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Clovamide, a Hydroxycinnamic Acid Amide, Is a Resistance Factor Against Phytophthora spp. in Theobroma cacao
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The hydroxycinnamic acid amides (HCAAs) are a diverse group of plant-specialized phenylpropanoid metabolites distributed widely in the plant kingdom and are known to be involved in tolerance to abiotic and biotic stress. The HCAA clovamide is reported in a small number of distantly related species. To explore the contribution of specialized metabolites to disease resistance in cacao (Theobroma cacao L., chocolate tree), we performed untargeted metabolomics using liquid chromatography – tandem mass spectrometry (LC-MS/MS) and compared the basal metabolite profiles in leaves of two cacao genotypes with contrasting levels of susceptibility to Phytophthora spp. Leaves of the tolerant genotype ‘Scavina 6’ (‘Sca6’) were found to accumulate dramatically higher levels of clovamide and several other HCAAs compared to the susceptible ‘Imperial College Selection 1’ (‘ICS1’). Clovamide was the most abundant metabolite in ‘Sca6’ leaf extracts based on MS signal, and was up to 58-fold higher in ‘Sca6’ than in ‘ICS1’. In vitro assays demonstrated that clovamide inhibits growth of three pathogens of cacao in the genus Phytophthora, is a substrate for cacao polyphenol oxidase, and is a contributor to enzymatic browning. Furthermore, clovamide inhibited proteinase and pectinase in vitro, activities associated with defense in plant-pathogen interactions. Fruit epidermal peels from both genotypes contained substantial amounts of clovamide, but two sulfated HCAAs were present at high abundance exclusively in ‘Sca6’ suggesting a potential functional role of these compounds. The potential to breed cacao with increased HCAAs for improved agricultural performance is discussed.
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INTRODUCTION

The Food and Agriculture Organization of the United Nations has declared 2020 as the International Year of Plant Health, one of the major goals of which being to “keep plants healthy while protecting the environment” (FAO, 2019). This is no small challenge since an estimated 17–30% of major crops are lost yearly to disease (Savary et al., 2019), and this crop loss has been met with ever-increasing use of chemical pesticides associated with negative environmental impacts (Maggi et al., 2019; Sharma et al., 2019). Increasing host plant resistance to pathogens by traditional breeding or genetic engineering is one important strategy to reduce crop losses and the use of pesticides. This approach necessitates a more complete understanding of plant resistance, which utilizes an astonishing array of interconnected mechanisms (Wang et al., 2019), including production of defense-related small molecules, or metabolites, with a wide range of structures and activities. In this work we describe clovamide, a hydroxycinnamic acid amide (HCAA) metabolite, as an important resistance factor in cacao (Theobroma cacao, chocolate) against pathogens in the genus Phytophthora, an oomycete (water mold) genus comprised of over 100 species, many of which are globally important plant pathogens with broad host ranges (Thines, 2014).

Plant secondary or specialized metabolites are small molecules (phenolics, terpenoids, alkaloids, etc.) well known for their role in abiotic and biotic stress tolerance (Dixon, 2001; Hartmann, 2007; Isah, 2019). HCAAs, also referred to as N-phenylpropenoyl-L-amino acids (NPAs; Lechtenberg et al., 2012), are a class of specialized metabolites that play a significant role in plant stress tolerance, particularly in defense against necrotrophic and hemi-biotrophic pathogens (Martin-Tanguy, 1985; Macoy et al., 2015). HCAAs typically form via the amide condensation of hydroxycinnamoyl-CoA thioesters and amines (Bontpart et al., 2015; Petersen, 2016). They contribute to stress tolerance in numerous plant species due to their high antioxidant activity (Zacares et al., 2007), cell wall reinforcing properties (Gunnaiah et al., 2012), or direct antimicrobial activity (Newman et al., 2001; Kyselka et al., 2018). The role of HCAAs in defense is supported by in vivo evidence. An Arabidopsis mutant of AtACT, which catalyzes formation of agmatine‐ and putrescine-containing HCAAs, was more susceptible to the necrotrophic fungus Alternaria brassicola (Muroi et al., 2009). Furthermore, transgenic Torenia hybrida overexpressing AtACT exhibited enhanced resistance to the necrotrophic fungus Botrytis cinerea (Muroi et al., 2012). Additionally, potato overexpressing AtACT and a MATE transporter required for excretion of coumaroyl-agmatine into the extracellular space had enhanced resistance to Phytophthora infestans (Dobritzsch et al., 2016). Tomato overexpressing hydroxycinnamoyl-CoA: tyramine-N-hydroxycinnamoyl transferase (SlTHT) had elevated levels of the HCAAs coumaroyl‐ and feruloyl-tyramine and enhanced resistance to Pseudomonas syringae (Campos et al., 2014). High relative accumulation of HCAAs in potato in response to P. infestans infection is associated with tolerance to the pathogen (Yogendra and Kushalappa, 2016). To our knowledge, the role of HCAAs in cacao resistance to Phytophthora spp. has not been described to date.

Clovamide, an HCAA consisting of caffeic acid and L-3, 4-dihydroxyphenylalanine (L-DOPA) moieties joined by an amide bond, is reported in a small number of distantly related plant species, including Trifolium spp. (Yoshihara et al., 1977; Kolodziejczyk-Czepas et al., 2017), Vernonia fastigiata (Masike et al., 2017), Dalbergia spp. (Van Heerden et al., 1980; El-Sharawy et al., 2017), Acmella oleracea (Nascimento et al., 2020), and cacao (Sanbongi et al., 1998). Clovamide has garnered considerable attention for its potential human health benefits as an anti-inflammatory and neuroprotective compound (Park et al., 2007, 2017; Fallarini et al., 2009; Zeng et al., 2011; Kolodziejczyk-Czepas et al., 2017; Tsunoda et al., 2018) and as an anti-microbial with activity against the human pathogens influenza A subtype H5N1 (El-Sharawy et al., 2017), Trypanosoma evansi (same source), and Heliobacter pylori (Niehues et al., 2011). Clovamide’s role in plant defense has not been described to our knowledge, although treatment of red clover seedlings with the plant defense hormone jasmonic acid induced clovamide accumulation in roots, suggesting a role in defense (Tebayashi et al., 2000).

Cultivation of cacao provides the raw material for a multi-billion dollar international chocolate industry and is an important source of income to over 5 million farmers worldwide (Ingram, 2015; Beg et al., 2017). Pathogen pressure limits cacao production by up to 30% annually and pathogens in the genus Phytophthora (P. megakarya, P. palmivora, P. tropicalis, P. citropthora, P. heveae, etc.), which cause Black pod rot (BPR), make the greatest contribution to this loss (Ploetz, 2007).

Various management strategies for BPR exist but have not addressed the crop losses in a satisfactory way. Partial control of BPR can be achieved in the field with chemical and cultural strategies, such as pruning, sanitation, more frequent harvesting of ripe pods or fruits (Guest, 2007). These control strategies, however, are labor and knowledge intensive and their adoption is often hindered by limited access to extension services (Hebbar, 2007) or the high cost of inputs (OpokuI et al., 2007; Wessel and Quist-Wessel, 2015). With these limitations in mind, genetic improvement of cacao for BPR resistance is widely considered as the most promising strategy to combat the disease at scale (Flament et al., 2001; Lanaud et al., 2009; Thevenin et al., 2012). Understanding the biological mechanisms of cacao resistance to BPR would help breeders to more quickly incorporate resistance traits into high yielding varieties.

Several studies have been undertaken to elucidate cacao defense mechanisms against BPR. Since the first genetic map of cacao in 1995 (Lanaud et al., 1995), several quantitative trait loci (QTL) analyses have identified over 60 QTL associated with BPR resistance (Lanaud et al., 2009; Akaza et al., 2016; Barreto et al., 2018), highlighting the oligogenic nature of BPR resistance and the challenge this presents to breeders. Functional characterization of genes and associated mechanisms underlying QTL has not been demonstrated. Since the advent of next-generation sequencing technologies and the sequencing of the first cacao genome (Argout et al., 2011) large scale gene expression, or transcriptomics, studies have also been used to study BPR resistance. Such studies have revealed several defense mechanisms potentially important for distinguishing tolerant from susceptible genotypes, including higher relative superoxide production in response to salicylic acid treatment (Fister et al., 2015), more rapid transcriptional response to infection (Pokou et al., 2019), and higher relative infection-induced expression of genes putatively involved in hormone signaling and protease inhibition in tolerant genotypes (Legavre et al., 2015).

Here, we present the results of an untargeted liquid chromatography–tandem mass spectrometry (LC-MS/MS) metabolomics analysis comparing leaf metabolites between two well-known cacao genotypes contrasting for resistance to pathogens in the genus Phytophthora: the tolerant ‘Scavina 6’ (‘Sca6’) and the susceptible ‘Imperial College Selection 1’ (‘ICS1’) (Lanaud et al., 2009; Fister et al., 2015, 2019). We observed that ‘Sca6’ leaves accumulated much higher levels of several HCAAs relative to ‘ICS1.’ The most abundant metabolite feature in ‘Sca6’ extracts was clovamide, which was up to ~58-fold higher in ‘Sca6’ leaves based on targeted quantification. Pure synthetic clovamide inhibited in vitro growth of P. megakarya, P. palmivora, and P. tropicalis, three major causal agents of BPR, at a physiologically relevant concentration. Additionally, clovamide inhibited proteolysis and pectolysis in vitro, was confirmed as a substrate for cacao polyphenol oxidase, and contributed to enzymatic browning in tissue damage assays. Both genotypes tested accumulated clovamide in fruit epidermal peels, but two sulfated HCAAs were accumulated at high levels exclusively in ‘Sca6.’ Taken together, these results indicate that clovamide accumulation is an important factor in ‘Sca6’ tolerance to Phytophthora spp. in leaves and sulfated HCAAs may play a similar role in fruit peels.



RESULTS


Metabolomics Reveals High Accumulation of HCAAs in Leaves of ‘Sca6’ Relative to ‘ICS1’

Untargeted LC-MS/MS metabolomics was performed to compare basal (not infected) metabolite profiles in methanolic extracts of intermediate developmental “stage C” leaves (Mejía et al., 2012) from the tolerant ‘Sca6’ and the susceptible ‘ICS1’ cacao genotypes to generate a dataset with 1,719 metabolite features (signals of a particular mass to charge ratio, “m/z”, and retention time). Three statistical filters were applied to prioritize metabolite features for annotation. Firstly, features were selected that were significantly different between genotypes (p < 0.05). There were 364 features higher in ‘Sca6’ and 371 higher in ‘ICS1’ (p < 0.05). Secondly, features with a fold-difference of 5 or higher were selected, resulting in 183 features higher in ‘Sca6’ and 121 higher in ‘ICS1.’ Thirdly, of those higher in ‘Sca6’ (>5-fold, p < 0.05), the 30 most abundant features in ‘Sca6’ were selected for structural annotation. Mass spectrometer signal intensities for these top 30 features (S-1 through S-30) are presented in Figure 1 with their corresponding putative annotations in Table 1. A full list of MS/MS fragments for each metabolite feature is provided in Supplementary Data File 1.
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FIGURE 1. Relative abundance of the 30 most abundant features in ‘Sca6’ of those >5-fold higher than in ‘ICS1’ (p < 0.05). Feature IDs (S-1 through S-30) match those in Table 1. MS counts represent mass spectrometer signal intensity of peaks integrated in XCMS Online (Tautenhahn et al., 2012). Error bars represent standard deviation. n = 3.




TABLE 1. Putative annotations of the 30 most abundant features in ‘Sca6’ of those >5-fold higher than in ‘ICS1’ (p < 0.05).
[image: Table1]

Of the top 30 features higher in ‘Sca6’ (>5-fold, p < 0.05), 26 were annotated as hydroxycinnamic acid amides (HCAAs), including molecular ions ([M-H]−) of caffeoyl-DOPA/clovamide (S-4, S-16), coumaroyl-tyrosine (S-7), coumaroyl-DOPA (S-8), sinapoyl-tyrosine (S-10), caffeoyl-tryptophan (S-13), and feruloyl-DOPA (S-21) (Table 1). Several features were putatively annotated as adducts or stable isotopes of their respective molecular ions based on shared retention time with a mass that is a multiple of, and/or a fragment in MS/MS that matches the associated molecular ion. For example, S-1 has a mass consistent with a coupling of two molecules of caffeoyl-DOPA/clovamide ([2 M-H]−) shares a retention time with S-4 (caffeoyl-DOPA/clovamide), has a fragment in MS/MS matching that of S-4, and is therefore a likely adduct of S-4. Metabolite feature S-3 is likely a stable isotope of S-1 ([M + 1-H]−), although for simplicity distinction between adducts and stable isotopes is not made in Table 1.

Since most of the 30 metabolite features in Table 1 were in the class of HCAAs, a semi-targeted search for other HCAAs was performed by generating a library of hypothetical HCAA MS1 parent ion masses ([M-H]−) and MS/MS fragment masses for 250 compounds consisting of a (hydroxy) cinnamic acid moiety and an amine moiety (see methods). Examples of diagnostic HCAA fragments are shown in Figure 2A. Full MS/MS spectra and fold changes between genotypes for all predicted HCAAs in the dataset are available in Supplementary Data File 2.
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FIGURE 2. Semi-targeted LC-MS/MS analysis of HCAAs in leaf tissue (‘ICS1’ and ‘Sca6’). (A) Generic HCAA structure and diagnostic MS/MS fragments based on clovamide fragmentation (Arlorio et al., 2008) used to predict HCAAs in LC-MS/MS data. Two examples, Caffeoyl-DOPA (clovamide) and Coumaroyl-Tryptophan, are shown. (B) Relative abundance of putative HCAAs detected in LC–MS data. “N.D.” = not detected. *
p < 0.05, **
p < 0.01 (Welch’s t-test), n = 3. Error bars represent standard deviation.


Twenty-five metabolite features ([M-H]−) in the LC-MS/MS data were putatively annotated as HCAAs using this predictive approach. Some predicted HCAAs had more than one metabolite feature match. For example, feruloyl-DOPA had two matches with retention times ~22 s apart, which may represent cis/trans isomers at the double bond in the ferulic acid moiety, although such isomers cannot be distinguished by LC-MS/MS. For HCAAs with multiple matches in the data set, MS signal intensity for the most abundant is presented (Figure 2B). HCAAs containing amine moieties with aromatic side chains were all significantly higher in ‘Sca6’ than ‘ICS1’. HCAAs containing aspartate or glutamate amine moieties were produced at the same amount in both genotypes. Coumaroyl-histidine and cinnamoyl-agmatine were higher in ‘Sca6’, while caffeoyl-histidine appeared higher but was not statistically significant (p ≈ 0.155).

