C-glu

	
4-C-glu

	
Coumaroyl-QA

	
5-CQA

	
3-FQA






	
0 h

	
26.59 ± 4.67

	
bc

	
69.88 ± 11.15

	
cde

	
105.05 ± 4.35

	
d

	
16.91 ± 0.05

	
f

	
12.83 ± 1.14

	
g

	
76.43 ± 3.62

	
fg

	
25.19 ± 0.89

	
f




	
0 h-water

	
20.38 ± 1.58

	
c

	
52.19 ± 2.59

	
e

	
104.45 ± 9.21

	
d

	
16.59 ± 0.41

	
f

	
14.65 ± 0.23

	
fg

	
74.92 ± 2.58

	
g

	
27.64 ± 3.62

	
ef




	
21 h

	
41.20 ± 10.64

	
b

	
96.30 ± 19.21

	
a

	
175.31 ± 13.15

	
bc

	
19.63 ± 0.46

	
de

	
67.05 ± 2.42

	
b

	
104.11 ± 2.97

	
bc

	
51.94 ± 5.05

	
cd




	
21 h-water

	
38.67 ± 10.45

	
bc

	
93.42 ± 6.10

	
ab

	
145.71 ± 17.59

	
c

	
23.19 ± 0.76

	
bc

	
76.39 ± 3.97

	
a

	
95.33 ± 6.19

	
cde

	
101.44 ± 8.43

	
b




	
DPI

	
61.08 ± 10.56

	
a

	
61.04 ± 4.07

	
de

	
143.33 ± 11.15

	
c

	
21.23 ± 1.25

	
cd

	
16.12 ± 1.23

	
fg

	
76.95 ± 3.57

	
fg

	
36.39 ± 1.98

	
ef




	
PHEN

	
31.37 ± 3.79

	
bc

	
84.03 ± 3.46

	
abc

	
181.41 ± 12.50

	
b

	
18.18 ± 0.16

	
ef

	
25.79 ± 1.36

	
e

	
86.50 ± 3.30

	
ef

	
35.69 ± 1.16

	
ef




	
1-MCP

	
22.24 ± 4.20

	
bc

	
93.85 ± 4.48

	
ab

	
232.88 ± 13.59

	
a

	
22.20 ± 0.30

	
bc

	
49.41 ± 4.95

	
c

	
99.78 ± 3.04

	
cd

	
53.26 ± 2.19

	
c




	
DPI + PHEN

	
23.37 ± 1.92

	
bc

	
80.10 ± 4.33

	
abcd

	
187.65 ± 3.69

	
b

	
21.29 ± 0.36

	
cd

	
36.90 ± 1.65

	
d

	
91.24 ± 3.92

	
de

	
274.92 ± 7.45

	
a




	
DPI + 1-MCP

	
25.19 ± 3.91

	
bc

	
75.24 ± 3.04

	
abcd

	
156.52 ± 10.53

	
bc

	
29.72 ± 1.09

	
a

	
18.91 ± 0.77

	
efg

	
84.10 ± 1.66

	
efg

	
40.27 ± 4.51

	
de




	
PHEN + 1-MCP

	
21.79 ± 5.93

	
c

	
78.33 ± 0.77

	
abcd

	
173.51 ± 1.50

	
bc

	
18.50 ± 0.68

	
ef

	
19.95 ± 1.51

	
ef

	
121.33 ± 4.43

	
a

	
33.14 ± 2.11

	
ef




	
DPI + PHEN + 1-MCP

	
36.91 ± 5.57

	
bc

	
72.98 ± 3.26

	
bcde

	
157.20 ± 12.83

	
bc

	
23.29 ± 0.77

	
b

	
55.73 ± 2.89

	
c

	
114.26 ± 5.66

	
ab

	
36.36 ± 2.38

	
ef




	
Treatment

	
Individual phenolic compounds’ concentration (mg kg−1 DW)




	
4-CQA

	
CA

	
4-SQA

	
4,5-DiCQA

	
4-C-5-FQA

	
1,2-DSG

	
1-S-2-FG




	
0 h

	
8.37 ± 2.67

	
d

	
43.63 ± 1.42

	
a

	
15.17 ± 0.17

	
abcd

	
30.38 ± 0.85

	
e

	
n.d.