Clovamide (caffeoyl-DOPA) was the most abundant signal in ‘Sca6’ extracts based on LC-MS signal and was ~41.5-fold higher than in ‘ICS1’ based on combined signal intensities of the molecular ion and associated adducts and stable isotopes (S-1, S-3:S-5, S-11, S-12, and S-14 from Table 1). Based on these results, previous reports of clovamide as a polyphenol oxidase (PPO) substrate and proteolysis inhibitor (Sullivan and Hatfield, 2006; Sullivan and Zeller, 2013), and previous work citing PPO-mediated browning as a major factor in BPR resistance of ‘Sca6’ (Spence, 1961), clovamide was selected for organic synthesis, targeted quantification, and further functional characterization to investigate its role in resistance to Phytophthora spp.



Clovamide Synthesis

In order to obtain sufficient amounts of pure clovamide for functional testing, organic synthesis was performed. Clovamide, (−)-N-[3',4'-dihydroxy-(E)-cinnamoyl]-3-hydroxy-L-tyrosine, was synthesized from trans-caffeic acid and L-DOPA methyl ester following methods by Xie et al. (2013). Structural confirmation was done by 1H NMR to obtain the following spectra, consistent with previous reports (Stark and Hofmann, 2005):


1H NMR (500 MHz, DMSO-d6) δ 12.59 (s, 1H), 9.37 (s, 1H), 9.13 (s, 1H), 8.74 (s, 1H), 8.69 (s, 1H), 8.20 (d, J = 8.0 Hz, 1H), 7.19 (d, J = 15.7 Hz, 1H), 6.93 (d, J = 2.0 Hz, 1H), 6.82 (dd, J = 8.2, 2.0 Hz, 1H), 6.73 (d, J = 8.1 Hz, 1H), 6.62–6.59 (m, 2H), 6.47 (dd, J = 8.1, 2.0 Hz, 1H), 6.40 (d, J = 15.7 Hz, 1H), 4.45–4.41 (m, 1H), 2.89 (dd, J = 13.9, 4.9 Hz, 1H), 2.72 (dd, J = 13.9, 9.2 Hz, 1H).



Clovamide Is Higher in ‘Sca6’ Than in ‘ICS1’ Throughout Leaf Development, but Not in Fruit Peels

Due to the apparently high degree of clovamide adduct formation in LC-MS (Table 1) and the potential for matrix effects interfering with quantification by LC-MS (Taylor, 2005), High-performance liquid chromatography coupled with a diode array detector (HPLC-DAD) was chosen as the method for quantification of clovamide. Five serial dilutions (1:5) of clovamide were prepared from 0.05 to 0.00008 mg/ml and analyzed by HPLC-DAD to generate a calibration curve (r
2 = 0.9993; limit of detection = 1.845 μg/ml; limit of quantification = 6.149 μg/ml).

Three leaf developmental stages as defined by Mejía et al. (2012) and fruit peel (exocarp and ~2 mm mesocarp) from one fruit pod developmental stage were analyzed for clovamide content. Extracts from stage A/B leaf (young and red), stage C leaf (intermediate and bronze), stage D/E leaf (mature and green), and fruit peel (mature, unripe, and 4–5 months old) tissues were analyzed using HPLC-DAD and clovamide was quantified (Figures 3A,B). In stage A/B, C, and D/E stage leaves clovamide was 12.9-, 43.2-, and 58.8-fold higher, respectively, in ‘Sca6’ than ‘ICS1’ (p < 0.01). In contrast to leaves, both genotypes produced substantial amounts of clovamide in pod peels and ‘ICS1’ had ~1.8-fold more than ‘Sca6’ (p = 0.089).
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FIGURE 3. Clovamide detection and quantification in cacao leaf and fruit peel. (A) High performance liquid chromatography – diode array detector (HPLC-DAD, 320 nm) chromatogram of ‘Sca6’ and ‘ICS1’ stage C leaf extracts, including UV absorbance spectra for peaks of interest. I.S. = internal standard. (B) Clovamide content (mg/gram tissue) from HPLC-DAD. **
p < 0.01, ***
p < 0.001, t-test (n = 5 for leaves, n = 3 for fruit peel). Error bars represent standard deviation. (C) Thin-layer Chromatography (TLC) plate with clovamide standard and stage C leaf extracts from ‘ICS1’ and ‘Sca6’. White line drawn near bottom of plate is origin of sample loading. Photograph taken under 365 nm UV excitation.


Extracts from stage C leaves were also analyzed using thin-layer chromatography (TLC; Figure 3C). The synthetic standard fluoresced blue under long wave ultraviolet excitation (365 nm), had a retention factor of 0.81 ± 0.004, and aligned with a bright band in ‘Sca6’ extracts but not in ‘ICS1.’



Clovamide Participates in Polyphenol Oxidase-Mediated Enzymatic Browning

Work by Sullivan and Zeller (2013) has demonstrated that clovamide can inhibit proteolysis in forage crops (~50%), likely as a result of its oxidation and crosslinking with proteins, and that this effect was enhanced by PPO (~80%). This system of quinone generation by PPO-mediated oxidation of phenolics and subsequent crosslinking with proteins is a process known as enzymatic browning or melanization (Yamane et al., 2010; Figure 4A).

[image: Figure 4]

FIGURE 4. Clovamide’s contribution to enzymatic browning as a polyphenol oxidase (PPO) substrate. (A) Diagram of PPO-mediated formation of quinones from generic o-diphenol substrate and subsequent melanization/browning. Adapted from Yamane et al. (2010). (B) PPO activity (quinone formation) of ‘ICS1’ and ‘Sca6’ stage C leaf protein extracts with clovamide as substrate. [Clovamide] = 0.5 mM in all treatments shown. p-values from t-test, n = 3. (C) Browning in supernatant (Abs418 nm) of ground stage C leaf disks in water (**
p < 0.01, n = 4). (D) Enhanced browning in supernatant (ΔAbs418 nm) by addition of clovamide (~27.7 μg clovamide added per leaf disk, see methods; *
p < 0.05, n = 4). Clov = clovamide. Error bars in (B–D) represent standard deviation.


To determine if clovamide is a substrate of cacao PPO, total protein extracts from stage C leaf were assayed for PPO activity with clovamide as a substrate (Figure 4B). Leaf protein extracts of ‘ICS1’ had ~2.5-fold higher PPO activity than ‘Sca6’ (p < 0.05). The PPO activity detection method employed was a TNB quinone trap (Esterbauer et al., 1977), which can detect non-enzymatic oxidation of o-diphenols to quinones as well as PPO-mediated oxidation. Clovamide alone showed detectable quinone formation, indicating non-enzymatic oxidation. Quinone formation was enhanced by the presence of ‘Sca6’ (~3.1-fold, p = 0.0762) and ‘ICS1’ (~7.8-fold, p = 0.0024) protein extracts compared to clovamide alone, indicating PPO activity towards clovamide.

Further PPO activity assays were performed with additives to test for latent PPO activity (SDS), peroxidase interference in quinone formation (catalase), and PPO inhibition (kojic acid). Sodium dodecyl sulfate (SDS) has been reported to enhance or activate latent activity of PPO from some plant species for certain phenolic substrates (Moore and Flurkey, 1990; Jiménez and García-Carmona, 1996; Gandía-Herrero et al., 2005; Winters et al., 2008; Derardja et al., 2017). Inclusion of SDS at 0.25% (w/v) in this work did not enhance quinone formation, indicating that cacao leaf PPO does not display latent activity towards clovamide (Supplementary Figure 1). Inclusion of catalase did not affect PPO activity, while a significant reduction in PPO activity was measured for ‘ICS1’ protein extracts in the presence of 5 mM kojic acid (Supplementary Figure 1). Catalase eliminates peroxide formed by peroxidases, which can confound PPO measurements by contributing to quinone formation (Gertzen and Escobar, 2014), and kojic acid is a known PPO inhibitor (Chen et al., 1991). Taken together, these results show that the enhanced quinone formation in the presence of cacao protein extracts is likely due to PPO.

Since clovamide was more abundant in ‘Sca6’ but PPO activity was higher in ‘ICS1,’ a browning assay was developed to measure the extent of browning in ground stage C leaf tissue (Supplementary Figure 2 for assay development). Leaf disks were ground in water and browning/melanization (Abs418 nm) was measured in the supernatant after a 30-min incubation period. This provides a combined readout of PPO activity and phenolic substrate availability by measuring the final product, that is browning or melanization. Supernatant from ground ‘Sca6’ tissue produced ~2.26-fold more browning than ‘ICS1’ (p < 0.01; Figure 4C). This demonstrates that even though ‘ICS1’ leaves had higher PPO activity, PPO substrate availability determines the extent of browning.

Clovamide was added to the leaf disk browning assays to test for enhancement of browning (Figure 4D). Clovamide addition enhanced browning (Abs418 nm) relative to the solvent control in ‘Sca6’ by 0.20 ± 0.034 and in ‘ICS1’ by 0.31 ± 0.055 (both p < 0.01, paired t-test). The contribution to absorbance of clovamide in the absence of leaf tissue (Abs418 nm = 0.016) does not account for the observed enhancement in browning, so the browning enhancement was dependent on oxidation by leaf proteins. Clovamide addition caused a greater enhancement of browning (ΔAbs418 nm) in ‘ICS1’ than ‘Sca6’ (p < 0.05, Figure 4D), likely due to the higher PPO activity in ‘ICS1’ leaves (Figure 4B).



Clovamide Inhibits Proteinase K and Pectinase


Sullivan and Zeller (2013) reported clovamide as a potent inhibitor of proteolysis in forage, an effect that was enhanced by PPO activity. Protease inhibitors have been demonstrated as important resistance (and virulence) factors in plant-pathogen interactions (Jashni et al., 2015), which suggests clovamide may contribute to BPR resistance in this capacity. To explore this further, a proteolysis assay was performed to test if cacao leaf extracts can enhance proteolysis inhibition of clovamide.


In vitro proteolysis assays were performed in a reaction consisting of casein (substrate) and Proteinase K with the addition of clovamide, ‘Sca6’ stage C leaf protein, or both (Figure 5A). After protein precipitation, soluble amino acids were quantified spectroscopically by ninhydrin staining compared to a standard curve generated with glycine (r
2 = 0.9966). Clovamide alone (2 mM) inhibited proteolysis by ~27%, and a combination of ‘Sca6’ protein and clovamide inhibited proteolysis by ~40% (p < 0.01). ‘Sca6’ protein alone did not have an effect on proteolysis, ruling out proteolysis inhibition by components of leaf protein extract. PPO assays showed that leaf protein extracts enhanced quinone formation (Figure 4B), which is consistent with the hypothesis that the quinone product of clovamide oxidation is the cause of proteolysis inhibition.

[image: Figure 5]

FIGURE 5. Enzyme inhibition by clovamide and effect of cacao stage C leaf protein pectinase activity. (A) Proteolysis inhibiton by clovamide. “PK” = proteinase K. PK included in all treatments shown, with the addition of ‘Sca6’ protein, clovamide (2 mM), or both. Data represents two experiments (n = 5 from each). (B) Pectolysis inhibition by clovamide. “Pase” = pectinase from A. niger. “EGCG” = epigallocatechin gallate. Pase included in all treatments, with the addition of clovamide (2 mM), EGCG (2 mM), ‘Sca6’ stage C leaf protein, or ‘Sca6’ protein in combination with either phenolic compound. Data represents two experiments (n = 3 from each). (C) Enhancement of pectinase (A. niger) activity by cacao stage C leaf protein (n = 3). No pectinase (“-Pase”) and pectinase (“+Pase”) with or without addition of ‘ICS1’ or ‘Sca6’ leaf protein. Shared letters mean no difference by Tukey-HSD at p < 0.0001 (A), p < 0.05 (B), or p < 0.0001 (C). Error bars represent standard deviation.


Pectin degrading enzymes produced by plant pathogens are well known to play a major role in cell wall degradation and virulence (Prade et al., 1999; Herron et al., 2000; Herbert et al., 2003; Abbott and Boraston, 2008; Lionetti, 2015; Liu et al., 2017). In infected cacao pods, P. megakarya and P. palmivora induced expression of 27 and 40, respectively, pectinase transcripts (pectin methylesterases, polygalacturonases, and pectate lyases; Ali et al., 2017), implicating them as virulence factors in BPR development. Spence (1961) reported oxidation-dependent pectinase inhibition by cacao pod extracts. Based on this we hypothesized that clovamide is a pectinase inhibitor.

Clovamide was assayed for inhibition of pectinase from Aspergillus niger (Figure 5B). After incubating pectinase with pectin and various treatments, pectin remaining in solution was determined spectroscopically using ruthenium red and a standard curve generated by serial dilutions of pectin (r
2 = 0.9985). The percentage of pectin degraded was normalized to that of a pectinase only control. Epigallocatechin gallate (EGCG), a known inhibitor of pectin methylesterase, was included as a positive control (Lewis et al., 2008; Jiang et al., 2014).

Clovamide (2 mM) inhibited pectin degradation by ~55% (Figure 5B), compared to the pectinase only control (p < 0.0001). Combining clovamide with ‘Sca6’ protein extract resulted in a ~ 46% reduction in pectin degradation (p < 0.0001) but was not significantly different from the clovamide only treatment (p = 0.3189). EGCG (2 mM) reduced pectin degradation ~30% relative to the control (p < 0.0001), and the ‘Sca6’ protein plus EGCG (~26% reduction) was not significantly different from EGCG alone (p = 0.9129).

The addition of ‘Sca6’ protein did not enhance the effectiveness of clovamide at inhibiting pectolysis, as it did for proteolysis inhibition. ‘Sca6’ protein in the absence of clovamide, however, caused an increase in pectin degradation (~49%, p < 0.0001). This pectolysis-enhancing effect was measured in ‘ICS1’ and ‘Sca6’ protein extracts (Figure 5C). The cacao protein extracts alone had no detectable pectinase activity but enhanced the activity of A. niger pectinase (p < 0.0001 for ‘Sca6’ and ‘ICS1’).

Regardless of the enhanced pectolysis by cacao leaf protein, clovamide was effective at inhibiting pectin degradation substantially in the presence or absence of cacao protein extracts. Clovamide therefore probably plays an important role in defense against cell wall degradation during BPR infection.



Clovamide Inhibits in vitro Growth of Phytophthora spp.

The ability of clovamide to inhibit growth of three major BPR-causing pathogens (Phytophthora spp.) was assayed. Growth inhibition was first performed on V8-agar media (Jeffers and Martin, 1986) (Figures 6A,B). Clovamide (2 mM) inhibited growth of P. megakarya (10.65 ± 3.203%, p < 0.01) and P. palmivora (9.149 ± 2.088%, p < 0.001) but did not display significant inhibition of P. tropicalis (1.687 ± 0.8850%, p = 0.0851).
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FIGURE 6. Phytophthora spp. growth inhibition by clovamide. (A) Growth inhibition (%) by clovamide of three Phytophthora species on V8 media. (B) V8 media plates with P. megakarya mycelia with 0 mM clovamide (top) and 2 mM clovamide (bottom). (C) Growth inhibition (%) by clovamide of three Phytophthora species on semi-synthetic Henniger/Casein/Pectin (“HenCasPec”) media. (D) HenCasPec media plates with P. megakarya mycelia with 0 mM clovamide (top) and 2 mM clovamide (bottom), stained with calcofluor and photographed under 365 nm excitation for contrast between white mycelia and white media. Growth inhibition data from two experiments (n = 4 from each), except P. palmivora on HenCasPec, which represents one experiment. p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****), t-test. Error bars in (A) and (C) represent standard deviation.


Since clovamide inhibited proteolysis and pectolysis in vitro (Figures 5A,B), we hypothesized that nitrogen source and pectin matrix may have an effect on clovamide’s growth inhibition potential. Thus, a synthetic media was prepared based on Henniger Synthetic Media (Henniger, 1963), but with all nitrogen sources removed and replaced by casein protein (8 g/L). Pectin was included (0.1% w/v) as well to produce Henniger/Casein/Pectin media. Under these conditions, there was indeed a significant effect and clovamide inhibited growth of all pathogens as follows (Figures 6C,D): P. megakarya (35.71 ± 3.098%, p < 0.0001), P. palmivora (20.89 ± 2.644%, p < 0.001), and P. tropicalis (9.725 ± 1.200%, p < 0.0001).



Metabolomics of Fruit Peel Extracts Reveals Accumulation of Sulfated HCAAs Exclusively in ‘Sca6’

Fruit peels (exocarp and ~2 mm mesocarp) from both ‘Sca6’ and ‘ICS1’ contained clovamide, which suggests that clovamide is not a distinguishing factor in fruit (pod) resistance between the two genotypes (Figure 3B). Therefore, to determine if other metabolites differentiate the two genotypes in this tissue, untargeted LC-MS/MS was performed on fruit peel extracts. Fruits (4–5 month old) were wounded and inoculated with mycelium plugs of P. palmivora “GhER1349” or sterile media plugs (mock inoculated control). Metabolite extraction and LC-MS/MS were performed 72 h after inoculation. Sample groups separated distinctly in principle component analysis (PCA) of the LC-MS data, with PC1 separating by treatment (mock vs. P. palmivora) and PC2 separating by genotype (‘Sca6’ vs. ‘ICS1’; Figure 7A). The associated loading chart (Figure 7B) shows contributions of individual metabolites to each principle component in the PCA plot.
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FIGURE 7. LC-MS metabolomics of pod (fruit) infection by P. palmivora overview. (A) Principle Components Analysis (PCA) of LC-MS data, P. palmivora-infected or mock inoculated. (B) Loading chart showing contribution of individual metabolite features to each principle component. Greater deviation from zero on either axis represents a larger contribution to the respective principle component. Major contributors to each principle component are indicated with median mass to charge ratios (m/z) and putative annotations. All m/z shown are suspected molecular ions ([M-H]−) except one indicated as an isotope.


Data filtering was performed on mock-inoculated ‘Sca6’ and ‘ICS1’ samples as previously described for leaf to detect differences in basal (not infection-induced) metabolites. Of metabolite features >5-fold higher (p < 0.05) in ‘Sca6’ (mock) vs. ‘ICS1’ (mock), the two most abundant ‘Sca6’ metabolites (m/z 452.07 and 438.05, [M-H]−) had striking fold-changes (7,070‐ and 7,152-fold higher in ‘Sca6’ mock vs. ‘ICS1’ mock). The same compounds are indicated in the loading chart (Figure 7B). The compounds were manually annotated as arylsulfated feruloyl-DOPA and arylsulfated clovamide, respectively, based on shared MS/MS fragments with the base compounds feruloyl-DOPA and clovamide, and the presence of a fragment of m/z 79.96, which indicates a sulfate group on an aromatic ring (Weidolf et al., 1988). MS/MS spectra for the two sulfated HCAAs and other metabolites indicated in Figure 7B can be found in Supplementary Data File 3.

Aryl-sulfated feruloyl-DOPA (m/z 452.07, [M-H]−) was also in the top 30 metabolite features identified in the leaf metabolomics experiment (Table 1, metabolite feature S-25), but was considerably less abundant than clovamide. In fruit peel, aryl-sulfated feruloyl-DOPA (m/z 452.07, [M-H]−) was overall the most abundant signal in ‘Sca6’ (mock treatment) and aryl-sulfated clovamide (m/z 438.05, [M-H]−) was the ninth most abundant.

Clovamide, aryl-sulfated clovamide, feruloyl-DOPA, and aryl-sulfated feruloyl-DOPA (Figure 8A) were not induced by infection, but rather a significant reduction was observed for all four HCAAs upon infection by P. palmivora (Figure 8B). A proanthocyanidin monomer (catechin/epicatechin; m/z = 289.07, [M-H]−) and a proanthocyanidin dimer (m/z 577.14, [M-H]−), also indicated in Figure 7B, decreased with infection but were not different between genotypes (Supplementary Figure 3).
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FIGURE 8. Changes in four HCAAs during fruit/pod infection by P. palmivora. (A) Putative structures of two sulfated HCAAs, feruloyl-DOPA, and clovamide. Parent ion m/z ([M-H]−) and diagnostic MS/MS fragments shown. (B) Metabolite abundance of the same four HCAAs in ‘ICS1’ and ‘Sca6’ fruit/pod tissue, mock inoculated or infected by P. palmivora. MS Counts represent mass spectrometer signal intensity of peaks integrated in XCMS Online (Tautenhahn et al., 2012). Shared letters mean no difference by Tukey-HSD (p < 0.05, n = 3). Error bars represent standard deviation.


A follow-up LC-MS/MS experiment was performed to test if the sulfated HCAAs were induced by wounding in the mock inoculated control treatment. Extracts of three unwounded fruits were compared to three wounded fruits of both genotypes. Aryl-sulfated feruloyl-DOPA (m/z 452.07, [M-H]−) was again the most abundant signal in ‘Sca6,’ and neither of the sulfated HCAAs were induced by the wounding treatment (Supplementary Figure 4). In contrast to leaves, grinding of fruit peel in water did not result in more supernatant browning in ‘Sca6’ than ‘ICS1’ (Supplementary Figure 5).

Taken together, two putative sulfated HCAAs, aryl-sulfated feruloyl-DOPA (m/z 452.07, [M-H]−) and aryl-sulfated clovamide (m/z 438.05, [M-H]−), constitute the major differences between ‘Sca6’ and ‘ICS1’ in fruit peel. The two compounds decrease during infection similarly to clovamide.




DISCUSSION

Our findings that clovamide and sulfated HCAAs accumulate to very high levels in a pathogen tolerant genotype (‘Sca6’) as compared to a pathogen susceptible genotype (‘ICS1’) implicated clovamide as a potentially important contributor to plant defense in cacao. We characterized several properties of clovamide consistent with this hypothesis and found that clovamide contributes to PPO-mediated enzymatic browning, inhibits pectolysis and proteolysis, and inhibits the growth of three Phytophthora species that infect cacao. Taken together, our data demonstrate that clovamide is an important metabolite in the plant’s arsenal of defense compounds, along with other HCAAs.

Our approach spanning untargeted metabolomics to functional analysis of clovamide’s role in defense provides a straightforward roadmap for future experiments. Metabolite identification from LC-MS/MS data is notoriously difficult, especially so in plants, which produce a remarkable diversity of secondary or specialized metabolites that are not yet searchable in spectral databases (Shahaf et al., 2016; Perez de Souza et al., 2017; Viant et al., 2017). To address this bottleneck, we applied simple filters to our LC-MS/MS data to focus annotation efforts on high priority metabolite features: >5-fold higher in ‘Sca6,’ p < 0.05, 30 most abundant in ‘Sca6’. Since most of these features were annotated as HCAAs, we expanded our scope and performed a semi-targeted search for HCAAs using calculated masses and predicted fragment masses. Of the HCAAs higher in ‘Sca6,’ we selected the most abundant, clovamide, for synthesis, targeted quantification, and functional characterization.


Clovamide, a Novel Source of Phytophthora spp. Resistance and a Potential Breeding Target for Cacao

The cacao genotype ‘Sca6’ has been an important source of resistance to BPR for breeders, and has served as an international reference for resistance (Tahi et al., 2000; Lachenaud et al., 2001; Pokou et al., 2008; Akaza et al., 2009; Thevenin et al., 2012). The molecular and biochemical underpinnings of its resistance, however, have remained elusive. This work demonstrates that clovamide content of ‘Sca6’ is likely a major factor in the observed difference in leaf resistance compared to ‘ICS1.’

‘Sca6’ has also been heavily relied upon as a source of resistance to Witches’ Broom Disease (WBD, caused by Moniliophthora perniciosa; Pires et al., 2012; Feitosa Jucá Santos et al., 2014). Although the effect of clovamide against M. perniciosa was not evaluated, the potential for this compound’s importance in WBD resistance exists. Clovamide has previously been reported as an inhibitor of influenza A subtype H5N1 (virus) and T. evansi (protozoa; El-Sharawy et al., 2017), and H. pylori (Niehues et al., 2011), and may therefore have broad spectrum antimicrobial activity.

Progress in breeding of cacao has been hampered by long generation times, self-incompatibility, complex inheritance of oligogenic resistance, limited resources of breeding programs, and reliance on a relatively small proportion of available genetic diversity (Lanaud et al., 2009, 2017; Bekele and Phillips-Mora, 2019). Significant strides have been made in genetic mapping of resistance QTL associated with BPR and WBD resistance (Lanaud et al., 2009; Akaza et al., 2016; Barreto et al., 2018). Application of microsatellite markers and genomic selection has shown promise for accelerating breeding of cacao (Schnell et al., 2007; McElroy et al., 2018). However, genetic markers, while useful, are not yet understood at a mechanistic level. Incorporation of metabolite markers such as leaf clovamide as early selection criteria in breeding programs would be beneficial, especially since such anti-microbial agents can be directly detected as opposed to genetic markers that are merely linked to resistance. Furthermore, high/low abundance of clovamide in methanolic extracts of leaf tissue can easily be qualitatively scored using TLC (Figure 3C). This simple, rapid, and inexpensive TLC marker should be tested in cacao populations with ‘Sca6’ parentage (and others) to validate its potential utility as a breeding marker for BPR and WBD resistance. High performance – liquid chromatography coupled with a diode array detector (HPLC-DAD) is quantitative and more sensitive than TLC and may also be employed where available. The compound is constitutively produced in ‘Sca6’ leaves, which means that no induction by pathogen inoculation is required to perform this screen, further simplifying the implementation of this marker.



Polyphenol Oxidase and Cacao Resistance

Polyphenol oxidase (PPO) activity has been reported in cacao leaf, pod (fruit), and seed tissues towards the substrates catechol, L-DOPA, dopamine, 4-methylcatechol, epicatechin, and catechin (Lee et al., 1991; Okey et al., 1997; Simo et al., 2011; Macedo et al., 2016; Ondobo et al., 2017; Fantinato et al., 2018). PPO activity has also been reported to increase upon infection by P. palmivora in cacao stems (Okey et al., 1997) and P. megakarya infection in pods (Simo et al., 2011). Spence (1961) proposed that the higher P. palmivora resistance of ‘Sca6’ pods compared to those of ‘ICS1’ was due to faster enzymatic browning, although specific metabolites involved in browning were not determined. In the same study, cacao pods infected with P. palmivora showed increases in lesion size and a reduction in lesion browning in a low oxygen atmosphere. While the evidence suggests that PPO-mediated browning is an important factor in BPR resistance, characterization of individual o-diphenol substrates found at appreciable concentrations in cacao tissue is limited to catechin and epicatechin (Simo et al., 2011; Macedo et al., 2016). To our knowledge, clovamide has not been characterized as a substrate for cacao PPO prior to this study. We were able to demonstrate that clovamide and related HCAAs decreased during P. palmivora infection (Figure 8B) as did a proanthocyanidin monomer and dimer (Supplementary Figure 3), a pattern consistent with PPO-mediated oxidation.

Special care should be taken when evaluating the contribution of PPO substrates to resistance. Growth inhibition of a PPO substrate such as clovamide in vitro may be difficult to relate to growth inhibition of a pathogen in planta. A PPO substrate could lack direct toxicity to a pathogen but slow nutrient acquisition by inhibition of excreted digestive enzymes, or act as a physical barrier through oxidative coupling with cell wall components. The higher level of growth inhibition in synthetic Henniger/Casein/Pectin media compared to V8-agar (Figures 6A,C) may be due to such effects on nutrient acquisition. Henniger/Casein/Pectin media lacks amino acids, nitrate, and ammonium, with casein protein as the sole source of nitrogen. Furthermore, the protein is in a matrix of pectin. In order to acquire nitrogen for growth, the pathogens must rely on their ability to access protein in a pectin matrix and degrade the protein with excreted proteases. Protease and pectinase inhibition by clovamide (Figures 5A,B) provides an explanation for the higher degree of growth inhibition measured in Henniger/Casein/Pectin media compared to V8-agar. If a PPO substrate requires PPO activity to undergo oxidation to quinone, and if it lacks direct toxicity to a pathogen, in vitro growth inhibition assays may underestimate its contribution to resistance in planta. Clovamide can undergo non-enzymatic oxidation on a short time scale (Figure 4B; 10-min assay), and browning of media containing clovamide was visible by the end of growth inhibition assays (Figure 6B). This property of clovamide may be what allows for the observed growth inhibition in vitro. For other PPO substrates, it may be necessary to incorporate PPO activity into the assay to facilitate quinone formation.

Clovamide exhibited the highest degree of growth inhibition in P. megakarya, followed by P. palmivora, and P. tropicalis (Figures 6A,C). This pattern is inversely related to the growth rates of the three pathogens in vitro (Supplementary Figure 6). P. tropicalis grows the fastest in vitro and P. megakarya grows the slowest. The relatively lower degree of growth inhibition of P. tropicalis by clovamide may be due to its growth outpacing the oxidation of clovamide in the assay. This may be another factor to consider when evaluating growth inhibition by PPO substrates.