	

	
n.d.

	

	
n.d.

	




	
0 h-water

	
11.99 ± 3.48

	
cd

	
41.84 ± 2.15

	
a

	
13.17 ± 0.37

	
cd

	
24.40 ± 2.14

	
e

	
n.d.

	

	
n.d.

	

	
n.d.

	




	
21 h

	
14.45 ± 0.27

	
bc

	
23.85 ± 2.15

	
c

	
16.18 ± 0.73

	
ab

	
52.75 ± 3.03

	
e

	
n.d.

	

	
n.d.

	

	
20.77 ± 0.26

	
b




	
21 h-water

	
15.43 ± 0.65

	
bc

	
27.20 ± 1.90

	
c

	
16.47 ± 0.87

	
a

	
51.01 ± 4.04

	
e

	
n.d.

	

	
n.d.

	

	
16.78 ± 5.55

	
b




	
DPI

	
10.90 ± 2.61

	
cd

	
46.35 ± 5.79

	
a

	
13.33 ± 0.41

	
bcd

	
44.13 ± 6.71

	
e

	
n.d.

	

	
n.d.

	

	
23.48 ± 1.28

	
b




	
PHEN

	
22.85 ± 0.78

	
a

	
22.93 ± 0.81

	
c

	
12.84 ± 2.23

	
d

	
660.30 ± 44.89

	
c

	
100.57 ± 14.91

	
a

	
n.d.

	

	
18.00 ± 1.96

	
b




	
1-MCP

	
10.90 ± 1.00

	
cd

	
24.08 ± 0.99

	
c

	
15.92 ± 0.47

	
abc

	
53.31 ± 2.62

	
e

	
n.d.

	

	
n.d.

	

	
n.d.

	




	
DPI + PHEN

	
14.09 ± 2.40

	
bc

	
26.74 ± 0.27

	
c

	
15.08 ± 0.18

	
abcd

	
1552.34 ± 53.73

	
a

	
n.d.

	

	
692.47 ± 11.36

	
b

	
2189.58 ± 66.79

	
a




	
DPI + 1-MCP

	
12.40 ± 1.16

	
cd

	
46.49 ± 1.72

	
a

	
14.45 ± 0.45

	
abcd

	
65.97 ± 2.11

	
e

	
40.58 ± 0.97

	
c

	
23.11 ± 0.06

	
d

	
32.94 ± 0.75

	
b




	
PHEN + 1-MCP

	
18.94 ± 1.37

	
ab

	
25.47 ± 1.34

	
c

	
13.58 ± 2.00

	
abcd

	
871.30 ± 58.67

	
b

	
71.05 ± 10.26

	
b

	
1443.67 ± 10.26

	
a

	
10.98 ± 0.78

	
b




	
DPI + PHEN + 1-MCP

	
13.34 ± 1.08

	
cd

	
34.38 ± 1.84

	
b

	
12.71 ± 0.45

	
d

	
447.12 ± 26.18

	
d

	
19.39 ± 0.76

	
d

	
389.02 ± 12.30

	
c

	
23.02 ± 2.64

	
b




	
Treatment

	
Individual phenolic compounds’ concentration (mg kg−1 DW)




	
1,2,2-TSG *

	
1,2-DS-2-FG

	
1-S-2,2-DFG

	
1,2,2-TSG *

	
1,2-DFG




	
0 h

	
177.91 ± 41.36

	
a

	
282.15 ± 62.34

	
ab

	
90.39 ± 18.76

	
ab

	
15.68 ± 2.13

	
f

	
n.d.