Tissue Specificity of HCAA Accumulation

This work highlights the importance of considering tissue-specific resistance mechanisms. While ‘Sca6’ accumulates far more clovamide than ‘ICS1’ in leaf tissue, both genotypes produce substantial amounts of clovamide in fruit peel. In fruit peel, ‘Sca6’ distinguishes itself from ‘ICS1’ by accumulating sulfated HCAAs. Lechtenberg et al. (2012) reported clovamide accumulation in pod husk but not in leaf, similar to what we observed in ‘ICS1’ (Figure 3B), although the authors did not specify genotype or leaf developmental stage.

Leaf resistance has been demonstrated to correlate reasonably well with field resistance measured as infected pod count (Tahi et al., 2000, 2006). This could be due to shared resistance mechanisms across tissues, reduced secondary inoculum produced during leaf infection for subsequent pod infection, or both. Leaf and pod tissues could also have distinct but related mechanisms of resistance, such as HCAA accumulation in leaves and sulfated HCAA accumulation in pods, meaning that QTL studies of disease resistance may reveal different loci depending on which tissue’s resistance is used as the phenotype. For example, QTL analysis of leaf resistance may reveal biosynthetic genes in the pathway up to clovamide (e.g., BAHD-acyltransferases; Sullivan and Bonawitz, 2018), whereas analysis of pod phenotypes may reveal genes involved in sulfation of HCAAs (e.g., sulfotransferases; Hirschmann et al., 2014). Supplementary Figure 7 presents hypothetical biosynthetic pathways to clovamide and sulfated clovamide, which may guide candidate gene selection in future QTL analyses. Considering tissue-specific resistance traits further complicates the already challenging task of breeding cacao but may be advantageous in addition to selection for markers in QTL with consensus across tissues.

The role of sulfated HCAAs in ‘Sca6’ pod remains unclear. The compounds may be undergoing non-enzymatic or PPO-mediated oxidation during BPR infection by Phytophthora spp., which is supported by their reduction during infection by P. palmivora (Figure 8B). Regardless of the position of the sulfate group in the aryl-sulfated clovamide (Figure 8A), the molecule still has at least one unsulfated o-diphenol moiety, making it a candidate PPO substrate. The aryl-sulfated feruloyl-DOPA, depending on position of the sulfate (Figure 8A), may or may not have one exposed o-diphenol group to serve as a substrate for PPO. Sulfate esters of aromatic rings are known to be labile, however, and may undergo hydrolysis non-enzymatically or by the action of arylsulfatases, which may liberate o-diphenol moieties from the sulfated forms (Ragan, 1978; Simpson and Widlanski, 2006; Raghuraman et al., 2007; Mattarei et al., 2015). In contrast to this hypothesis and observations by Spence (1961), enhanced browning was not observed in ground ‘Sca6’ pod tissue compared to ‘ICS1’ (Supplementary Figure 5). Perhaps the sulfate group somehow favors covalent cross linking with chemical species other than proteins, which is associated with melanization and browning. For example, HCAA binding at the cell wall by covalent binding to lignin would not necessarily manifest as browning. HCAA deposition at cell walls has been observed in wheat during infection by Fusarium graminearum, which resulted in cell wall thickening associated with resistance (Gunnaiah et al., 2012).

The role these sulfated HCAAs is not clear at this point. However, their structural similarity to clovamide, high abundance in the tolerant ‘Sca6,’ and virtual absence in the susceptible ‘ICS1’ suggest that they may be important factors in defense against Phytophthora spp. This work demonstrated that clovamide is a growth inhibitor of Phytopthora spp. as well as a proteolysis and pectolysis inhibitor. Similar assays with purified forms of these sulfated HCAAs or genetically modified plants with modulated accumulation of sulfated HCAAs will be required to unambiguously test their role in conferring resistance to Phytophthora spp.



Antimicrobial Activity/Enzyme Inhibition of Clovamide and Potential Mechanisms Thereof

As mentioned previously, clovamide has been reported as a potent inhibitor of influenza A subtype H5N1 (virus) and T. evansi (protozoa; El-Sharawy et al., 2017). Niehues et al. (2011) determined that clovamide can partially inhibit adherence of Heliobacter pylori to gastric epithelial cells, an important factor in H. pylori virulence. In this work, we report growth inhibition of three species of Phytophthora. This broad-spectrum antimicrobial activity may suggest a generic mechanism, such as o-diphenol oxidation to quinone and indiscriminate covalent cross-linking to reducing groups (-SH, -NH2) in proteins, rather than a specific one such as selective binding to the active site of an essential enzyme. If this were true, similar broad-spectrum enzymatic inhibition might also be expected. Clovamide inhibits alfalfa proteases (Sullivan and Zeller, 2013), proteinase K from Tritirachium album (Figure 5A), and pectinase from Aspergillus niger (Figure 5B). While it is unclear as of yet if clovamide is acting directly on these enzymes to inhibit them, or if it is cross-linking protein and pectin substrates making them less digestible, the current evidence suggests a generic mechanism.

Cacao leaf protein extracts enhanced the activity of pectinase from A. niger but had no detectable pectinase activity on their own (Figure 5C). The pectinase activity enhancement could be due to pectin methylesterase or expansin activity in the cacao protein extracts. De-methylesterification should enhance binding to ruthenium red used in the assay and subsequent pectin precipitation (Lionetti, 2015), which would manifest as an apparent increase in pectin concentration relative to pectin solution without cacao protein. This was not observed in our experiment so pectin methylesterase activity is not likely responsible for the observed effect. Expansin activity cannot be ruled out, however. Cucumber alpha-expansin protein has been reported to enhance fungal pectin lyase activities (Wei et al., 2010), and the cacao leaf protein used in the assay was from actively expanding “stage C” leaves. Endogenous plant proteins such as pectin methylesterases and expansins, while important for normal development, may inadvertently assist pathogen-excreted pectin degrading enzymes. The same could be said for endogenous plant proteases. Deployment of a broad-spectrum enzyme inhibitor such as clovamide may be an effective way to inhibit enzymatic activities, plant‐ or pathogen-derived, that facilitate pathogen progression through plant tissue.



Potential for Genetic Engineering of Clovamide Biosynthesis in Other Crops and Limitations

The genus Phytophthora contains over 100 species, many of which are plant pathogens with broad host ranges (Thines, 2014). Introducing clovamide biosynthesis into other crops affected by Phytophthora spp. may be an effective approach to enhance resistance. Furthermore, increased clovamide content in food may provide human health benefits due to its anti-inflammatory and neuroprotective properties (Park et al., 2007, 2017; Fallarini et al., 2009; Zeng et al., 2011; Kolodziejczyk-Czepas et al., 2017; Tsunoda et al., 2018). The recent cloning and characterization of a hydroxycinnamoyl-CoA:L-DOPA hydroxycinnamoyl transferases (HDT) from red clover (Trifolium pratense) capable of catalyzing the formation of clovamide from caffeoyl-CoA and L-DOPA (Sullivan and Bonawitz, 2018; Bouchez et al., 2019) means it is now conceivable to transfer clovamide biosynthesis into other crops via genetic engineering.

There are potential limitations to use of clovamide as a means of enhancing disease resistance or health-promoting properties of crops, however. Clovamide has been previously studied in cacao and cocoa products (chocolate and cocoa powder) with respect to its antioxidant activity (Sanbongi et al., 1998) but also for its contribution to astringency (Stark and Hofmann, 2005). Negative effects on flavor attributes of other crops may make high-clovamide genotypes less desirable to consumers. Furthermore, clovamide will likely enhance browning associated with o-diphenol oxidation. Browning in fruits and vegetables is generally viewed as undesirable, leading to rejection by consumers and considerable post-harvest losses (Queiroz et al., 2008). This strong preference for non-browning produce has even led to the development and approval PPO-silenced apple and potato varieties with reduced browning (Waltz, 2015a,b).

It is unclear at this point if breeding for high leaf clovamide content in cacao will be accompanied with increases in seed content associated with undesirable flavor. Arlorio et al. (2008) reported reductions (up to ~59%) in clovamide content of cacao seeds during roasting, an important step in the post-harvest processing of cacao seeds into edible cocoa. Perhaps special attention to post-harvest processing conditions can ameliorate negative flavor impacts of clovamide in cacao.




MATERIALS AND METHODS


Untargeted Metabolomics of Leaf Tissue: Liquid Chromatography – Mass Spectrometry

Stage C (mid-stage of development) leaf tissue (Mejía et al., 2012) was collected from ‘Sca6’ and ‘ICS1’ trees grown in a greenhouse as previously described (Swanson et al., 2008). Three to five leaves from different branches on a tree were combined per sample and flash frozen in liquid nitrogen after midrib removal. Three clonally propagated trees were sampled per genotype. Tissue was ground in liquid nitrogen and extracted with 80% methanol and 0.1% formic acid in water (v/v), using a 3:1 solvent to tissue ratio (μl:mg) as previously described (De Vos et al., 2007). Genistein was included as an internal standard (2.5 μg/ml; Calderón et al., 2009). Extracts were filtered using 0.2 μm spin columns (Norgen Biotek Corp. Cat. #40000) before LC-MS/MS analysis. LC-MS grade solvents were used.

Liquid Chromatography–Mass Spectrometry (LC-MS/MS) was performed at the Pennsylvania State University Metabolomics Facility at the Huck Institutes of the Life Sciences. Reverse phase HPLC was performed to separate samples (5 μl) with a Prominence 20 UFLCXR system (Shimadzu, Columbia, MD) equipped with a Waters (Milford, MA) BEH C18 column (100 × 2.1 mm, 1.7 μm) maintained at 55°C, using a 20-min aqueous acetonitrile gradient with a flow rate of 250 μl/min. HPLC grade water with 0.1% formic acid was Solvent A and HPLC grade acetonitrile with 0.1% formic acid was solvent B. The HPLC gradient was as follows: 3% B increased to 45% B from 0 to 10 min, 45% B to 75% B from 10 to 12 min, hold at 75% B from 12 to 17.5 min, return to initial conditions (3% B). A Duospray™ ion source was used to deliver eluate to a 5600 (QTOF) TripleTOF Mass Spectrometer (both AB Sciex, Framingham, MA). The ion source was operated in ESI mode with a capillary voltage of 4.5 kV (negative ion mode), with a declustering potential of 80 V. The mass spectrometer was operated in Information Dependent Acquisition (IDA) mode with a 100 ms survey scan from 50 to 1,500 m/z. Up to 20 product ion scans (MS2) were performed per duty cycle using a collision energy of 50 V with a 20 V spread.

Liquid chromatography–mass spectrometry (LC-MS) data were analyzed using XCMS Online (peak alignment and Welch’s t-test for each metabolite feature; Tautenhahn et al., 2012). MS-Dial (v2.58) was used to extracts MS/MS (MS2) spectra for metabolites of interest (Tsugawa et al., 2015).

Metabolite features were putatively annotated by searching in the METLIN database (Guijas et al., 2018) or based on matching MS/MS fragments to those previously reported in the literature (Arlorio et al., 2008; Alonso-Salces et al., 2009; Szajwaj et al., 2011; Oracz et al., 2019). Alkyl‐ and aryl-sulfated derivatives were annotated based on ~96.96 Da and ~79.96 Da MSMS fragments, respectively, as described by Weidolf et al. (1988).



Semi-Targeted Search for HCAAs in LC-MS/MS Dataset

A semi-targeted search for HCAAs was performed by generating a library of hypothetical HCAA MS1 parent ion masses and MS/MS fragment masses for 250 compounds. In order for a compound in our LC-MS/MS data to be considered a match, it must match the parent ion ([M-H]−) in MS1 (±0.05 Da) and contain at least one of the diagnostic MS/MS fragments. This library consisted of compounds with hydroxycinnamoyl moiety in an amide bond with an amine moiety. Hydroxycinnamoyl moieties (cinnamoyl, coumaroyl, caffeoyl, feruloyl, and sinapoyl) in combination with all proteogenic amino acids, GABA, DOPA, the decarboxylated forms of the amino acids, and several polyamines (spermine, spermidine, cadaverine, and putrescine) gave a list of 250 predicted compounds. MS/MS fragments were calculated based on characteristic fragmentation patterns observed near the amide bond in caffeoyl-DOPA (clovamide), as described by Arlorio et al. (2008), (Figure 2A).

Hydroxycinnamic acid amides (HCAAs) containing a decarboxylated amino acid (agmatine, tyramine, etc.) as the amine moiety were considered artifacts of in-source fragmentation if they co-eluted with the corresponding carboxylated form. For example, coumaroyl-tyramine was initially identified but later ruled out as an ionization artifact due to in-source decarboxylation of coumaroyl-tyrosine, which had the same retention time.

The isobaric monodeoxyclovamides coumaroyl-DOPA and caffeoyl-tyrosine could not be differentiated by MS/MS fragments, since two features in the LC–MS/MS dataset had all four diagnostic MS/MS fragments for both compounds (see Supplementary Data File 2). The two compounds were therefore annotated based on relative retention times for the two compounds reported by (Bouchez et al., 2019).



Synthesis of Clovamide

Trans-Clovamide was synthesized using methods described by Xie et al. (2013), starting with trans-caffeic acid (Cayman Chemical 70602) and L-DOPA methyl ester (Sigma-Aldrich D1507). The product was dissolved in DMSO-d6 and analyzed (1H NMR) on a Bruker AVIII-HD-500. Retention time and absorbance spectrum of the product were compared with commercial clovamide (Cayman Chemical 16138) using HPLC-DAD.



HPLC-DAD for Targeted Analysis of Clovamide

Stage A/B, C, and D/E leaves (Mejía et al., 2012) were collected from clonally propagated ‘Sca6’ and ‘ICS1’ trees grown as previously described (Swanson et al., 2008). Five trees of each genotype were sampled. Three to five pooled leaves of the same developmental stage from the same tree constituted a replicate. Cacao pods (4–5 month old fruits) were kindly provided by next day shipping by Dr. Ricardo Goenaga (USDA-ARS, Mayaguez, PR). Three pod peel samples from each genotype were collected using a potato peeler (exocarp plus ~2 mm mesocarp). Frozen, ground tissue was extracted as above except a 20 μl:1 mg solvent:tissue ratio was used and genistein was not included. 100 μl of extract was dried in a SpeedVac (Savant) and re-dissolved with sonication in 300 μl 10:90:0.1 methanol:water:formic acid (v/v/v) with 2.5 μg/ml rosmarinic acid as an internal standard (Cayman Chemical 70900). Extracts were filtered using 0.2 μm spin columns (Norgen Biotek Corp. Cat. #40000) before HPLC-DAD analysis.

High-performance liquid chromatography (HPLC) was performed on an Agilent 1260 Infinity system with an Agilent Poroshell EC-C18 column (150 × 3 mm, 2.7 μm) maintained at 40°C, using a 45-min aqueous methanol gradient with a flow rate of 0.5 ml/min. HPLC grade water with 0.1% formic acid was solvent A and HPLC grade methanol with 0.1% formic acid was solvent B. The solvent gradient was as follows: 5% B to 95% B from 0 to 30 min, hold at 95% B from 30 to 40 min, return to initial conditions (5% B) for 5 min. Sample injection volume was 10 μl. Absorbance at 320 nm was used to detect clovamide. Comparison of retention time and absorbance spectra to that of pure clovamide was used for compound identification. Solutions of clovamide (0.05, 0.01, 0.002, 0.0004, and 0.00008 mg/ml) were analyzed to generate a standard curve for quantification in cacao extracts.



Thin-Layer Chromatography for Clovamide Detection

Three stage C leaf samples from ‘Sca6’ or ‘ICS1’ were extracted as described above (3,1 solvent,tissue ratio). Ten microliters of the leaf extract or clovamide standard (10 μM) were loaded per lane (1 cm width) on 10 cm × 10 cm HPTLC Silica gel 60 plates (Merck). Plates were developed with 100:10:10:10 ethyl acetate:glacial acetic acid:formic acid:water (v:v:v:v) until the solvent front reached ~90% of the plate length. Plates were photographed under 365 nm UV excitation.



Protein Extraction From Cacao Leaf

The protein was extracted from stage C leaves of three ‘Sca6’ and three ‘ICS1’ trees according to Pirovani et al. (2008), with the addition of 2 μl/ml Plant Protease Inhibitor Cocktail (Sigma P9599) in the extraction buffer. Metabolites were removed by buffer exchange in 10 kDa cutoff centrifugal filters (Amicon® Ultra – Merck Millipore Ltd.) using protein storage buffer (50/50 v/v glycerol/Tris-HCl, 20 mM, pH 7.5). The protein was quantified using the Qubit™ Protein Assay Kit (ThermoFisher Q33211), diluted to 150 ng/μl in protein storage buffer, and stored at −20°C for PPO and pectolysis assays. Protein was precipitated in 90% ice-cold ethanol and re-suspended in 2-(N-morpholino) ethanesulfonic acid (MES) buffer (0.2 M, pH 6.5) for use in proteolysis assays. This extra step was included to ensure complete removal of protease inhibitors from the protein extraction.



Polyphenol Oxidase Activity Assay

Polyphenol oxidase (PPO) activity assays were performed as described by Sullivan and Foster (2013) using the 2-nitro-5-thiobenzoic acid (TNB) quinone trap assay (Esterbauer et al., 1977). Each reaction master mix contained 965 μl McIlvaine’s buffer (pH 7), 20 μl TNB solution, 10 μl clovamide (50 mM in DMSO), 5 μl cacao leaf protein (‘Sca6’ or ‘ICS1’, 150 ng/μl). From this master mix, 200 μl were dispensed in a microtiter plate (3 technical replicates per reaction). Reactions were incubated 10 min at 25°C and Abs412 nm was measured every 30 s. The slope of the linear regression was calculated in Microsoft Excel and converted to nmol quinone/min using the conversion factor 91.0 nmol/Abs412 nm (Esterbauer et al., 1977) adjusted for to the pathlength in the microtiter well (0.6 cm). PPO activity was measured for three biological replicates (separate clonally propagated trees) of ‘Sca6’ and ‘ICS1.’ Controls were performed without clovamide (DMSO only) to account for potential metabolite carryover from protein extractions and without protein (buffer only) to account for non-enzymatic oxidation of clovamide. Catalase (Thermo Scientific J12885-03) was included (280 U/ml) in one iteration of the experiment to account for peroxidase activity (Gertzen and Escobar, 2014). Kojic acid (Cayman Chemical 22712), a PPO inhibitor, was included in some assays at 1 mM or 5 mM (Gertzen and Escobar, 2014). Reactions including SDS (0.25% w/v) were also performed to test for latent PPO activity (Moore and Flurkey, 1990). ANOVA was performed and means were separated by pairwise t-tests (two-sided).



Browning Assay

A cork borer (9 mm) was used to cut out leaf disks from stage C leaves, which were placed in 2 ml screw cap tubes with 1 ml water and stainless-steel beads (1 × 3 mm and 2 × 1 mm). Leaf disks were ground in a TissueLyser (Qiagen) for 8 min at 30 Hz and incubated at 25°C (total 30 min since start of grinding). Samples were centrifuged (14,000 × g, 5 min) and absorbance (418 nm) of the supernatant was measured in a spectrophotometer. Four leaves from different trees were analyzed from each genotype. Clovamide (0.077% v/v of 100 mM stock in DMSO, or ~27.7 μg per sample) or DMSO (0.077%) were added to samples before grinding to determine the effect of clovamide on browning. This amount was calculated based clovamide quantification data (HPLC-DAD) and the average mass of a leaf disk to determine the average amount of clovamide per ‘Sca6’ leaf disk.

The wavelength for analysis was determined by performing the assay in the presence or absence of kojic acid (5 mM), a PPO inhibitor. Absorbance intensities (325–600 nm scan) of the kojic acid treated samples were subtracted from those of samples ground in water to identify ~418 nm as the absorbance maximum for PPO-mediated browning (mean Absmax from three ‘Sca6’ and three ‘ICS1,’ see Supplementary Figure 2).



Note on Clovamide Concentration Used in Proteolysis, Pectolysis, and Growth Inhibition Assays

In order to assess clovamide’s ability to inhibit digestive enzyme function and Phytophthora spp. growth in vitro, it was important to test clovamide at a concentration that is physiologically relevant. Average leaf water content of stage A/B, C, and D/E leaves (79.8, 83.0, and 63.7% w/w) was determined and combined with clovamide content determined by HPLC (mg/g tissue) to estimate molarity in the tissue. Leaf clovamide content ranged from 0.14 to 0.28 mM in ‘ICS1’ and 3.61 to 11.24 mM in ‘Sca6’ A clovamide concentration of 2 mM was chosen because it is in the physiologically relevant range and could be delivered as a 100 mM stock solution in DMSO while maintaining a low DMSO concentration (2% v/v) in the final media or buffer. Giannakopoulou et al. (2014) reported no toxicity of DMSO to other Phytophthora species at concentrations less than 2.5% (v/v).



Proteolysis Assay

Proteolysis assays were adapted from Sullivan and Foster (2013) and used casein (Sigma C7078) digestion by Proteinase K from T. album (Sigma P8044) as a model reaction. Each 100 μl reaction consisted of 84 μl MES buffer (0.2 M, pH 6.5), 12 μl casein (0.833 mg/ml stock in MES for 0.1 mg/ml final concentration), 1 μl ‘Sca6’ cacao leaf protein (40 ng/μl in MES), 2 μl clovamide (100 mM stock in DMSO), and 1 μl Proteinase K (1 mg/ml stock in MES). Negative controls were run with buffer in place of enzymes (‘Sca6’ protein or Proteinase K) and DMSO in place of clovamide. Reactions were incubated 18 h at 37°C. After incubation, un-digested protein was precipitated by adding 900 μl cold ethanol (−20°C) followed by centrifugation for 10 min at 14,000 × g (4°C). To quantify soluble amino acids in the supernatant, 750 μl was mixed with 150 μl ninhydrin solution (3.5 mg/ml in ethanol), heated for 10 min at 90°C in a screw cap tube, allowed to cool to room temperature, and Abs570 nm was measured in a spectrophotometer. A standard curve was prepared using glycine to determine amino acid concentrations in the samples. Percentage of proteolysis was calculated as amino acid concentration relative to the Proteinase K control without clovamide or cacao protein. The experiment was performed twice with five replicates each time. ANOVA and post-hoc Tukey-HSD were performed to determine statistical significance. Experiment was treated as a block in ANOVA.



Pectolysis Assay

Pectolysis assays were adapted from methods by Torres et al. (2011) for detection of endo-polygalacturonase activity. Apple pectin (Sigma 93854) digestion by pectinase from A. niger (Sigma 17389) was used as a model reaction. Epigallocatechin gallate (EGCG, Sigma E4143), a known inhibitor of pectin methylesterases, was used as a positive control (Lewis et al., 2008; Jiang et al., 2014). Pectin precipitation by ruthenium red (Cayman Chemical 14339) was used for pectin quantification. Pectin solution (0.15% w/v) was prepared in 10 mM KOH and pectinase solution (0.025 mg/ml) was prepared in acetate buffer (0.1 M, pH 4.25). Each reaction consisted of 46 μl pectin solution, 50 μl pectinase solution or acetate buffer, 2 μl DMSO or 100 mM clovamide or 100 mM EGCG (final concentration 2 mM), and 2 μl of cacao protein (150 ng/μl) or protein storage buffer as described above. Assays to determine the pectinase enhancing effect of cacao proteins were generally the same but used 48 μl pectin solution and no DMSO. Reactions were incubated 45 min at 25°C. After incubation, 50 μl of the reaction was mixed with 950 μl of ruthenium red solution (0.3 mg/ml in acetate buffer with 0.05% v/v β-mercaptoethanol), briefly vortexed, and centrifuged for 5 min 14,000 × g to precipitate pectin. The supernatant was measured with a spectrophotometer (Abs535 nm), and pectin concentration was determined by comparison to a standard curve generated with serial dilutions of pectin. The concentration of pectin in a control reaction without pectinase and the concentration of pectin remaining in each reactions’ supernatant were used to calculate the percentage of pectin degraded. For pectinase inhibition assays, values were normalized to reactions without inhibitor. The pectinase inhibition assay was performed twice with three replicates each time. ANOVA and post-hoc Tukey-HSD were performed to determine statistical significance. Experiment was treated as a block in ANOVA.



Phytophthora spp. Growth Inhibition Assays

All Phytophthora cultures were kindly provided by Dr. Brian Bailey (USDA-ARS, Beltsville, MD). P. megakarya isolate Ca-ZTH0145, P. palmivora isolate Gh-ER1349, and P. tropicalis isolate Eq-73-73 were growth on 20% V8-agar media (Jeffers and Martin, 1986). As previously described (Fister et al., 2016), mycelium plugs from the growing edge of the colony were collected 2 days after culture initiation and used to inoculate plates for growth inhibition assays.

Assay plates (60 × 15 mm) each contained 6 ml of media with either 2% (v/v) DMSO or 100 mM clovamide stock in DMSO (final concentration 2 mM). Two media were used for assays: V8-agar or Henniger/Casein/Pectin (“HenCasPec”) adapted from (Henniger, 1963). HenCasPec media consisted of (per liter): 0.4 g KH2PO4, 0.1 g CaCl2 (anhydrous), 0.1 g MgCO3, 0.02 g FeSO4•7H2O, 0.2 g succinic acid, 10 g glucose, 5 g sucrose, 1 mg thiamine•HCl, 30 mg beta-sitosterol, 8 g casein (Sigma C7078), 1 g pectin from apple (Sigma 93854), and 10 g agarose. The pH was adjusted to 7.0 with KOH and media was autoclaved. Cultures were incubated for 68 h and photographed. White mycelium was not easily visible on the white HenCasPec media so those plates were stained with 0.01% calcofluor (as Fluorescence Brightener 28, Sigma F3543) for 2 min and washed once with 1 M NaOH before photographing under 365 nm UV excitation. Colony areas were determined in ImageJ, and percent growth inhibition was calculated relative to the mean area of control plates for each experiment. Each experiment had four replicate plates and was performed twice with the exception of P. palmivora on HenCasPec media, which represents one experiment. ANOVA and post-hoc Tukey-HSD were performed to determine statistical significance. Experiment was treated as a block in ANOVA.



Untargeted Metabolomics of Fruit Peel Tissue: Liquid Chromatography – Mass Spectrometry

Fruits/pods (4–5 month old) were surface sterilized by submerging with 100% ethanol for 20 s and allowed to dry in a sterile hood. A cork borer (3 mm) was used to make a small hole in the pod ~5 mm deep. Inside the holes, either a sterile V8-agar media plug (“mock”) or a plug with P. palmivora “GhER1349” mycelium (“Ppal”) was inserted. Pods were incubated at 27°C with a 16 h/8 h light/dark cycle in a plastic bag containing a sterile, wet paper towel to maintain humidity. At 72 h after inoculation, a cork borer (3 cm) was used to delineate a circle around the original infection site. The agar plug was removed and a potato peeler was used to collect the disk of tissue around the site of infection to a depth of ~0.25 cm (exocarp and ~2 mm mesocarp). Three such disks of tissue were collected per pod and pooled to make one replicate. Three replicates were collected for each treatment. For the “ICS1 mock” treatment, only two pods were available. To make a third replicate, tissue disks from pods 1 and 2 were collected and pooled. Tissue was flash frozen in liquid nitrogen and extracted and analyzed by LC-MS/MS as described above for leaf.

The experiment was repeated to determine the effect of wounding. Three pods of each genotype were wounded as above with a cork borer and three pods were left untreated. Tissue was collected after a 72-h incubation (as above). Samples were prepared for LC-MS/MS as above, except a 20 μl:1 mg solvent:tissue ratio was used for metabolite extraction in this experiment.



Statistics

All LC-MS data were processed in XCMS Online (Tautenhahn et al., 2012) using Welch’s t-test for metabolite abundance comparisons between groups. Student’s t-tests, ANOVA, and post-hoc Tukey-HSD for mean separation were performed in JMP® Pro 14 (SAS Institute Inc., Cary, NC, 1989–2019) or GraphPad Prism 8. For duplicated experiments (proteolysis, pectolysis, Phytophthora spp. growth inhibition), experimental replicate was treated as a block in ANOVA to ensure there was no effect of experiment before data were pooled from both experiments.
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Supplementary Data File 1 | MS/MS spectra for “Top 30 Metabolite Features”. Metabolite features “S-1” through “S-30” correspond to those presented in Figure 1 and Table 1. Annotations in bold represent putative molecular ions ([M-H]−).



Supplementary Data File 2 | Supporting data for predicted annotations of HCAAs shown in Figure 2, and MS signal abundance in ‘ICS1’ and ‘Sca6’ extracts for each metabolite feature. Sheet 1 provides predicted fragments for putative HCAAs that are presented in Figure 2. Sheet 2 provides MS/MS spectra for the predicted HCAAs.