	




	
0 h-water

	
105.55 ± 5.00

	
b

	
180.34 ± 8.55

	
c

	
58.26 ± 2.04

	
b

	
16.94 ± 0.26

	
ef

	
n.d.

	




	
21 h

	
173.44 ± 50.26

	
a

	
290.35 ± 8.55

	
a

	
94.38 ± 25.00

	
ab

	
18.87 ± 0.63

	
cde

	
22.07 ± 1.39

	
ab




	
21 h-water

	
140.25 ± 7.44

	
a

	
186.35 ± 38.81

	
bc

	
81.85 ± 3.85

	
ab

	
20.98 ± 0.66

	
abcd

	
22.01 ± 1.04

	
ab




	
DPI

	
124.53 ± 9.43

	
ab

	
208.26 ± 15.49

	
abc

	
88.02 ± 23.75

	
ab

	
18.03 ± 0.86

	
def

	
16.76 ± 5.72

	
b




	
PHEN

	
158.74 ± 7.00

	
ab

	
282.80 ± 13.97

	
ab

	
103.06 ± 6.22

	
a

	
24.14 ± 0.73

	
a

	
22.60 ± 1.45

	
ab




	
1-MCP

	
130.06 ± 7.57

	
ab

	
222.39 ± 13.75

	
abc

	
70.63 ± 4.60

	
ab

	
18.52 ± 0.86

	
def

	
22.92 ± 1.50

	
a




	
DPI + PHEN

	
146.89 ± 5.62

	
ab

	
264.01 ± 9.82

	
abc

	
95.00 ± 5.54

	
a

	
23.26 ± 0.39

	
ab

	
21.95 ± 1.67

	
ab




	
DPI + 1-MCP

	
144.34 ± 5.64

	
ab

	
251.86 ± 8.65

	
abc

	
90.80 ± 4.10

	
ab

	
22.26 ± 0.40

	
abc

	
24.11 ± 0.83

	
a




	
PHEN + 1-MCP

	
161.79 ± 2.33

	
ab

	
268.93 ± 4.51

	
abc

	
98.66 ± 2.26

	
a

	
20.86 ± 2.08

	
bcd

	
21.33 ± 1.88

	
ab




	
DPI + PHEN + 1-MCP

	
145.02 ± 5.50

	
ab

	
240.60 ± 9.74

	
abc

	
85.65 ± 4.18

	
ab

	
20.56 ± 0.38

	
bcd

	
23.53 ± 0.43

	
a








1 Concentration was determined in broccoli chops 21 h after wounding. 2 Concentration is reported as chlorogenic acid equivalents. Data represent the mean of 3 replicates ± standard error of the mean. 3 Concentrations were determined based on dry weight. Different letters in the same column indicate statistical difference in the concentration of the compound between treatments according to the LSD test (p < 0.05). * Isomeric compounds. Inhibitor concentrations were 317 uM DPI, 10 mM PHEN, and 2000 ppb 1-MCP. Compounds quantified at 280 nm (C-glu; α-1-C-glu; 3-FQA; 4-CQA; CA; 4-SQA; 4,5-diCQA; 4-C-5-FQA; 1,2-DSG; 1-S-2-FG) and at 320 nm (β-1-C-glu; 4-C-glu; Coumaroyl-QA; 5-CQA; 1,2,2-TSG; 1,2-DS-2-FG). * isomeric compounds. Abbreviations: caffeoyl glucose (C-glu); β-1-caffeoyl glucose (β-1-C-glu); α-1-caffeoyl glucose (α-1-C-glu); 4-caffeoyl glucose (4-C-glu); coumaroyl quinic acid (coumaroyl-QA); 5-caffeoylquinic acid (5-CQA); 3-feruloylquinic acid (3-FQA); 4-caffeoylquinic acid (4-CQA); caffeic acid (CA); 4-sinapoylquinic acid (4-SQA); 4,5-dicaffeoylquinic acid (4,5-diCQA); 4-caffeoyl-5-feruloylquinic acid (4-C-5-FQA); 1,2-disinapoylgentiobiose (1,2-DSG); 1-sinapoyl-2-feruloylgentiobiose (1-S-2-FG); 1,2,2-trisinapoylgentiobiose (1,2,2-TSPG); 1,2-disinapoyl-2-feruloylgentiobiose (1,2-DS-2-FG); 1-sinapoyl-2,2-diferuloylgentiobiose (1-S-2,2-diDFG); 1,2,2-trisinapoylgentiobiose (1,2,2-TSG); 1,2-diferuloylgentiobiose (1,2-DFG).
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Table 2. Primers used in qRT-PCR to evaluate the expression of genes related to the biosynthesis of stress-signaling molecules, primary metabolites, and phenolic compounds in broccoli.
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	Gene
	Description According to GenBank
	Forward Primer (5′-3′)
	Reverse Primer (5′-3′)
	Amplicon Size (bp)