Supplementary Data File 3 | MS/MS spectra for metabolite features indicated in PCA loading chart (Figure 7 in main text).




REFERENCES

 Abbott, D. W., and Boraston, A. B. (2008). Structural biology of pectin degradation by Enterobacteriaceae. Microbiol. Mol. Biol. Rev. 72, 301–316. doi: 10.1128/MMBR.00038-07 

 Akaza, J. M., Kouassi, A. B., Akaffou, D. S., Fouet, O., N’Guetta, A. S. -P., and Lanaud, C. (2016). Mapping QTLs for black pod (Phytophthora palmivora) resistance in three hybrid progenies of cocoa (Theobroma cacao L.) using SSR markers. Int. J. Sci. Res. Publ. 6, 298–311.

 Akaza, M. J., N’Goran, J. A. K., N’Guetta, S. P. A., Kébé, B. I., Tahi, G. M., and Sangaré, A. (2009). Resistance to Phytophthora palmivora (Butler) Butler assessed on leaf discs of cacao (Theobroma cacao L.) hybrid trees. Asian J. Plant Pathol. 3, 106–118. doi: 10.3923/ajppaj.2009.106.118

 Ali, S. S., Shao, J., Lary, D. J., Kronmiller, B. A., Shen, D., Strem, M. D., et al. (2017). Phytophthora megakarya and Phytophthora palmivora, closely related causal agents of cacao black pod rot, underwent increases in genome sizes and gene numbers by different mechanisms. Genome Biol. Evol. 9, 536–557. doi: 10.1093/gbe/evx021 

 Alonso-Salces, R. M., Guillou, C., and Berrueta, L. A. (2009). Liquid chromatography coupled with ultraviolet absorbance detection, electrospray ionization, collision-induced dissociation and tandem mass spectrometry on a triple quadrupole for the on-line characterization of polyphenols and methylxanthines in green coffee beans. Rapid Commun. Mass Spectrom. 23, 363–383. doi: 10.1002/rcm.3884 

 Argout, X., Salse, J., Aury, J. M., Guiltinan, M. J., Droc, G., Gouzy, J., et al. (2011). The genome of Theobroma cacao. Nat. Genet. 43, 101–108. doi: 10.1038/ng.736 

 Arlorio, M., Locatelli, M., Travaglia, F., Coïsson, J. -D., Grosso, E. D., Minassi, A., et al. (2008). Roasting impact on the contents of clovamide (N-caffeoyl-L-DOPA) and the antioxidant activity of cocoa beans (Theobroma cacao L.). Food Chem. 106, 967–975. doi: 10.1016/j.foodchem.2007.07.009

 Barreto, M. A., Rosa, J. R. B. F., Holanda, I. S. A., Cardoso-Silva, C. B., Vildoso, C. I. A., Ahnert, D., et al. (2018). QTL mapping and identification of corresponding genomic regions for black pod disease resistance to three Phytophthora species in Theobroma cacao L. Euphytica 214:188. doi: 10.1007/s10681-018-2273-5

 Beg, M. S., Ahmad, S., Jan, K., and Bashir, K. (2017). Status, supply chain and processing of cocoa ‐ a review. Trends Food Sci. Technol. 66, 108–116. doi: 10.1016/j.tifs.2017.06.007

 Bekele, F., and Phillips-Mora, W. (2019). “Cacao (Theobroma cacao L.) breeding” in Advances in plant breeding strategies: Industrial and food crops. Vol. 6. eds. J. M. Al-Khayri, S. M. Jain, and D. V. Johnson (Cham: Springer International Publishing), 409–487.

 Bontpart, T., Cheynier, V., Ageorges, A., and Terrier, N. (2015). BAHD or SCPL acyltransferase? What a dilemma for acylation in the world of plant phenolic compounds. New Phytol. 208, 695–707. doi: 10.1111/nph.13498 

 Bouchez, P., Teixeira Benites, V., Baidoo, E. E. K., Mortimer, J. C., Sullivan, M. L., Scheller, H. V., et al. (2019). Production of clovamide and its analogues in Saccharomyces cerevisiae and Lactococcus lactis. Lett. Appl. Microbiol. 69, 181–189. doi: 10.1111/lam.13190 

 Calderón, A. I., Wright, B. J., Hurst, W. J., and van Breemen, R. B. (2009). Screening antioxidants using LC-MS: a case study with cocoa. J. Agric. Food Chem. 57, 5693–5699. doi: 10.1021/jf9014203 

 Campos, L., Lisón, P., López-Gresa, M. P., Rodrigo, I., Zacarés, L., Conejero, V., et al. (2014). Transgenic tomato plants overexpressing Tyramine N-Hydroxycinnamoyltransferase exhibit elevated hydroxycinnamic acid amide levels and enhanced resistance to pseudomonas syringae. Mol. Plant Microbe Interact. 27, 1159–1169. doi: 10.1094/MPMI-04-14-0104-R 

 Chen, J. S., Wei, C. I., and Marshall, M. R. (1991). Inhibition mechanism of kojic acid on polyphenol oxidase. J. Agric. Food Chem. 39, 1898–1901.

 Derardja, A. e., Pretzler, M., Kampatsikas, I., Barkat, M., and Rompel, A. (2017). Purification and characterization of latent polyphenol oxidase from apricot (Prunus armeniaca L.). J. Agric. Food Chem. 65, 8203–8212. doi: 10.1021/acs.jafc.7b03210 

 De Vos, R. C. H., Moco, S., Lommen, A., Keurentjes, J. J. B., Bino, R. J., and Hall, R. D. (2007). Untargeted large-scale plant metabolomics using liquid chromatography coupled to mass spectrometry. Nat. Protoc. 2, 778–791. doi: 10.1038/nprot.2007.95 

 Dixon, R. A. (2001). Natural products and plant disease resistance. Nature 411, 843–847. doi: 10.1038/35081178 

 Dobritzsch, M., Lübken, T., Eschen-Lippold, L., Gorzolka, K., Blum, E., Matern, A., et al. (2016). MATE transporter-dependent export of hydroxycinnamic acid amides. Plant Cell 28, 583–596. doi: 10.1105/tpc.15.00706 

 El-Sharawy, R., Elkhateeb, A., Marzouk, M., El-Latif, R., Abdelrazig, S., and El-Ansari, M. (2017). Antiviral and antiparasitic activities of clovamide: the major constituent of Dichrostachys cinerea (L.) Wight et Arn. J. Appl. Pharma. Sci. 7, 219–223. doi: 10.7324/JAPS.2017.70930

 Esterbauer, H., Schwarzl, E., and Hayn, M. (1977). A rapid assay for catechol oxidase and lactase using 2-nitro-5-thiobenzoic acid. Anal. Biochem. 77, 486–494. doi: 10.1016/0003-2697(77)90262-7 

 Fallarini, S., Miglio, G., Paoletti, T., Minassi, A., Amoruso, A., Bardelli, C., et al. (2009). Clovamide and rosmarinic acid induce neuroprotective effects in in vitro models of neuronal death. Br. J. Pharmacol. 157, 1072–1084. doi: 10.1111/j.1476-5381.2009.00213.x 

 Fantinato, D., Valandro Zanetti, L., Aguilar, M., Souza, C. A., Cuzzuol, G., Gama, V., et al. (2018). Effects of silicon on biochemical and physiological aspects in Theobroma cacao under inoculation with Moniliophthora perniciosa. Revista de Ciências Agrárias 41, 841–848. doi: 10.19084/RCA18064

 FAO (2019). International year of plant health, 2020: Communication guide. Rome: Food and Agriculture Organization of the United Nations.

 Feitosa Jucá Santos, F., Vanderlei Lopes, U., Pires, J. L., Melo, G. R. P., Peres Gramacho, K., and Clément, D. (2014). QTLs detection under natural infection of Moniliophtora perniciosa in a cacao F2 progeny with Scavina-6 descendants. AgroTropica 26, 65–72. doi: 10.21757/0103-3816.2014v26n1p65-72

 Fister, A. S., Leandro-Muñoz, M. E., Zhang, D., Marden, J. H., Tiffin, P., dePamphilis, C., et al. (2019). Widely distributed variation in tolerance to Phytophthora palmivora in four genetic groups of cacao. Tree Genet. Genomes 16:1. doi: 10.1007/s11295-019-1396-8

 Fister, A. S., O’Neil, S. T., Shi, Z., Zhang, Y., Tyler, B. M., Guiltinan, M. J., et al. (2015). Two Theobroma cacao genotypes with contrasting pathogen tolerance show aberrant transcriptional and ROS responses after salicylic acid treatment. J. Exp. Bot. 66, 6245–6258. doi: 10.1093/jxb/erv334 

 Fister, A. S., Shi, Z., Zhang, Y., Helliwell, E. E., Maximova, S. N., and Guiltinan, M. J. (2016). Protocol: transient expression system for functional genomics in the tropical tree Theobroma cacao L. Plant Methods 12:19. doi: 10.1186/s13007-016-0119-5

 Flament, M. H., Kebe, I., Clément, D., Pieretti, I., Risterucci, A. M., N’Goran, J. A. K., et al. (2001). Genetic mapping of resistance factors to Phytophthora palmivora in cocoa. Genome 44, 79–85. doi: 10.1139/gen-44-1-79 

 Gandía-Herrero, F., Jiménez-Atiénzar, M., Cabanes, J., García-Carmona, F., and Escribano, J. (2005). Differential activation of a latent polyphenol oxidase mediated by sodium dodecyl sulfate. J. Agric. Food Chem. 53, 6825–6830. doi: 10.1021/jf050505e 

 Gertzen, R., and Escobar, M. A. (2014). Assays of polyphenol oxidase activity in walnut leaf tissue. Bio-Protocol 4:e1213. doi: 10.21769/BioProtoc.1213

 Giannakopoulou, A., Schornack, S., Bozkurt, T. O., Haart, D., Ro, D. -K., Faraldos, J. A., et al. (2014). Variation in capsidiol sensitivity between Phytophthora infestans and Phytophthora capsici is consistent with their host range. PLoS One 9:e107462. doi: 10.1371/journal.pone.0107462 

 Guest, D. (2007). Black pod: diverse pathogens with a global impact on cocoa yield. Phytopathology 97, 1650–1653. doi: 10.1094/PHYTO-97-12-1650 

 Guijas, C., Montenegro-Burke, J. R., Domingo-Almenara, X., Palermo, A., Warth, B., Hermann, G., et al. (2018). METLIN: a technology platform for identifying knowns and unknowns. Anal. Chem. 90, 3156–3164. doi: 10.1021/acs.analchem.7b04424 

 Gunnaiah, R., Kushalappa, A. C., Duggavathi, R., Fox, S., and Somers, D. J. (2012). Integrated metabolo-proteomic approach to decipher the mechanisms by which wheat QTL (Fhb1) contributes to resistance against Fusarium graminearum. PLoS One 7:e40695. doi: 10.1371/journal.pone.0040695 

 Hartmann, T. (2007). From waste products to ecochemicals: fifty years research of plant secondary metabolism. Phytochemistry 68, 2831–2846. doi: 10.1093/nar/gkz1019 

 Haug, K., Cochrane, K., Nainala, V. C., Williams, M., Chang, B., Jayaseelan, K. V., et al. (2020). MetaboLights: a resource evolving in response to the needs of its scientific community. Nucleic Acids Res. 48, D440–D444. doi: 10.1016/j.phytochem.2007.09.017 

 Hebbar, P. K. (2007). Cacao diseases: a global perspective from an industry point of view. Phytopathology 97, 1658–1663. doi: 10.1094/PHYTO-97-12-1658 

 Henniger, H. (1963). Zur Kultur von Phytophthora infestans auf vollsynthetischen Nährsubstraten. Z. Allg. Mikrobiol. 3, 126–135. doi: 10.1002/jobm.3630030204

 Herbert, C., Boudart, G., Borel, C., Jacquet, C., Esquerre-Tugaye, M. T., and Dumas, B. (2003). “Regulation and role of pectinases in phytopathogenic fungi” in Advances in pectin and pectinase research. eds. F. Voragen, H. Schols, and R. Visser (Springer Netherlands: Dordrecht), 201–208.

 Herron, S. R., Benen, J. A. E., Scavetta, R. D., Visser, J., and Jurnak, F. (2000). Structure and function of pectic enzymes: virulence factors of plant pathogens. Proc. Natl. Acad. Sci. 97, 8762–8769. doi: 10.1073/pnas.97.16.8762 

 Hirschmann, F., Krause, F., and Papenbrock, J. (2014). The multi-protein family of sulfotransferases in plants: composition, occurrence, substrate specificity, and functions. Front. Plant Sci. 5:556. doi: 10.3389/fpls.2014.00556 

 Ingram, V. J. (2015). The true price of chocolate? Agro Food Ind Hi Tech 26, 29–33.

 Isah, T. (2019). Stress and defense responses in plant secondary metabolites production. Biol. Res. 52:39. doi: 10.1186/s40659-019-0246-3 

 Jashni, M. K., Mehrabi, R., Collemare, J., Mesarich, C. H., and de Wit, P. J. G. M. (2015). The battle in the apoplast: further insights into the roles of proteases and their inhibitors in plant–pathogen interactions. Front. Plant Sci. 6:584. doi: 10.3389/fpls.2015.00584 

 Jeffers, S. N., and Martin, S. B. (1986). Comparison of two media selective for Phytophthora and Pythium species. Plant Dis. 70, 1038–1043. doi: 10.1094/PD-70-1038

 Jiang, X., Jia, Q., Chen, L., Chen, Q., and Yang, Q. (2014). Recombinant expression and inhibition mechanism analysis of pectin methylesterase from Aspergillus flavus. FEMS Microbiol. Lett. 355, 12–19. doi: 10.1111/1574-6968.12446 

 Jiménez, M., and García-Carmona, F. (1996). The effect of sodium dodecyl sulphate on polyphenol oxidase. Phytochemistry 42, 1503–1509. doi: 10.1016/0031-9422(96)00175-6

 Kolodziejczyk-Czepas, J., Krzyżanowska-Kowalczyk, J., Sieradzka, M., Nowak, P., and Stochmal, A. (2017). Clovamide and clovamide-rich extracts of three Trifolium species as antioxidants and moderate antiplatelet agents in vitro. Phytochemistry 143, 54–63. doi: 10.1016/j.phytochem.2017.07.011 

 Kyselka, J., Bleha, R., Dragoun, M., Bialasova, K., Horackova, S., Schatz, M., et al. (2018). Antifungal polyamides of Hydroxycinnamic acids from sunflower bee pollen. J. Agric. Food Chem. 66, 11018–11026. doi: 10.1021/acs.jafc.8b03976 

 Lachenaud, P., Eskes, A., N’Goran, J. A. K., Clément, D., and Kébé, B. I. (2001). Premier cycle de sélection récurrente en Côte d’Ivoire et choix des géniteurs du second cycle. Actes de la 13ème Conférence Internationale sur la Recherche Cacaoyère, 11–22.

 Lanaud, C., Fouet, O., Clément, D., Boccara, M., Risterucci, A. M., Surujdeo-Maharaj, S., et al. (2009). A meta–QTL analysis of disease resistance traits of Theobroma cacao L. Mol. Breed. 24, 361–374. doi: 10.1007/s11032-009-9297-4

 Lanaud, C., Fouet, O., Legavre, T., Lopes, U., Sounigo, O., Eyango, M. C., et al. (2017). Deciphering the Theobroma cacao self-incompatibility system: from genomics to diagnostic markers for self-compatibility. J. Exp. Bot. 68, 4775–4790. doi: 10.1093/jxb/erx293 

 Lanaud, C., Risterucci, A. M., N’Goran, A. K., Clement, D., Flament, M. H., Laurent, V., et al. (1995). A genetic linkage map of Theobroma cacao L. Theor. Appl. Genet. 91, 987–993. doi: 10.1007/BF00223910 

 Lechtenberg, M., Henschel, K., Liefländer-Wulf, U., Quandt, B., and Hensel, A. (2012). Fast determination of N-phenylpropenoyl-l-amino acids (NPA) in cocoa samples from different origins by ultra-performance liquid chromatography and capillary electrophoresis. Food Chem. 135, 1676–1684. doi: 10.1016/j.foodchem.2012.06.006 

 Lee, P. M., Lee, K. -H., Ismail, M., and Karim, A. (1991). Biochemical studies of cocoa bean polyphenol oxidase. J. Sci. Food Agric. 55, 251–260. doi: 10.1002/jsfa.2740550210

 Legavre, T., Ducamp, M., Sabau, X., Argout, X., Fouet, O., Dedieu, F., et al. (2015). Identification of Theobroma cacao genes differentially expressed during Phytophthora megakarya infection. Physiol. Mol. Plant Pathol. 92, 1–13. doi: 10.1016/j.pmpp.2015.08.005

 Lewis, K. C., Selzer, T., Shahar, C., Udi, Y., Tworowski, D., and Sagi, I. (2008). Inhibition of pectin methyl esterase activity by green tea catechins. Phytochemistry 69, 2586–2592. doi: 10.1016/j.phytochem.2008.08.012 

 Lionetti, V. (2015). PECTOPLATE: the simultaneous phenotyping of pectin methylesterases, pectinases, and oligogalacturonides in plants during biotic stresses. Front. Plant Sci. 6:331. doi: 10.3389/fpls.2015.00331 

 Liu, C. -Q., Hu, K. -D., Li, T. -T., Yang, Y., Yang, F., Li, Y. -H., et al. (2017). Polygalacturonase gene pgxB in Aspergillus niger is a virulence factor in apple fruit. PLoS One 12:e0173277. doi: 10.1371/journal.pone.0190253 

 Macedo, A. S. L., Rocha, F. D. S., Ribeiro, M. D. S., Soares, S. E., and Bispo, E. D. S. (2016). Characterization of polyphenol oxidase in two cocoa (Theobroma cacao L.) cultivars produced in the south of Bahia, Brazil. Food Sci. Technol. 36, 56–63. doi: 10.1590/1678-457X.0009

 Macoy, D. M., Kim, W. -Y., Lee, S. Y., and Kim, M. G. (2015). Biotic stress related functions of hydroxycinnamic acid amide in plants. J. Plant Biol. 58, 156–163. doi: 10.1007/s12374-015-0104-y

 Maggi, F., Tang, F. H. M., la Cecilia, D., and McBratney, A. (2019). PEST-CHEMGRIDS, global gridded maps of the top 20 crop-specific pesticide application rates from 2015 to 2025. Sci. Data 6:170. doi: 10.1038/s41597-019-0169-4 

 Martin-Tanguy, J. (1985). The occurrence and possible function of hydroxycinnamoyl acid amides in plants. Plant Growth Regul. 3, 381–399. doi: 10.1007/BF00117595

 Masike, K., Khoza, B. S., Steenkamp, P. A., Smit, E., Dubery, I. A., and Madala, N. E. (2017). A metabolomics-guided exploration of the phytochemical constituents of Vernonia fastigiata with the aid of pressurized hot water extraction and liquid chromatography-mass spectrometry. Molecules 22:1200. doi: 10.3390/molecules22081200 

 Mattarei, A., Biasutto, L., Romio, M., Zoratti, M., and Paradisi, C. (2015). Synthesis of resveratrol sulfates: turning a nightmare into a dream. Tetrahedron 71, 3100–3106. doi: 10.1016/j.tet.2014.09.063

 McElroy, M. S., Navarro, A. J. R., Mustiga, G., Stack, C., Gezan, S., Peña, G., et al. (2018). Prediction of cacao (Theobroma cacao) resistance to Moniliophthora spp. diseases via genome-wide association analysis and genomic selection. Front. Plant Sci. 9:343. doi: 10.3389/fpls.2018.00343 

 Mejía, L. C., Guiltinan, M. J., Shi, Z., Landherr, L., and Maximova, S. N. (2012). “Expression of designed antimicrobial peptides in Theobroma cacao L. trees reduces leaf necrosis caused by Phytophthora spp.” in Small wonders: Peptides for disease control. eds. K. Rajasekaran, J. W. Cary, J. M. Jaynes, and E. Montesinos (Washington DC: American Chemical Society), 379–395.

 Moore, B. M., and Flurkey, W. H. (1990). Sodium dodecyl sulfate activation of a plant polyphenoloxidase. Effect of sodium dodecyl sulfate on enzymatic and physical characteristics of purified broad bean polyphenoloxidase. J. Biol. Chem. 265, 4982–4988.

 Muroi, A., Ishihara, A., Tanaka, C., Ishizuka, A., Takabayashi, J., Miyoshi, H., et al. (2009). Accumulation of hydroxycinnamic acid amides induced by pathogen infection and identification of agmatine coumaroyltransferase in Arabidopsis thaliana. Planta 230, 517–527. doi: 10.1007/s00425-009-0960-0 

 Muroi, A., Matsui, K., Shimoda, T., Kihara, H., Ozawa, R., Ishihara, A., et al. (2012). Acquired immunity of transgenic torenia plants overexpressing agmatine coumaroyltransferase to pathogens and herbivore pests. Sci. Rep. 2:689. doi: 10.1038/srep00689

 Nascimento, L. E. S., Arriola, N. D. A., da Silva, L. A. L., Faqueti, L. G., Sandjo, L. P., de Araújo, C. E. S., et al. (2020). Phytochemical profile of different anatomical parts of jambu (Acmella oleracea (L.) R.K. Jansen): a comparison between hydroponic and conventional cultivation using PCA and cluster analysis. Food Chem. 332:127393. doi: 10.1016/j.foodchem.2020.127393

 Newman, M. -A., von Roepenack-Lahaye, E., Parr, A., Daniels, M. J., and Dow, J. M. (2001). Induction of hydroxycinnamoyl-tyramine conjugates in pepper by Xanthomonas campestris, a plant defense response activated by hrp gene-dependent and hrp gene-independent mechanisms. Mol. Plant-Microbe Interact. 14, 785–792. doi: 10.1094/MPMI.2001.14.6.785 

 Niehues, M., Stark, T., Keller, D., Hofmann, T., and Hensel, A. (2011). Antiadhesion as a functional concept for prevention of pathogens: N-phenylpropenoyl-L-amino acid amides as inhibitors of the helicobacter pylori BabA outer membrane protein. Mol. Nutr. Food Res. 55, 1104–1117. doi: 10.1002/mnfr.201000548 

 Okey, E. N., Duncan, E. J., Sirju-Charran, G., and Sreenvisasan, T. N. (1997). Zoospore germination and growth of Phytophthora palmivora in stem extracts as criteria for assessing cacao resistance to canker. Mycol. Res. 101, 683–686. doi: 10.1017/S0953756296003164

 Ondobo, M., Effa Onomo, P., Manga, J., Christian, J., Kouam, D., Djocgoue, P., et al. (2017). Estimation of necrosis length, phenolic content, peroxidase and polyphenoloxidase activity in cocoa plants (Theobroma cacao L.) after Phytophthora megakarya inoculation. Int. J. Agron. Agri. Res. 10, 26–36.

 OpokuI, Y., Assuah, M. K., and Aneani, F. (2007). Management of black pod disease of cocoa with reduced number of fungicide application and crop sanitation. Afr. J. Agric. Res. 2, 601–604.

 Oracz, J., Nebesny, E., and Żyżelewicz, D. (2019). Identification and quantification of free and bound phenolic compounds contained in the high-molecular weight melanoidin fractions derived from two different types of cocoa beans by UHPLC-DAD-ESI-HR-MSn. Food Res. Int. 115, 135–149. doi: 10.1016/j.foodres.2018.08.028 

 Park, J. -Y., Kim, B. -W., Lee, H. U., Choi, D. -K., and Yoon, S. -H. (2017). Synthesis of clovamide analogues that inhibit NO production in activated BV-2 microglial cells. Biol. Pharm. Bull. 40, 1475–1482. doi: 10.1248/bpb.b17-00303 

 Park, S. -H., Oh, H. -S., Kang, M. -A., Cho, H., Prasad, J. B., Won, J., et al. (2007). The structure–activity relationship of the series of non-peptide small antagonists for p56lck SH2 domain. Bioorg. Med. Chem. 15, 3938–3950. doi: 10.1016/j.bmc.2006.06.059 

 Perez de Souza, L., Naake, T., Tohge, T., and Fernie, A. R. (2017). From chromatogram to analyte to metabolite. How to pick horses for courses from the massive web resources for mass spectral plant metabolomics. Gigascience 6, 1–20. doi: 10.1093/gigascience/gix037 

 Petersen, M. (2016). Hydroxycinnamoyltransferases in plant metabolism. Phytochem. Rev. 15, 699–727. doi: 10.1007/s11101-015-9417-1

 Pires, J., Melo, G., Yamada, M., and Gramacho, K. (2012). Association among sources of resistance to witches’ broom disease for the increment of the level and durability of the character. Agrotrópica 24, 27–30. doi: 10.21757/0103-3816.2012v24n1p27-30

 Pirovani, C. P., Carvalho, H. A., Machado, R. C., Gomes, D. S., Alvim, F. C., Pomella, A. W., et al. (2008). Protein extraction for proteome analysis from cacao leaves and meristems, organs infected by Moniliophthora perniciosa, the causal agent of the witches’ broom disease. Electrophoresis 29, 2391–2401. doi: 10.1002/elps.200700743 

 Ploetz, R. C. (2007). Cacao diseases: important threats to chocolate production worldwide. Phytopathology 97, 1634–1639. doi: 10.1094/PHYTO-97-12-1634 

 Pokou, D. N., Fister, A. S., Winters, N., Tahi, M., Klotioloma, C., Sebastian, A., et al. (2019). Resistant and susceptible cacao genotypes exhibit defense gene polymorphism and unique early responses to Phytophthora megakarya inoculation. Plant Mol. Biol. 99, 499–516. doi: 10.1007/s11103-019-00832-y 

 Pokou, N. D., N’Goran, J. A. K., Kébé, I., Eskes, A., Tahi, M., and Sangaré, A. (2008). Levels of resistance to Phytophthora pod rot in cocoa accessions selected on-farm in Côte d’Ivoire. Crop Prot. 27, 302–309. doi: 10.1016/j.cropro.2007.07.012

 Prade, R., Zhan, D., Canaan, P., and Mort, A. (1999). Pectins, pectinases and plant-microbe interactions. Biotechnol. Genet. Eng. Rev. 16, 361–391.

 Queiroz, C., Mendes Lopes, M. L., Fialho, E., and Valente-Mesquita, V. L. (2008). Polyphenol oxidase: characteristics and mechanisms of browning control. Food Rev. Int. 24, 361–375. doi: 10.1080/87559120802089332

 Ragan, M. A. (1978). Phenol sulfate esters: ultraviolet, infrared, 1H and 13C nuclear magnetic resonance spectroscopic investigation. Can. J. Chem. 56, 2681–2685. doi: 10.1139/v78-441

 Raghuraman, A., Riaz, M., Hindle, M., and Desai, U. R. (2007). Rapid and efficient microwave-assisted synthesis of highly sulfated organic scaffolds. Tetrahedron Lett. 48, 6754–6758. doi: 10.1016/j.tetlet.2007.07.100 

 Sanbongi, C., Osakabe, N., Natsume, M., Takizawa, T., Gomi, S., and Osawa, T. (1998). Antioxidative polyphenols isolated from Theobroma cacao. J. Agric. Food Chem. 46, 454–457. doi: 10.1021/jf970575o 

 Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., McRoberts, N., and Nelson, A. (2019). The global burden of pathogens and pests on major food crops. Nature Ecol. Evol. 3, 430–439. doi: 10.1038/s41559-018-0793-y

 Schnell, R. J., Kuhn, D. N., Brown, J. S., Olano, C. T., Phillips-Mora, W., Amores, F. M., et al. (2007). Development of a marker assisted selection program for cacao. Phytopathology 97, 1664–1669. doi: 10.1094/PHYTO-97-12-1664 

 Shahaf, N., Rogachev, I., Heinig, U., Meir, S., Malitsky, S., Battat, M., et al. (2016). The WEIZMASS spectral library for high-confidence metabolite identification. Nat. Commun. 7:12423. doi: 10.1038/ncomms12423 

 Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G. P. S., Handa, N., et al. (2019). Worldwide pesticide usage and its impacts on ecosystem. SN Appl. Sci. 1:1446. doi: 10.1007/s42452-019-1485-1

 Simo, C., Djocgoue, P., Mbouobda, H., Effa Onomo, P., Boudjeko, T., and Omokolo, D. N. (2011). Variation and heritability of polyphenoloxidasic activities in two hybrid families of Theobroma cacao L. after cocoa pods inoculation with Phytophtora megakarya bras. et Grif. Plant Pathol. J. 10, 89–98. doi: 10.3923/ppj.2011.89.98

 Simpson, L. S., and Widlanski, T. S. (2006). A comprehensive approach to the synthesis of sulfate esters. J. Am. Chem. Soc. 128, 1605–1610. doi: 10.1021/ja056086j 