	BoOPR3
	12-oxophytodienoate reductase 3
	CGATAGGAGCGAGTAAAGTTGG
	TTGAGCAAGTCAACCACGGCTA
	109



	BoACO4
	1-aminocyclopropane-1-carboxylate oxidase
	TTGAGGTGATAACCAATGGGAAG
	TCCAGGGTTGTAGAATGATGCA
	104



	BoPAL1
	Phenylalanine ammonia-lyase 1
	TGGCAGCAATCTCGACCCTTG
	CCATAACTATCGGTGCCTTTGC
	124



	BoHQT
	hydroxycinnamoyl-CoA:quinate hydroxycinnamoyltransferase
	GCTGGGTCAGATTACCAATTTAC
	GCTGCCATCATTTGTAGGACTT
	125



	BoDAHPS
	3-deoxy-D-arabino-heptulosonate synthase
	CCGTCAAGCAAGCTTCTCCT
	CTCCGGTGTCCATTTGGATT
	145



	BoACT2
	Actin 2
	GTCGCTATTCAAGCTGTTCTCT
	GAGAGCTTCTCCTTGATGTCTC
	251







Abbreviations: Brassica oleracea (Bo).
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1(6.9) 325, 294 Cafteoyl glucose 341 323, 221, 203, 179, 161
2 (12.8) 322, 294 -1-Catfeoyl glucose 341 281, 221, 203, 179, 161
3(13.2) 322, 295 a-1-Caffeoyl glucose 341 161, 203, 179, 135
4 (14.5) 326, 298 4-Catfeoyl glucose 341 203,179, 135
5 (15.7) 312 Coumaroyl quinic acid 337 191, 163
6 (16.4) 325, 296 5-Catfeoylquinic acid 353 191, 179, 135
7 (17.6) 326, 298 3-Feruloylquinic acid 367 163
8 (18.3) 326, 296 4-Caffeoylquinic acid 353 191,179, 173, 135
9(19.2) 322, 296 Caffeic acid 179 135
10 (21.5) 325, 295 4-Sinapoylquinic acid 397 191, 173
11 (22.9) 325, 296 4,5-Dicatfeoylquinic acid 515 353, 173
12 (30.2) 326, 294 4-Catfeoyl-5-feruloylquinic acid 529 353, 191, 173
13 (33.8) 330 1,2-disinapoylgentiobiose 753 529, 223
14 (35.5) 328, 295 1-sinapoyl-2-feruloylgentiobiose 723 499, 223
15 (39.2) 328, 296 1,2,2-trisinapoylgentiobiose P 959 735, 223
16 (42.0) 328, 295 1,2-disinapoyl-2-feruloylgentiobiose 929 705, 223
17 (43.1) 328, 295 1-sinapoyl-2,2-diferuloylgentiobiose 899 705, 223
18 (45.3) 328, 295 1,2,2-trisinapoylgentiobiose P 959 735, 223
19 (55.6) 328, 295 1,2-diferuloylgentiobiose 693 499, 175