 Spence, J. A. (1961). Probable mechanism of resistance of varieties of cocoa to black pod disease caused by Phytophthora palmivora (Butl.) Butl. Nature 192:278. doi: 10.1038/192278a0

 Stark, T., and Hofmann, T. (2005). Isolation, structure determination, synthesis, and sensory activity of N-phenylpropenoyl-L-amino acids from cocoa (Theobroma cacao). J. Agric. Food Chem. 53, 5419–5428. doi: 10.1021/jf050458q 

 Sullivan, M. L., and Bonawitz, N. D. (2018). Spectrophotometric determination of reaction rates and kinetic parameters of a BAHD acyltransferase using DTNB (5, 5'-dithio-bis-[2-nitrobenzoic acid]). Plant Sci. 269, 148–152. doi: 10.1016/j.plantsci.2018.01.012 

 Sullivan, M. L., and Foster, J. L. (2013). Perennial peanut (Arachis glabrata Benth.) contains polyphenol oxidase (PPO) and PPO substrates that can reduce post-harvest proteolysis. J. Sci. Food Agric. 93, 2421–2428. doi: 10.1002/jsfa.6050 

 Sullivan, M. L., and Hatfield, R. D. (2006). Polyphenol oxidase and o-diphenols inhibit postharvest proteolysis in red clover and alfalfa. Crop Sci. 46, 662–670. doi: 10.2135/cropsci2005.06-0132

 Sullivan, M. L., and Zeller, W. E. (2013). Efficacy of various naturally occurring caffeic acid derivatives in preventing post-harvest protein losses in forages. J. Sci. Food Agric. 93, 219–226. doi: 10.1002/jsfa.5781 

 Swanson, J. D., Carlson, J. E., and Guiltinan, M. J. (2008). Comparative flower development in Theobroma cacao based on temporal morphological indicators. Int. J. Plant Sci. 169, 1187–1199. doi: 10.1086/591986

 Szajwaj, B., Moldoch, J., Masullo, M., Piacente, S., Oleszek, W., and Stochmal, A. (2011). Amides and esters of phenylpropenoic acids from the aerial parts of Trifolium pallidum. Nat. Prod. Commun. 6, 1293–1296. doi: 10.1177/1934578X1100600921 

 Tahi, M., Kebe, I., Eskes, A. B., Ouattara, S., Sangare, A., and Mondeil, F. (2000). Rapid screening of cacao genotypes for field resistance to Phytophthora palmivora using leaves, twigs and roots. Eur. J. Plant Pathol. 106, 87–94. doi: 10.1023/A:1008747800191

 Tahi, G. M., Kébé, B. I., Sangare, A., Mondeil, F., Cilas, C., and Eskes, A. B. (2006). Foliar resistance of cacao (Theobroma cacao) to Phytophthora palmivora as an indicator of pod resistance in the field: interaction of cacao genotype, leaf age and duration of incubation. Plant Pathol. 55, 776–782. doi: 10.1111/j.1365-3059.2006.01453.x

 Tautenhahn, R., Patti, G. J., Rinehart, D., and Siuzdak, G. (2012). XCMS online: a web-based platform to process untargeted metabolomic data. Anal. Chem. 84, 5035–5039. doi: 10.1021/ac300698c 

 Taylor, P. J. (2005). Matrix effects: the Achilles heel of quantitative high-performance liquid chromatography–electrospray–tandem mass spectrometry. Clin. Biochem. 38, 328–334. doi: 10.1016/j.clinbiochem.2004.11.007 

 Tebayashi, S., Ishihara, A., Tsuda, M., and Iwamura, H. (2000). Induction of clovamide by jasmonic acid in red clover. Phytochemistry 54, 387–392. doi: 10.1016/S0031-9422(00)00098-4 

 Thevenin, J. -M., Rossi, V., Ducamp, M., Doare, F., Condina, V., and Lachenaud, P. (2012). Numerous clones resistant to Phytophthora palmivora in the “Guiana” genetic group of Theobroma cacao L. PLoS One 7:e40915. doi: 10.1371/journal.pone.0040915 

 Thines, M. (2014). Phylogeny and evolution of plant pathogenic oomycetes—a global overview. Eur. J. Plant Pathol. 138, 431–447. doi: 10.1007/s10658-013-0366-5

 Torres, S., Sayago, J. E., Ordoñez, R. M., and Isla, M. I. (2011). A colorimetric method to quantify endo-polygalacturonase activity. Enzym. Microb. Technol. 48, 123–128. doi: 10.1016/j.enzmictec.2010.04.004

 Tsugawa, H., Cajka, T., Kind, T., Ma, Y., Higgins, B., Ikeda, K., et al. (2015). MS-DIAL: data-independent MS/MS deconvolution for comprehensive metabolome analysis. Nat. Methods 12, 523–526. doi: 10.1038/nmeth.3393 

 Tsunoda, T., Takase, M., and Shigemori, H. (2018). Structure-activity relationship of clovamide and its related compounds for the inhibition of amyloid β aggregation. Bioorg. Med. Chem. 26, 3202–3209. doi: 10.1016/j.bmc.2018.04.044 

 Van Heerden, F. R., Brandt, E. V., and Roux, D. G. (1980). Isolation and synthesis of trans‐ and cis-(−)-clovamides and their deoxy analogues from the bark of Dalbergia melanoxylon. Phytochemistry 19, 2125–2129. doi: 10.1016/S0031-9422(00)82207-4

 Viant, M. R., Kurland, I. J., Jones, M. R., and Dunn, W. B. (2017). How close are we to complete annotation of metabolomes? Curr. Opin. Chem. Biol. 36, 64–69. doi: 10.1016/j.cbpa.2017.01.001 

 Waltz, E. (2015a). Nonbrowning GM apple cleared for market. Nat. Biotechnol. 33, 326–327. doi: 10.1038/nbt0415-326c

 Waltz, E. (2015b). USDA approves next-generation GM potato. Nat. Biotechnol. 33, 12–13. doi: 10.1038/nbt0115-12 

 Wang, Y., Tyler, B. M., and Wang, Y. (2019). Defense and counterdefense during plant-pathogenic oomycete infection. Annu. Rev. Microbiol. 73, 667–696. doi: 10.1146/annurev-micro-020518-120022 

 Wei, W., Yang, C., Luo, J., Lu, C., Wu, Y., and Yuan, S. (2010). Synergism between cucumber alpha-expansin, fungal endoglucanase and pectin lyase. J. Plant Physiol. 167, 1204–1210. doi: 10.1016/j.jplph.2010.03.017 

 Weidolf, L. O. G., Lee, E. D., and Henion, J. D. (1988). Determination of boldenone sulfoconjugate and related steroid sulfates in equine urine by high-performance liquid chromatography/tandem mass spectrometry. Biomed. Environ. Mass Spectrom. 15, 283–289. doi: 10.1002/bms.1200150508 

 Wessel, M., and Quist-Wessel, P. M. F. (2015). Cocoa production in West Africa, a review and analysis of recent developments. NJAS-Wageningen J. Life Sci. 74, 1–7. doi: 10.1016/j.njas.2015.09.001

 Winters, A. L., Minchin, F. R., Michaelson-Yeates, T. P. T., Lee, M. R. F., and Morris, P. (2008). Latent and active polyphenol oxidase (PPO) in red clover (Trifolium pratense) and use of a low PPO mutant to study the role of PPO in proteolysis reduction. J. Agric. Food Chem. 56, 2817–2824. doi: 10.1021/jf0726177 

 Xie, Y., Huang, B., Yu, K., Shi, F., Liu, T., and Xu, W. (2013). Caffeic acid derivatives: a new type of influenza neuraminidase inhibitors. Bioorg. Med. Chem. Lett. 23, 3556–3560. doi: 10.1016/j.bmcl.2013.04.033 

 Yamane, H., Konno, K., Sabelis, M., Takabayashi, J., Sassa, T., and Oikawa, H. (2010). “Chemical defence and toxins of plants” in Comprehensive natural products II chemistry and biology. Vol. 4. eds. L. Mander and H. -W. Lui (Oxford: Elsevier), 339–385.

 Yogendra, K. N., and Kushalappa, A. C. (2016). Integrated transcriptomics and metabolomics reveal induction of hierarchies of resistance genes in potato against late blight. Funct. Plant Biol. 43, 766–782. doi: 10.1071/FP16028 

 Yoshihara, T., Yoshikawa, H., Kunimatsu, S., Sakamura, S., and Sakuma, T. (1977). New amino acid derivatives conjugated with Caffeic acid and DOPA from red clover (Trifolium pratense). Agric. Biol. Chem. 41, 1679–1684. doi: 10.1080/00021369.1977.10862719

 Zacares, L., Lopez-Gresa, M. P., Fayos, J., Primo, J., Belles, J. M., and Conejero, V. (2007). Induction of p-coumaroyldopamine and feruloyldopamine, two novel metabolites, in tomato by the bacterial pathogen pseudomonas syringae. Mol. Plant-Microbe Interact. 20, 1439–1448. doi: 10.1094/MPMI-20-11-1439 

 Zeng, H., Locatelli, M., Bardelli, C., Amoruso, A., Coisson, J. D., Travaglia, F., et al. (2011). Anti-inflammatory properties of clovamide and Theobroma cacao phenolic extracts in human monocytes: evaluation of respiratory burst, cytokine release, NF-kappaB activation, and PPARgamma modulation. J. Agric. Food Chem. 59, 5342–5350. doi: 10.1021/jf2005386 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Knollenberg, Li, Lambert, Maximova and Guiltinan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-11-617520-g005.jpg
Proteolysis (% PK Only)

Pectolysls (% Pase Only)

200-

2

% Pectin Degraded

40

20

20






OPS/images/fpls-11-617520-g006.jpg
O mM






OPS/images/fpls-11-617520-g003.jpg
mAU (320 nm)

Clovamide
M

Scab

L._/\/JLJ LM.AJJLMV

d Rosmarinic
SL acid (18},

h \ Standards

Retention time (minutes)

B (cst
Scab

Clovamide [mgfg]





OPS/images/fpls-11-617520-g004.jpg
Protein,

PPO, O, amino acids,
\E:("H Glsi) R \EIO phenolics ji:[o”
. T
5 o Protein T
Diphenol substrate Quinone Mclanization/
(vacuole) browning
<001 b

80. p<0.05

o
o

£
£ 60
g £
5 0.4 0
o H
40 s
s H Water + Water +
= 02 3 DMSO Clovamide
E = ES (control)
0 0.0
S ) )
& & Grind, pellet debris,
S ADS15 nm OF
x\& & Ol supernatant
[

S

g

@

=

=

3

Q02
£

2

4

1






OPS/images/fpls-11-617520-t001.jpg
Feature ID in Figure 1

51
s2
53
s-4
55
s-6

s-19
520
s-21
S22
523
s-24
s-25
526
s-27
528
s-20
5-30

wz

717.197
685.207
718.200
358,094
715.181
686211
326.105
342,099
699.187
386.090
716.186

700.190
356.079
687.213
683.192
372.110
711.363
797.437
327.108
452.067
343.103
326.105
388.105
440.067
684.196

RT (min)

564
625
565

718
627
8.61
6.12
6.27
625

Top 4 MS/MS fragments.

222,04, 178.05, 358.09, 161.02
178,05, 222.04, 145.03, 342.10
NA

135.04, 161.02, 178.05, 160.04.
715.18, 563.14, 312.09, 286.11
NA

119.05, 145.03, 134.06, 146.06
135.04, 119.05, 161.02, 163.04
356.08, 206.04,..., 342.10 (7th)
224.06, 137.02, 232.02, 135.05
NA

NA

135.05, 142.07, 161.02, 229.06
NA

96.96, 79.96,..., 358.10 (5th)
135.05, 161.02, 178.05, 133.03
NA

137.02, 160.04, 125.02, 218.04
NA

296.09, 145.03,..., 342.10 (7th)
135.04, 146.04, 218.05, 250.07
223.13, 665.35, 459.22, 2015.12
751.42,223.13,309.21, 797.43
NA

452,07, 178.05,..., 37211 (6th)
NA

135.05, 161.02, 147.04, 133.03
137.02, 135.04, 125.02, 209.05
96.96, 79.96,...342.10 (9th)

NA

Annotation

Adduct/isotope of S-4 (Caffeoyl-DOPA)
Adduct/isotope of S-8 (Coumaroyl-DOPA)
Adduct/isotope of S-4 (Caffeoyl-DOPA)
Caffeoyl-DOPA/Clovamide [M-H]
Adduct/isotope of S-4 (Caffeoyl-DOPA)
Adduct/isotope of S-8 (Coumaroyl-DOPA)
Coumaroyl-Tyrosine [M-H]-
Coumaroyl-DOPA [M-H]*
Adduct/isotope of S-8 (Coumaroyl-DOPA)
Sinapoyl-Tyrosine [M-H]"
Adduct/isotope of S-4 (Caffeoyl-DOPA)
Adduct/isotope of S-4 (Caffeoyl-DOPA)
Caffeoyl-Tryptophan [M-H]-
Adduct/isotope of S-4 (Caffeoyl-DOPA)
Caffeoyl-DOPA, Alkyl-Sulfated [M-H]
Caffeoyl-DOPA/Clovamide [M-H]-
Adduct/isotope of -8 (Coumaroyl-DOPA)
Unknown

Adduct/isotope of S-8 (Coumaroyl-DOPA)
Adduct/isotope of -8 (Coumaroyl-DOPA)
Feruloyl-DOPA [M-H]-

Unknown

Unknown

Adduc/isotope of S-7 (Coumaroyl-Tyrosine)
Feruloyl-DOPA, Aryl-Sulfated [M-H]-
Adduct/isotope of S-8 (Coumaroyl-DOPA)
Caffeoyl-Phenylalanine [M-H]-
Unknown

Caffeoyl-Tyrosine, Alkyl-Sulfated [M-H]-
Adduct/isotope of S-8 (Coumaroyl-DOPA)

Fold up in ‘Sca6’

95.1
2636.4
8.7
188
69.7
2705.4
63.5
825
22216

Feature IDs (S-1 through S-30) match those in Figure 1. “m/z" is median mass/charge ratio. “RT" is median retention time in minutes. The four most intense MS/MS fragments are
reported, and in some cases less intense signals that were diagnostic are presented with their rank in abundance relative to other MS/MS signals in parentheses. Fold changes

('Sca' vs. ‘ICST') were calculated in XCMS Oniine (T

12). Suspected molecular ions (IM-HY) are bold.
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